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ABSTRACT

A huge part of the fatal accidents is occurred by lane departure. To reduce
the rate of accidents caused by lane departure, manufacturers developed the Lane
Departure Warning System (LDWS). Especially, manufactures use the steering
wheel haptic based warning systems as LDWS. However, many drivers turned off
steering wheel haptic based LDWS because of intrusive feeling of haptic warning.

In this thesis, torque oscillation patterns that considered the subjective pref-
erence are proposed to solve that problem. Torque patterns which can nudge the
directional information to driver and rhythm based torque oscillations are used
for LDWS.

The equal level of stimulus intensity function for the frequencies between 5
Hz to 60 Hz was obtained and the adjective rating and subjective preference test
for frequencies and amplitudes were conducted to design the rhythm based torque
oscillation. Drivers prefer the 40 Hz and middle level of perceived intensity rather
than low level of perceived intensity. The results also show that high preference

for torque oscillation provide a clear, light and urgent feeling. Torque oscillation



pattern with regular rhythm such as the ratio between the torque oscillation
time and rest time is 5:5 resulted high preference. The oscillation without the
rest showed the lowest preference.

In the case of the directional oscillation pattern, the recognition rate of
directionality shows high recognition rate when the oscillation period is long and
the duration ratio difference between the left and right is large. The subjective
preference for directional oscillation pattern scores high when the recognition rate
is also high.

These results will be useful guidelines for designing a steering wheel haptic

based lane departure warning system.
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I. Introduction

17699 2] AFA 37 A5 HYHT, 37 AFAE HEE A
Ashe ST A0 ABA AL HASGAT. Z, A AT A

4537 W E e ALE ATk & 4 otk A5A A ARats 47

EH Hd Hx A|A~do 2= 37 24 o' 7 A| AR (LDWS: Lane Depar-
ture Warning System), A%} S= F 1 A|AE(FCWS: Forward Collision Warn-
ing), AHZF At 1 A]28=(BSWS: Blind Spot Warning System)o] 1.0 &Axj
2peol] A-g=o] A=Al Qlal, FToll= ol2Rt o B A" "A7E o<l

S7bE Fobz 4 919



A olg B Al2H

1.1

(Lane Departure Warning System)

of

) AbLe] 14.5%014F0] =F

%l

2007 2 HE = Pohl et al.

(NHTSA,

4= Q1o Najm et al.

i

)
___n

i

J)

RR

o] tfFAALE ©]of
2007) [7] of] = Fm]

]_

A AL T oF 27% o] /o]

%l

JEo2

=
=

31 9lem, 20053 9] 79 2/ A AraLe] 28%7F, 20151 9] -3 6.9%7F 241

A

=13
=

ol

o)
o

J)

ol

]_

Il =2f Folztal &aA ATHNHTSA, 2009). o]

9

| Az

AL 9lom, Bulo| 4% 2019

+ ol o
1

5

Z}
A

s Al

AR,

4

gA] o] o

=] -
Sh=

3 A2EE AT

24 o]

AgolAe] A AT A

1.2

Display(HUD), A|7|2] WA 2], A|7]Ho]l 42| LED 2t o] 2

ol

AL
__OO



o

ol
ol
o
ol

s

Aol A a7t = 4]

[}

Y e glel B

37

o Al

=

g (Private channel) 2 4] A2 of|A] Xt} g}

Al

ol
KA
XO
a1

Aol Al @

1.3

il

of E2E 7hsll A1

o

2] 3
=

= [15], 2]

of B AT ofjet ol

E7HE Fa A= o] a&4

et

<

Al
o

7o
ﬂo

0

gl @

FolA A4 7145 )

M [10], &= 33 4

2} O X~ o
22 4 Ao

W

A7

=l

=

A
~

W

ol
o
o
110
|
Bl



WA 2

Jj}

d
2l

HAlet

[e)

