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Chaos-Entropy Analysis and Acquisition of Individuality and
Proficiency of Human Operator's Skill Using a Fuzzy Controller
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This paper tries to identify the individual difference and the proficiency of human operator's
behavior from time series data by using fuzzy inference and acquire individual skill of human operator.
The operators in the experiment are skilled to some extent in stabilizing the inverted pendulum by training,
and the data of ten trials per person were successively taken for an analysis, where the waveforms of
pendulum angle and cart displacement were recorded. The maximum Lyapunov exponents were estimated
from experimental time series data against embedding dimensions. The identified fuzzy controller from
time series data of each trial of each operator showed well the human-generated decision-making
characteristics with the chaos and the large amount of disorder. The estimated degree of freedom of
motion increases and the estimated amount of disorder decreases with an increase of proficiency both in
fuzzy control simulation and experiment. It also showed that the agreement between the fuzzy control
simulation and the experiment for the degree of freedom of motion and the entropy ratio is particularly
good when the simulated wave form and the measured wave form resemble in appearance.
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Fig.1 Behavior of A cake craftsman’s behavior presented by Yoshinori Kouno
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(b) An example of rotational Period: 0.70s
Fig.2 Chaos and disorder in the excited double pendulum (toy of the horizontal bar)
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Inverted
pendulum

Fig.3 Stabilizing control of an inverted pendulum on a
cart by a human operator.

Fig4 Stabilizing control of an inverted pendulum on a
cart by a computer control with PID.

~ 50 0 50[em]
(a) Experiment (b) Stick picture
Fig.5 Stabilizing control of an inverted pendulum on a
cart by a human operator.

]
(a) unskilled (b) skilled
Fig.6 Skill-up process of human operator during
stabilizing control of inverted pendulum
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Fig9 Membership function of output.
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Fig.11 Conformity of output Fat
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Fig.12 Rule for control of a pendulum on a cart
(Ist trial NKO1 of Human operator NK)
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Fig.13 Stabilizing control simulation of the pendulum
using the constructed fuzzy controller from human
operator’s time series data.

77 V4 g L 0RO NTCBEADIN) Firb,

ARTTDINAAT « 7 ZIRT IO BEOENL X LHE
X'BLO, BFOMAE0 LMAHE 0 %RDD. KT
BRI (44404 , BHBEREAEE (X
+v X)) BAEY, FOZODOEENG T 7 1 il
OHINRED. W) Frald, ROBZNZEHEIIN
RHRENTHS.

MNIHEEATIAA 3 TR Y I b 2 &

12k, #HERITHWD T L ZOBEENRETS.

IETBURHAZES 0+6 0'=40(degl, BHBHRHEA
I8 X+ v Xe'= 50 lem] D & E DWEEEDR D 5%
PR

(1) AHMEO+5 6" =40 [deg) ZASAA LI
v TEBIZS TIEH D &, PS DT ~ULOEEEN

0.70, PB OF~LOBEEEEN 0.30 ERESND (X
14) .

@ AIMEX +9X' =5.0[cm] ZATTHA LRy
TR TID D L, ZR DT YLOBEEEN 0.73,
PS DT ~ULVOEEEMN 027 LIREEIND (X 15) .

PS PB

| 0
2.78 4.0 6.79 [deg]

PS PB

2.78 4.0 6.79 2.78 4.0 6.79

Fig14 Conformityof @ + SO’

7R PS
1

1.75 5.0 13.96 [em]

7R PS

0.73

- 0.27

0

1.75 5.0 13.96 1.75 5.0 13.96

Fig15 Conformityof X + X’

ANSTHAA v B KV Red Bz 7 ~ums
5, —VRIZEVHERIZHND TV ERET S.
0 +5 60'=40[degl DF~UZPS & PB, Xi+»X:'
=50leml DZ7~UIZR & PSTHY, Zibuiil
N—NFYTUID TL—LEPIEL, ROLH 7
IF - THEN 0 — L &2155.

IF 60+ pB0'=PSand X +)X'=7ZR THEN F =NS
else

IF 6+ p0'=PSand X +yX'=PS THEN F =NMS
else

IF 0+ p0'=PBand X +yX'=ZR THEN F =NMB
else

IF 6+ p0'=PBand X +)X'=PS THEN F =NMB

ZREDONL—LEANT, MAX—MIN AR L v LL
TOXIITHIEEZRD 5.



ANEAR V= OHBEOEANZE L BRARED I A A

SV EE R, N—IL TR SN A
Ny 7B TN o) IZHTUIDD. Dk
EON— VB OFRMENH D L &3, WEEOR
INDH DEFRMER RO ETE L LTI A 3
v 7RI H TS, Zhae MINEIZ & A9k e
MO, ZOfTRRAX 16 12

IO\, U ST EAEE 2 V— VORI T I
AN TEEICHTUID D, TDEE1HODTA
I DOTEATEN B2~ T~ L E2UE, TDOHFDRK
DWEEE 7~V OEEEE LTiRT. Zitdk MAX
B L DAREMED, ZTOITEEX 17T 1R, 29
LTELNIHARAA LY TR E AR T 7 2+«
) EPEDY, A7 7 ¥« /7 NMB : 030, NS:
0.70, NMS : 027 #1535, G777 ¥4 HAH0ED
Nz, MEEREEDEEE AW CHIMEOERE %

FOUT == @

DENATY. X THITHA Ty TR X
1( —2046, —13.37, — 627, — 314, — 0.02, 309
6.18, 14.72, 2325), Y:IIKHIHA L 7B
DOERENTZHWEE, [1XT7 - HEEw TS, X
1 THELNZEK T 7 V4 WD E T 724

,7 Condition _I |- Conclusion -I
0+ po’ X +yX' F
PS ZR NS
0.73 \

0.70; - 0.70
2778 4.0 6.79 1.75 5.0 13.96 7627
PS PS NMS

0.70

% - (.27

278 40  6.79 1.75 5.0 13.96 T304
PB ZR NMB

030 > 0.30

2.78 4. 6.79 17550  13.96 1337
PB PS NMB

----10.30
— - (.27
2.78 4. 6.79 1.75 5.0 13.96 1337

Fig.16 Cutting by MIN value

sy hu T E 7 7 Y 4 HIENC L DS 1367

NB NMB NS NMS ZR
1 ‘ 0.70
0.30
0.27

-2({).46 -1“37 -6.27 -3.14 -0.02

Fig.17 Composition by MAX value

Heimit g d F=—728[N] & 72 5.

77 DA HIEY R 2 L— g BT AERHRTD
PIEG R 3 [deg], HEIOY 7V o JTERIL,
T — & OBV ALY 7Y o ZTEEIIFTEELL,
0.06 [s]& L9, i@y, kO& 725,

MX —mL6Ocos@+mLO* snf+u X =F B
160 —mLX cos 6+ 1,6 = mgLsin @ @

770, miRTOER, M IRT-LBHE TS
Of, 2L IRFORS, I RO ED olEie—
AUN, F BT 7O, py, IREE
OB, ux : RS L—UHOBELRS ChHD.

3. BERIEOREHEZHITEHERHT—2D
AF*R - TV O

RERAIT—4 (x1) ORKIE (X mad) & F/IME (X i)
ZHWTT—Z#iH%E 0 = b= 1ICIEHLL, HEIL
72 Nl VD0 £ 22 n HoT—42(by) 3
ADNZ LV RDI-BEvNLDMHeER Pi#HNT, LT
DEITEy haE—%RDDH I ENTX 566,

Nc
§=-3"plogp, ®)

i=1

INEAFRLTIE, oo hob—LEEL, BT
v haE—DfEERTY b a B —OfRKIE log N TE
STAEET Y hr B —0FEE & 5000, = oo
Vb a AR S HDOVI R S OFLE A £
& B2 g 00, NRIARL—F OLEEHIIC T 5
HHEESEh O IERRFY S OREFE 27~ 25 72 OIZSEHIRER S|
VA /RSt m N = R = [ S NNy

VT 7Y, MRZEBNOITEE LT o0k
HERHR & & BICHL TP <REARTETHY,
ZERDWRTTDS N DIFENE, HDARENZRBTB V7
J 7HEYL NEFEET S, &R 777 7HENIE
DL E, RIS AKTFT D70 A AR 7%
BarT DT, ZNEIFADEFED—>E LTHN
A 00,0203