s

g
AHEE R

]’ﬁ O]% 78]_'_]—]_ -@

A

ot

el

A€oy e =

1.4

N
I <]
Mm M = X o
E3 iz " oz
o o _- H._ = ™o =5
o =i o O S i =
T = %_ﬁ W = T % = 2 %o oo
—_ — 0 . —_ = .
B I ) <] __W._ oy N ol k<) 3 NFoom o T
T Hi;.@oijtﬁm;
QX%M%E%Eﬂ%m@qh%Eﬂmﬁ
mﬂﬁmbm1ﬁo¢14ﬂmmwgomﬂ
5 < 2 % T o B I g R W iy
" 3 = ; n =
m%mzzﬁomEEMHﬁ1ﬂ0Lﬂmﬁ
2 R o A % NN . B gl
s & . i . oy x> ox I bR =
L ™ ! 3 oy i = < ® TN = B
N m —_ = A — 1 __i O_O ,mvll_ ‘m 7U - L ‘DI
5% O g 1 X T el - r
5 T ~ 2 o= o = T o o o)
T 0 g 2 - X Y = — o ©° o
— o X ™ S ™ m X < () S I
o LM <k 3 K% ‘o Al =3 Jl ey 1Zr ol _.E_ ol s ,.ﬂA_HU __,IM_
zmgﬁyﬂﬁq@ﬂgﬂwﬁ*uAﬁé%d
Y 17_._| o Q_o o < ,._.E OE 1_,_A| —_ <] juy T ,.__u o o_n ,_ﬂou 10
do K wr PP H ) O A do n e =3
o N b T T o o = Ho GO
47oaoau.%%]ﬂm£1rmpoﬁﬂﬂioOE
N o Tz F X = e a s
w W X " = o o = y i E wod
o » [ = o W E o © o & ol
a = o o Ny = it i = ® % B R oo om
g0 o0 o B = B oY op W o & =R G+ &
~ = 0 - mL ERNS T oo Ll M T 3 o o ol
B :M_ iy o o r_/l = & oA ~ mﬂ % - o N o ,Mu
gom =z Ho 4 o U o F 3 oy XoB
M_Hr = do & SN o|J Cl o B m LS o A 3 i
o o o = e ojy T ogn Ar e A S TN o °©
m%e[qiog]uag]w%ﬁu%q T
jon _ Ef — ﬂ_ol ~d o m Mo H__ME 10 |l ®O ey Hl E_E ﬂAI
L ow T oF a[&:m}f,aq;}
+ o m\_ N - e X
S oF ﬁL TR o o o B il H <l 3/ r_ﬂ
> 4 o F = 5 o o) Aer
© .. o = ol
U bl £ oy £l Mo =i ol
, o BB E T L = _a
= —_— _~ o
o 4 w_.n__ e >
ER my
[<b) wA_



Steering Wheel Torque Warning Eccentric Motor Warning
Go Zukp Gl AT A8 | HiA e F7A A8
27 WAA) G
F7h g e Fho]l I

F7h B8y 2k F3e] e gl
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500 Hz 2] Z=-& Pacinian corpuscle2 2}=35lo] w= &5t 7472 =71, [37], [39])
Sof thcha g} of wjRe] B2 5 S 64 Fubie} £29] 27 (Amplitude)
of| et AR = AS T JA] t}E Zolt}. Gescheider [39], Bolanowski et al. [3]

of k2 2-40Hz2] A}=+2] -2 Non-Pacinian Channel 2] Meissner Corpuscle©]| 4]
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1. E3 A% ¢

2.1 Stimulus Intensity Function (Equal Sensation Con-

tour)

al
=2]8F A4 F 5HtQ] Method of adjustment A4S F5) 0.1 N-m#& F745HH 4=
Pt [39). NF AE-2 Stimulus intensity function =& 93t 7|F A=
e Adow, 29 (274 EA4, 304 E4) 9] Sl Aee B9l 7S AAst
t}. 2 A3} 50 Hz sintts 7|02 1A A 37|71 $ AE(EZL] 37])2
N A

mi, 12 Z= 37|7F k1 AEL2 2 Nma ZA

211 WAYA AR

23974 30MI (g 25.7A, FAF 98 o=} 19) o] 7)ol 2A17 fle &
go] m A7 Hofskaint. w A&l Al Methods of adjustment R-2]of Hf
3

2 383 ola2 7 Aeg N

T

nx

2.1.2 #AH AR

A o] AbgSH A= =< SENSODRIVE jit ©] SENSO-Wheel SD-LC (Fig-
ure 2.I)0]11, S5 Ahlof tgh 2FAIgH A2 Table 2t
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Figure 2.1: 74 AlEdo]gof A2H A¥oly] &: SENSO-Wheel SD-LC

Rated torque 7.50 N-m
Maximum torque 16.58 N-m
Torque resolution 0.03 N-m

Cogging torque Very low
Angle resolution | 0.009° incr. + index
Gear ratio direct drive

Backlash none
Max.speed >200 rpm
Interface CAN (1 Mbaud)

. normal mode 1 ms
Cycle time

basic mode 0.3 ms

Table 2.1: SENSO-Wheel SD-LC #}H] AFQF

SENSO-Wheel o] H &= Q= Xt EF9] 37]+= 16.58 N-mo|1l, A A
EF9 37|+ 7.5 N-mo|t}t. SENSO-Wheel-2 AE|ojs] &9l EF (Torque) Zrit

A3 (Damping) Ft 18|31 upEe (Friction) #ka} A2 734 (Spring stiffness)
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Low level of stimulus intensity(Level: Low)
3500 -
3000 -+

2500 4

5 6 7 8 9 10 13 15 18 20 25 30 40 50 60 70
Hz

Figure 2.2: ¢Fgt 37]9] Q12] ZFkof thgt Stimulus Intensity Function, of|2{H}=

EERAE o)
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2.2 E3 XFY AF (A Fx) 9 Fuppo pE ASx
71 9 JLA H7H(Adjective Rating)

o|HH AdL ET jd t]zFel-g 517 Yt F=H] AF o
npof 215 0] Al 7] o) Tk 230 240] 4
77

=
Ao & dotRal, 7y B4 Zgol A AA=
A= 984 71 (Adjective rating) Fof ForRI1A} AA F T

221 WAEA @ Fu) FR

271l BAZY QLT 22 Aol Sl 2241014 524 (B 36.64, At
257 o2} 14%)<1 399 €] WA @A} Fofshc). MAPAE BT P elo] Ak
AEe o AT AE sawgion, Add] fole mAdA] 25rele] S
£ A g5ttt Ao AFESE AH| = Stimulus intensity function §of] ARE-St

Aok sk, 4 Al Be o8l Figure R} o] 47 sjoict.

H]

Figure 2.4: 74 Al&d|o]g7} AX]
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H
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A5 vtek fARSH A5S A4-8A =7 sk, et W] LA e
A2 BIRSLEE Stdh. F8AL Bl AL E FEAFE-L Table 23p] A o]
et Z, Figure BT o] Atslis §4AHE & 902 Holy, sjdst: Y=s
TEE BPSEE St 5 Sof APAE] e FAG e B A
Al (Figure AR A || A BAE LA o] ZsHA Exhd 1009] 717te =S

s}, he L7lo] ZslA] Eohul 0] ke A4S AestEE shalr.

Light Heavy
0 100

Figure 2.7: Adjective Rating of|A]

Adjective 1 | Adjective 2

Clear Unclear
Rhythmical | Arrhythmic
Urgent Non-urgent
Smooth Bumpy
Heavy Light

Table 2.3: Adjective Ratingo]] AF&= &-8A}
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F5859 202 AT Brieh FEA WIS SASIAL, T B Fol B
He A7 ZES Stk Ag 2 25 Avkt HUPOR BFdte] B

2.2.3 A3

W) Y= Figure 2.80 Zrh. y=o] g2 Aok S ou|dtt. 50 Hz
o] B3 UF A5 Ad =5 Avle W74 A= F310] 25t 24 0flA

Preference

80 1
70 - I
60 - I I I 1
50 4
40
30 -
20 -
10
0 .

S5Hz 10Hz 15Hz 20Hz 25Hz 30Hz 40Hz 60Hz

Figure 2.8: 7} ﬁ%(z A )] w2 A
A oF, b vl Q1

Zp0} 1125 e 2-way ANOVAS 5 EA 48 435 ATHs Table
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Source F(d.f.1, d.f.2) )
FREQ F(7,266) = 12.68 <.0001
AMP F(1, 38) = 94.10  <.0001
FREQ*AMP | F(7, 266) = 32.53 <.0001
Table 2.4: b4 9 XZ (%] Lk )of tigt FA AT T 2-way ANOVA, F&

H <= Preference

SARA A3 Fute
olo] Fruj4=e} M Z o] sl Tukey's HSD testS AF&5to] ALS A
i A= Figure 2.9 R.101e Faf ¢l

O} AZE X p<0.05 o] A2THE HQS olsh

52 otk WA A (AA] Z)o] g BAANE B ABo] (1A
A717} %74 B2 15 0] 58278 (HET} hE Afo]o] F4) o & H1Zo] 28 B
Az gt AT 2ol B eIt 4+ gich

Distribution of SAT

60

SAT

40

20

ANIP

Figure 2.9: Z1Z9] 3 7)o mt= AT L AFS HA(Tukey‘s grouping)
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Source F(d.f1, d.f.2) p
Amp: low FREQ | F(7, 266) = 9.36  <.0001
Amp: mid FREQ | F(7, 266) = 30.18 <.0001

Table 2.5: ZZ (Q17] 73%)S 114 SF Fub=of et Simple Effect test A}

g o s AZo] A7)of whe (AAZE] A717F F7He) Fuk2o] i Sim-

ple effect testS FAatgrt. old AThs Table PBEPIA S8 4 9k o

H
B(10, 15 Hz) 183 29Ee] 7phe 18 C(5 Ho)2 b 18 4 919le.