AEA RV —=F OHBEOMAZELEBREDO A A - = ba BT & 7 7 ¥ ¢ HlfNC L 5845 1368

HIE SNTHERIIT— X D5, Fox DNEHERS
Z LD TERVWARD N )FRICET H1E®R, 7L 2%
HHED DU NIRTEEDIARKITTE 52 CT N T 7
XS A 2 EIC K D1GD 2 LT E 568020,

BUN SRR T —4 K¢t ) FNT, R
Z oo &5 m RoTOFHRERIRIEZERIC T 5 m ot
7 MERQOO XS IERT D, — IR
T T 2O FEEH LSO LI LU v
=T A106,

FEEFUREE © i, AROZZEEHIEN BT A EINR
TOFEFEMY 05~40 [§] OBy D 1 L9 HAET
AR THED, 110, 16 BIOH 7V 7
100586 [S10 715 (041 s) DEFEDZENIR>T=D
T, 1=041s (—®) & L7

X, = (x(t)),x(t, +7),---, x(t; + (m—1)7))
X, =(x(t,),x(t, +7),---, x(t, + (m —1)7))
X, = (x(t;),x(t; + 1), -, x(t; + (m =1)7))

X; = (x(t,), x(t; +7),0, x(t; + (m=1)7))

XN :(x(ZN)ax(tN +T)a'”’x(tN +(m—1)z'))

ARSI 2 BT~ LIRS 272, 1K
Big%

=f(x,) )
LiEE, ERITT 50 7T THERORD T 2B %
%. FROnEAFERICACTES IR X, THOT D &

df (x;) _ dx _ X TX £1(x,) ®
X .

CATRIRBINAIRE L 72, EXE W Tm o, 12
FURFE © O 2 BX T8I O—RGRBIN FTRE L 72 5.
WoT, VIh a2y NOBERMWEAZLVER
NI MVh (i=12,,m) BREDDT, UTT )7
2= /M

-,m) )

ZIOge i =1
n 0 J=1
Lipp 00 @ W00 = = [ IT—2H, T
FNETIRERINT — & DI L O DR 2777
AFHICTHE, HOAAKILE 5~20 RoLE TH X
TRHE L=, &RV 77 784503, %é&ﬁuhw
HDIAFRIT IR 5 SN TS
HHDOL DT, BRILI EDFEZEDORE] t n DEED
RV T ) 78 %FDORTCORKI 77/ 76
L L7-090,

4 D74 HHBRICKABEANELTREDESLE
AAR - TV FOEER

181, (@ AfA<1L—% NK I L b AfIAL
L—% 0T OFRAT 1 RIS 10 B H £ TORT-AED
RERSIT—HX DT ha B —2EiER Th 5. REL
727 7 ¥ 1 filfgRE O ZE b R = L— 3

IZBWThH, BRFIORE (=2 hr e —0F
B) PORKEL, HEENET LR S OREN
{1580 Y | koA e 8

19 1%, IR TAEORERYIT —2 ) HROTZ K
VT ) 7R ONIREEN HHEE L=kt GEdh
OHMHE) 29 CHDRE LT 7 ¥ 1 filiEgsz v
722 2 b—ya ARV T LR TAENRD SHEER

Pendulum (NK) . Pendulum (OT)
1
2 | OMeasured W Simulaied | 2
é 08 I:E 08
= =
=] [=]
E 06 E 0S
= =
= H ElMeasured ISl.mu.lated
04 04
01 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08 09 10
Trial Trial
(2) Human operator NK (b) Human operator OT

Fig.18 Entropy Ratios vs. trials of Human Operators (Measured and Simulated with identified Fuzzy

controller ).
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Fig.19 Estimated Dimension (Degree of Freedom) of motions vs. trial numbers of Operators
(Measured and Simulated with identified Fuzzy controller ).
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Fig.20 Example of simulated wave forms with identified fuzzy controller and the measured wave
forms of 8 human operators resembling in appearance.
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Fig.21 Entropy Ratios of 8 human operators comparing the

simulated with an identified fuzzy controller and the
measured resembling in appearance of wave forms.
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Fig.22 Estimated Dimension (Degree of Freedom) of 8
human operators comparing the simulated with an
identified fuzzy controller and the measured
resembling in appearance of wave forms.
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