Distribution of SAT

C B B A A A A A

80

60

SAT

01 o
20
o]
5 10 15 20 25 30 40 60
FREQ

Figure 2.10: So}4of b2 A5 & AFS HA (Tukey's grouping), A e (ZE):
==
K
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Figure 2.11: Fub4 @ A2 (¢12] 7Hk)o] W2 Adjective rating(Clear) A} A},
g vh= BE A4S oH|

oo g FF9 =749 AF$HRhythmical) HLE(0: FFSHA] &}, 100: 73
Fsteh)ol dizt B2t AoE AW H =5 ST Figure [2.120f4 gHQleh 4= 91%0]
gl dit 7k A WEES §AHE PAS HAS gh1g 4 AT =,
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Rhythmical
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Figure 2.12: Fut 2 212 (912] 73k )of k2 Adjective rating(Rhythmical) ZA}
A3}, oY v E 2AHE Qv

TR FUeH(Urgent) AL (0: 395 ke, 100: Frstehel dhgk W7t
Avpo|th(Figwre PI3). e 2150 AS oA AT Aot FAG FAS B
=

SHIg 5 Qlgich. et oheh oFgh A% ] 5 He £ W5 dhsh AT Ao
H

Be ¥54E BYS AT 5 Usich
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Soft

70 1~

60 - I T I
50 -

40 A
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20 -+
10 4
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Figure 2.14: Fubg @ U EZ (017 7 )of] w2 Adjective rating(Soft) ZAF A},
olg] vt BE 2AE 2n|

o
tlo
lo
fru
B
off
1o
o
2L
Ho

Heavy) A& (0: 7}5iT}, 100: F o)l oiet H71 2
&

7t olth(Figure 2.15). FEo] FAL Aro diaix: e 3

Correlation matrixe #9f| A% 242 £l |Ht}t. i Zaf= Table 2.6/

Zot.
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Heavy

60 -
50
40
30
20
10

0

S5Hz 10Hz 15Hz 20Hz 25Hz 30Hz 40Hz 60Hz

Figure 2.15: St @ X Z(Q1 2] 73k )of| w2 Adjective rating(Heavy) ZA 2 1},
ofg] HH= E&E 0 AE o]

SAT CLEAR RHYTHM URGENT SOFT HEAVY
SAT 1
CLEAR 0.79 1.00
RHYTHM | 0.95 0.60 1.00
URGENCY | 0.87 0.99 0.71 1.00
SOFT 0.64 0.96 0.39 0.90 1.00
HEAVY | -0.10 -0.67 0.18 -0.55 -0.82 1.00

Table 2.6: A5 =2} Adjective Rating7Fe] Correlation Matrix

Y e 4T AL PSS HAT S AUt Z, A4 o ATE 9T £
S Y Tl 2Hstn Bst Foat LEe AT A4S £

— 30 —



AFE 498519t EO A5 oj€l-2 Figure [2.16[7} o] Period, Periodo] tjgt 2%
H]-& (0|5} Ratio), 12|11 & A YA 7H(Total Time) 37]<] wtefa|el =2 A 2Fstgi ).
AA A A 1%, 2%, 322 FA3519 11, Period9} Ratio= Table
Zro] FASEATE =, A AR A TFo] 2% 0] Period”} 0.25% ©] 11 Ratio”} 8:2
B AEe S 0.05% 5S¢ AE5S ASshA gd= FEHE
Z 8H(0.25 s x 8 = 2.0 s) HHE3IT}. Period 0.75%9] tisfiA= AA] A Al7Ho]
7h Ast=H (A8 Sl Bve B-5)
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Period(s) Ratio(A:B) | Length of A(s) Length of B(s)
2:8 0.05 0.2
0.25 9:9 0.125 0.125
8:2 0.2 0.05
2:8 0.1 0.4
0.5 9:9 0.25 0.25
8:2 0.4 0.1
2:8 0.15 0.6
0.75 5:5 0.375 0.375
8:2 0.6 0.15
2:8 0.2 0.8
1.0 5:5 0.5 0.5
8:2 0.8 0.2
Full 10:0 Full 0

Table 2.7: Period®} Ratioo]] W& A2} B2l A7+

231 HAYA 4 Ful AR
W27 Bel BAZE 9T, 28 Aol Gk 20014 304(F# 2514, 9 13
% ol 59)2l 2199 WAGAE Folstont. AFL oF 302 B 28590,

A Foie mAGAelA TS HolulE AFakgct Aol AT FulE

AE0]E "o £ 10A] 108 Zrof 3y FE= 519ith Period?} Ratio?] 13

7Vall & 39712 EA HE
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E
2
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g WS APetent. A BAL b 2k 397k WF F Yol Helg
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H4s 15 el = ottt 397179 ET A5 9lol2 A= L= 51t
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A5o] Zop wASIYTE olo] gt AZL 5571915 3-way ANOVA testS
Zaatgiet. 43 A= Table B8} 2t

A} A A A7H] de A 20l7h 98-8 BRI 4= 91910 B, Period
o s FAHCE Aol7h Q&S AT 4 AT Ratiod] fajH p-value
0.06130.8 71 7]7ke] §0] 4:3(<0.05)91E wX)] ZpA T, FA| o] 7147
ol s} mhatu] g of) e} A A5 B4-S 43519t Interaction termd] Tl

Total * Period, Total * Ratio, Period * Ratio®]] tjaf] 52| 4~ ©]5}9] gro] vk

o

oo
==

ghelg 4= At ool gt A 242 Tukey's HSD testE AR8-5FH-
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10 4
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Figure 2.18: Period, Ratio®] x3to] ot E3 ZF #d HAo% Zyp(Total
Time=1%), o8] H}= 2 o8& o]n
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Total: 2s
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Figure 2.19: Period, Ratio®] Z3to] digt E3 A% wjel A5 % A} (Total
Time=2%), o8] Hl= FZ oS 9n]

Total: 3s
60 -

50 -

I
40 - I
30
20

10

0.25s 0.5s 0.75s 1.0s [ 0.25s 0.5s 0.75s 1.0s

0.25s 0.5s 0.75s 1.0s

2:8 5:5 8:2

Figure 2.20: Period, Ratio®] Z3to]| tist EF 5 mi® AS % ZiH(Total
Time=3%), 9|8 Ht= B oY E 9n]
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Source F(d.f.1, d.f.2) p
Total Time F(2,40) =0.26  0.7688
Period F(3, 60) = 6.02 0.0012
Ratio F(3, 60) = 2.59 0.0613
Total * Period F(6, 120) =4.33  0.0005
Total * Ratio F(6, 120) = 6 <.0001
Period * Ratio F(9, 180) = 3.78  0.0002
Total * Period * Ratio | F(18, 360) = 0.65  0.857

Table 2.8: Total Time, Period, Ratio®] tgt 3-way ANOVA 21}

A Periodof] thet A 24 AyHE Ao Ao (Figure [2.21)).
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Tukey‘s grouping)

Atk (Figure [2.22). Ra-
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S 0 2 Interaction termof| T3} Simple effect testE 4~3§5} 3Tt Table
=

2 RatioZ 7|Fo2 F-& wf A4 A4 A7l tiet ANOVA A EA Axtolct,

Source F(d.f.1, d.f.2) p

Ratio 2:8  Total time F(2,40) =1.36 0.2677
Ratio 5:5 Total time F(2, 40) = 0.49 0.6137
Ratio 8:2  Total time F(2, 40) = 0.27 0.761
Ratio 10:0 Total time F(2, 40) = 6.44 0.0038

= ™

Table 2.9: RatioE 7|50 2 3t Total Time ANOVA A3} Z££& HS4~: Preference

M2 RatioZ} 10: 02 7-9of thaf (F(2, 40) = 6.44, p = 0.0038) AF5 AA
(Tukey's HSD test)& 5331}, A% A4 AH= Figure 223 2}, A4 A7

& 752 5 Ratio 10:0 o s 1, 2, 32 F 7P A2 A ¢ EA U E=

-39 —
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Figure 2.23: Total timeo]] tjgt A& & A% A (Tukey's grouping), Ratio = 10:0

oo E AH A AZE 71 Z0 R AL AW HE 2 sk Table
L A A A 71202 BE 1) Ratioo] thst SARA ATjoltk(F4 WS

Preference).

Source  F(d.f.1, d.f.2) p
TOTAL 1 RATIO F(3,60) =0.84 0.4771
TOTAL 2 RATIO F(3,60) =3.29 0.0266
TOTAL 3 RATIO F(3,60) =3.95 0.0122

Table 2.10: Total TimeS 7] 2 $F Ratio ANOVA Zi}, <& ¥4 Preference

BT} A AYAZE 22(F(3
p=0.0122)c] ts] A% 7Hdo] F1ZtEe s1g 4 A ole] & g2

3] Tukey‘s HSD testE AR&5}o] AFS HALS

(@)
@)
SN—
w

29, p = 0.0266), 332 (F=3.95,

35ttt Figure [2.24= A

Bl
M
o)
i)

ARl 22D 7ol thet AFs- A 2ol 3} Torque oscillation}

Resto] ¥]7} 5:591 790l tha] Wl @2 714 £ 45 % (mean = 51.4)8 RGPS
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Figure 2.25: Ratioo] ti¢t A3 & AFS HA (Tukey's grouping), Total time = 3,
2: 2:8, 5: 5:5, 8 8:2, 10: 10:0

22 Period®} Ratioo]] tjgt Interaction termo] tfgt Simple effect testo]]
o) A H =S St
Table RatioSs 7|&F2 2 -2 0 Periodo] tjst ANOVA EAEA A}
ol

Source  F(d.f.1, d.f2) p
Ratio2:8 Period F(3, 60) = 7.35 0.0003
Ratio5:5 Period F(3,60) = 4.51 0.0064
Ratio8:2 Period F(3, 60) = 3.51 0.0206

Table 2.11: Ratio & 7] 2.2 St Period ANOVA Z1}, £2 H: Preference

Torque OscillationY} Rest 2] H|7} 2:8, 5:5, 8:221 &F&of tfjof] 5 AHF 0]
A7HES S 4 otk olo] BE FEo] ja] Tukey's HSD testS AF85}
o] AFFZAAE 5Bt Figure [2.261S RatioZ} 2:8¢1 790 it AlF HA

Aoty &l A¥} Period7} 0.75 %21 & (mean = 49.4)@}F 1%29] = (mean
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Figure 2.28: Periodo]] tiet A& & AFS HA(Tukey's grouping), Ratio = 8:2

22 U & PeriodE 7|52 2 J-& wff Ratioof tj$t ANOVA B4 A=
A g S,

Source  F(d.f.1, d.f.2) p

Period 0.25s RATIO F(3,60) = 0.68 0.5694
Period 0.5s RATIO F(3, 60) = 3.51 0.0205
Period 0.75s RATIO F(3,60) =3.56 0.0194
Period 1.0s RATIO F(3,60) =3.29 0.0267

Table 2.12: Period & 7]&© 2 SF Ratio ANOVA A1} =& M Preference

Table 2.12}& 53t 4 A3} Period 2] Z0]7} 0.5%(F (3, 60) = 3.51, p=0.0205),
0.75%(F=3.56, p=0.0194) 1%(F(3, 60) = 3.29, p=0.0267)¢] 7] thafj <] 9|
+ A%E E(p<0.05) ZAg o U0t wepA Al 5ol tis] Tukey's HSD
testS B AFT ARG 55ttt WA Period 0.5 25 7|20 2 FS AL
et 24 AaE AHEER sHRlrh. Aite Figure [2.290]4 geleh 4 Qlot.
=

A1} Torque Oscillation?} Rest®] H|Z7}F 5:5 91 &= (mean = 51.6)1}, 8:291
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719 H]) Equation [3.1}& W&5t= (f1, A1), (f2, A2)E AHE-SFA tH(Equation
£ 7= of, Equation H).

W

2 Aysin(27 fit)dt = / Agsin(2m fot)dt (3.1)
0
A Ay
ho kR 32

o WES 79 § Period7} T Aol A AE|ole) Ho] ZAxEE
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+ Table 2, BE Ff Periode}t Ratioo] thgt Aol T1, Tt Fups

—51 —



WNT0 X4 =%

WwNTO X ="

Il ¥&E B3R &ilala 1°¢ 2siyg

21+'1 = (*d) pouiad
Nr—.. _“r—..

® @

— 52 —



oyer somsuy 109110) 1 [oB (6L 1L ‘BT T Thrd Zn BT [sowe ‘Porod 1°g dlquL

8T°6 V1°L6 0¢c'l 6ET°0 0¢'¢l 6¢°T 70°0 9¢°0 16

97’8 L9°96 Gc9°0 9GT°0 Gc'9 9¢'1 80°0 ¢s0 '8 .
TT°¢T 01’88 L1V°0 6.1°0 LTV 6L°T ¢l’o 8¢'0 L o
¢v'8l V1'CL ¢I¢0 80¢°0 ¢re 80°¢C 9T1°0 ¥¢'0 79

0S89 L9°96 L99°T G810 2991 GR'1T €00 L¢0 16

8G'TT 0T°¢6 €E80 80¢°0 €E'8 80°¢C 900 7¢O '8 e
€091 €E'E8 9¢¢°0 8¢¢°0 9¢°¢ 8E'C 60°0 1¢°0 L

LV'ST 8704 LT1¥°0 8L¢ 0 LTV 8L'C ¢r'o 8T°0 79

90°¢T G6°06 006°¢ 8L¢0 00°G¢ 8L°C ¢0'0  8T0 16

6¢°€ET T8'8% 0Sc'T ¢1¢0 0¢'¢l ¢re 70°0 9T°0 8 )
09°8T I8°€8 €€8°0 LGE°0 ¢e'8 L9°¢ 90°0 ¥1°0 L ¢0
vv'ec 0T'89 Gc9'0 AN GC'9 LTV 800 ¢TI0 79

7991 ¢9°Cs €ee¢ 0L€°0 £e'¢e 0L°¢ GT0'0 <S€T10 16

Va'LT G0'v8 L99°T L1770 L9°9T1 LTV €00 ¢l'o '8 )
L2691 ¢cq'6L TTT°T 970 ITTT 9LV Gv0'0 <010 L 4o
6.°0¢C SV'19 £€8°0 9660 ¢e'8 9¢°¢ 90°0 60°0 79

€6°61 6¢°69 000°G 9660 00°0G 9¢°¢ 10°0 60°0 16

¢9'1¢ G0'69 00¢'¢ ac9'0 00°¢¢ Gc'9 ¢0'0 80°0 '8 .
9L°¢C¢ ¢av9 L99°'T VILO0 2991 ¥1T'L €00 100 L o
8G'CC 069G 0¢c'l €E€8°0 0¢'¢l €e'8 70°0 90°0 79

AopIs () omstry omio) | (N)Ty (wN)Y (s ()Y (3L ()L | onwd  (5)porod

— 53 —



2Ho|g & gAY B3 I 7|8 ¥y IF AL

3.2

L
__OE
—_—

o
ol

0

AL
__OO

o

)
—_
Ife]

A=t Periodo] &, & H](912

o 4

19

£ vjofs

A

2~ o
%9

Zu}4 x 0.1 Nom)

3R

ﬂ_.mo

<k

10

oF

Ife]
o)
or
mjn
ﬂmo
g

284 2 ] A

3.2.1

- 284, E7At 14

bz

ol 3= 1t 2004 454 (

% o] 7)) 2179 @A} Felstect.

0|
R

o

Stimulus intensity function

S
—

7]

g 2

3.2.2

AlolElo] kot 2 o AL A

w1 AlE

J|J
_—

st
=l
B

gloe 9] sti-g SAI5HH

19t Period 0.1, 0.15, 0.2,

S

ool

=
=

10A] 102 7] 55 =

o &=

Elold

0.3, 0.4 %2} Ratio 6:4, 7:3, 8:2, 9:12] H|of T}

Ea

al,

AL
__OO

il

Table Ztt 4

9]Z&0]11, Period 0.1%, Ratio 9:42tH A]A] Hidj

o A4 shebl e

49

H Q%) 02 50 Hz, 5 N-m2)

it

(E&)o = 5.56 Hz, 0.556 N-me] E=

,z.._o

o

Ho

ol
o

it
"

Ho

<A

)
—

oju

——
1jo

) 747} 20717 %

o]

4071719] B3 E o

FaL, 107]9] S5

s

— 54 —



A3

3.2.3

o] 427}

T

of
o|J

ol

Ay} Period7} 2411 &, &

49

o

i1 7:3 vl

5]

)oll His

=

U 2] Period(0.15, 0.2, 0.3, 0.4

2t

o

E 3], Period 0.122 A <]

ol

o)
Tor

2-way

]_

-

o

| #)o] ] E 82,

o
T

s =% FAA Aol 7k

S
p
<.0001
<.0001
0.0114
O

=
Table [3.2/9} Zc}.

45.76
161.21
2.22

1

e

O]

23

off o

=
A
%
F(d.£1, d.£2)
F(4, 80)

F(3, 60)

PERIOD*RATIO F(12, 240)
W Correct Answer Rate

2-way ANOVA E4 &
Source
PERIOD
RATIO

oYz} Period 0.3, 0.4

T

—

o

]_

a
=

HH

o »

01082 ATY A 9%l £

o
AN
EA B4 Ay} Period, Ratio Y Interaction termeo]

0]

et olofl o

]

AXN

Table 3.2: Directional Torque Oscillation Correct Answer Rateo] Tj

ANOVA FA &4 23} F

A~
T

e}

o
xr
iz

AR

= E G
= 0 °

] Tukey‘s HSD test

]

19 % ik aeA ofof

ol

fl2 23 Figure

— 55 —

| B okt ™A Periodo] of
Period 2] Ao|7} A= Correct Answer rate’}

Ie]

i

[e]
[e]

P
T



8

lofe Exix

£

L

ZH 2n [zllo @1y Iemsuy 1091100) UONIR[[S() oNbIOT, [RUOIIDLIL(J :g'¢ 9ISI]

T:6

SE'0
8 9 6

9

:

ém%

a1ey Jamsuy 10a.10) (Sujwig Jolo)ulole|asQ anbiol [eucnaallg

— 56 —



Distribution of SCORE

D C B( AB A
100 T
<o i ¢
80
Lo2
W <
o 60
(6]
w
40 o
[+] —_— [¢]
20 [¢] o] (o]
—— ]
0.1 0.15 0.2 0.3 0.4
Period

Figure 3.3: Periodo] tigt Correct Answer RateAl$ A (Tukey's grouping),
Score: %

|

e

O 22 Ratioo] tieh AMS 24 A¥E AW EE% St Figure

Yol 3, § 2 9, #o u]o] Aot 248

rlo
ek
e
Ll
ol
d
flo
-
M
il
o
ek
r (o]
sk

% 99tk 53] 82, 0:10] theAE 86% ol4o] RHER FFHL FRES T
% qlglov], 739 Hlgo] iShHE oF s0%e] M&R FeFe FRES shold &
ST, e 6:49] WG] AL oF 66% B WS THAS FAT &
Q19ie

— 57 —



Distribution of SCORE

C B A A

100
o <

80 &
w <
o
Q 60
0O
w

40 o ]

— o
20 [e] ] o

RATIO

Figure 3.4: Ratioo]] t gt Correct Answer RateA$ 73 A (Tukey‘s grouping), Score:
%, 6: 6:4, 7: 7:3, 8&: 8:2,9: 9:2

npz]uko 2 Interaction termo]] T3t AFE A A= Figure [3.20A Erelgh

4 Qlet. =g 2= Qbofl ARl sexki= Correct Answer Rateo] Higt =915 2

)

0|3ttt Interaction termof] T3t 24A3} Period7} 41l Ratio®] H] o] 2}7} 2HA]

a)

2 2o W AAEL HS B3 4 glth. S3] Period 0.2 o|4to]

=

o

Ratio?} 7:3 o402 Mol A= 5ol thal Al 83.3% ol4fo] £& g x W

— Hh8 —



f

A 3 %
2E oY g v B2 A 7N ¥FY As HfH

ol A&
|51 A& o] Chaptero A

3.3

S S 1
T @ E ooy T
I'l? v 1) 0 0 =
& - nmw Ab o) [ ﬁo g ) Ew o ® o W ol
< 5 T olo =T m° Z ofi X Y w,_l/ X =
34 om : o.__nooguumﬂ%a%u}_%
T B T T E o o T 5N g W
o I = B S 5 D A m W = o = ooT
= R my ) — o ° o ¥ ~— T o m =
T ° ow b ° T B oM R W Ho © = oA
& T on g mﬁ__MmMaggo%ﬂMT@ﬂlo_u
T ol Mo o —_— = oo o « o J|J "2 = T T
= m N oo < 2 o o H T = T S R s
T = o i e I Tow Mo
~ RYoqgp E 8! gy B oo B S mo T B
5o T F aniqw,;ow_fffi
AR ajo o U T op w of T W W G ®
1o < T o= ~ od B s & = M =
o T o _ _ _I./ X D B ol ﬂ..rv io A R ,_.__m.o M.M ,_.__mv
W i X H T T - T o == ° oo mo T %o
! A W 0 53 mo o
w o B 0 K T o wr ™ T Yoo
X X ﬂ g _ .. — ,m_lw_ | JEIL ‘_Ll ﬂND &h .
AN ﬂmmgﬂmaﬁﬂﬂ}oo ST Y
LT % 2 mxaaeﬂmgomm,aqf
T HF B S T OB om o % S - AR S w oF
. .._.Mo Ca " ™ [l o < .S . K o X R L a_e E_u
o R =T = B8 22 o i
CEE " Z o= - To R oo
o T o8 op L Aam.ﬂxa,bg_qm.ag_@
A NoA B E g NR S O T S o 2 <
° "W T s By [ of T o o B = Do o o or
B o X 5 A (3 T
0 W m = K ™ A8 N o= X iy
N ,_H.H._ ] .m ,.:1_ =} o~ ;lml = — N E._ -~ ,_ﬂol
- B N =5 B K = T = -~ m MrON B
= N 5 KW o f oS N o Bt
mﬁ — N <M o T N 9° ~ P = S i REOW Muo
L= %%kzﬂ% AAE%O.JM__O%EWX
moo BB 9 P XdfcdZE Tl
— O# ﬂmo . Nluﬂ my - O O_E ‘mu_.nM _ = 2 HIS
3 SR s BE N KL T 0 <
= <EoSH o O x Ho %mn Wn W_L m oR
SRR

- 59 -



Preference7to] AA7 B2 &

Correct Answer Rate Preference
Correct Answer Rate 1
Preference 0.87397 1

Table 3.3: Correct Answer Rate?} Preference7te] Correlation Matrix

Z, PP TR £85E

Hir
Mo

AT E HIS SRIT & STt o=
o2 2-way ANOVAE F35f| Period®} Ratioo]] T2 FHA EA4-& F=hstct. 4=
Z1}t= Table Zrt.

Source

F(d.f1, d.f.2) p
Period F(4, 84) = 0.81  0.5201
Ratio F(3,63) =6.07  0.0011
Duty*Ratio | F(12, 252) = 3.59 <.0001

Table 3.4: Period2} Ratioo] o3t 2-way ANOVA
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