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A veMcle driving simulator iN a virtual reahty device which makes a man feel as tf he drove 

art actual vehicle Unhke actua~ vehicles, the s~mulator hat hml~ed kinematical workspaee and 

bounded dynamac charaeteristlcs So it ts difficult to simulate dynamic monons of a muln body 

vehicle model In order to overcome these problems, a washout algorithm which controls the 

workspace of the simulator wlthan the kmemancal limitation is needed However, a classical 

washout algorithm contains several problems such as generation of wrong sensation of mouons 

by filters in tilt coordmanon, reqmrement of real and error method m selecting the proper cut- 

off frequencies and difficulty m returning the simulator to its origin using only high pass filters 

Thts paper proposes a washout algorithm w~th new tdt coordination method which g~ves more 

accurate sensations to drivers To reduce the time m returning the s~mulator to ~ts ot[gm, an 

algorithm that applies selectively onset mode from high pass filters and return mode from error 

funcUons is proposed As a result of this study, the results of the proposed algorithm are 

compared wath the results of classical washout algorithm through the human perception models 

Atso, the performance of the suggested algorithm ts evaluated by using human perceptwn and 

sens~bihty of some drivers through experiments 

Key Words : Vehicle Driving Simulator, Washout Algorithm, New Tilt Coordination, Return 

Mode 

1. Introduct ion  

Vehicle driwng simulator IS a virtual reahty 
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device which drivers feel as if they drive a real 

car In order to reappear reality of driving sltua- 

non, we analyze vehicle motion generated by 

operating a steering wheel and accelerate pedal, 

and prowde the motion situation such as the sense 

of mohon, sight and hearing to driver according 

to the analysis 

How CaP, I~otlo~ $1tuatIo~ such as the charac- 

teristic of vehicle dynamics, the sense of motion 

according to change of driving condition, and 
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the sense of" sight and hearing reappear reality 

makes the efficiency o f  a vehicle drivin G simulator 

(Drosdol and Panik, 1985)+ However, a real ve- 

hicle has no limitation of motion range, a motion 

system which copies the real motion has at limita- 

tion to reappear the sense of motion because it 

has a limitation in kinematic motion range and 

dynamic characteristic of the system. Therefore 

we need a washout algorithm which limits motion 

range of a vehicle within at physical limitation of 

the simulalor (Freeman et. al., 1995 ; Suetomi ct 

al.. 1991). 
A representative washout algorithm is a classi- 

cal one. tlowevcr a classical washout algorithm 

has advantages such as short analysis time and 

verified stability, there are several problems such 

that it is difficuh to select cur--off fiequm~cy o f  

used f i l ters,  the o r i g i n a l  s ignal  is fa ls i l ied  on t i l l  

c o o r d i n a t i o n  : there is a l { m h a t i o n  to reappear  a 

continuotts motion only restoration by filter and 

etc (Greenberg and Park. 1994; Samji and Reid, 

1992). In order to oxercome problem and a limi- 

tation o f  classical wasllOtlt algorithm, we develop 

new tih coordination algorithm and washout 

algorithm considering a return component. And 

we compare the proposed aigoriflun with classical 

washout algorithm quantitatively using human 

perception model. 

2. C l a s s i c a l  W a s h o u t  A l g o r i t h m  

2.1 Human perception model 
Human feels tran,;lation motion by detecting 

specific force in otolith and relational motion by 

dctecting rotational angular acceleration in vesti- 

bular The specific folcc detected in otolith is 

oblained by subtractin G acceleration of" gravi U 

from translational acceleration such as 
+ 

s F =  d - E  {i:~ 

where a is translational acceleration, g is acc- 

e]e)'~ti~m (~I" gravily 
Human sensory organ is modeled in spring, 

mass and damper s)<stenl by Young and Ornan. 

And transfer lur~c~ion of otolith system shows 

in Eq. (2)(Peter and Burnell, 1981). The charac- 

teristic of frequency response el" otolith system 
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has Good perception in the band of 0.01~0.5 Hz 

k( r:.Ls + I) 
C(sJ ~.o~,~,,- (rLs+ C', ,: rss+ l) (2> 

The tr~.nsler function of the modeled vestibular 

system shows in Eq. (3), and ti~e characteristic of 

frequency response has good perception in the 

band of 0.01 ~ 05 Hz. 

%. Z,s ~ 
C(s)~.es,~,,zo~ ( 7 ~ s + l )  (7~s+ ) ( T A s + I )  (3) 

2 2  Classical washout algorithm 

Classical ~.ashout algorithm is divided by 

three par~s largely. One is translational washout, 

another is rotat{onal washout and the other is tilt 

coordinatiom And the layout el' the algorithm is 

shown in Fig. I. The translational a.nd rotational 

acceleration of at car derived flom analysis resuh 

of ca~ dynamics arc inputted to washout algo- 

rithm, and then inputted signal is outputted to 

translational and rotational acceleration which 

can be reappeared in simulator through washout 

algorithm. 

Translational motion washout algorithm con- 

sists of' high pass fitter separated two steps and 

coordinates transl\)rmation. The algorithm remo- 

ves low frequency element using the first step high 

pass Iiher and generates high frequency accelera- 

tion on center of upper plate of motion genera- 

tor, The acceleration on center of upper plate of 

motion gm~erator is converted to the accelera- 

tion of center coordinate system of unde, plate 

through coordinate translbrmation. We can't re- 

appear the motion within kinematical limitation 

of motion generator only using the first step high 

7rall:~laliorl21 Franslational washout al#e.rithm Tran::laLiond 
a,v_eleration ' srceleratic, n 

.... :~ ~,, of vehi(e 

IT;It Coor(inalian Agc, rithm 

_: .  , : ! . . .  ~ I . s  . . . ' ~  

0i,d,,(I, ~ • . . . . . . . . .  -~[":] [ ~ t .!~[,."!"~. - - " - - " '~  

R,JUt6or, al ll&',llOtJt algorkhm 

Fig, 1 Schematic diagram of classical wLisho[l[ 

algorithm 
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pass filter because there is incidental specific force 

according to Bryant angle of motion generator in 

coordinate transformation process. In order to 

solve the problem, we generate high frequency 

translational acceleration on center of under plate 

of the motion generator using the second step 

high pass filter. 

The rotational motion washout algorithm con- 

sists of high pass filter of  2 steps and coordinates 

transformation. The algorithm removes continu- 

ous low frequency rotational angular acceleration 

inputted to coordinate system of a car seat using 

the first step high pass filter and is converted to 

rotational angular acceleration which is repre- 

sented to Bryant angle by coordinate's transfor- 

mation. And it generates high frequency rota- 

tional angular acceleration which can return to 

the origin on restricting a gimbals angle of  mo- 

tion generator using the 2 na high pass filter (Reid 

and Nahon, 1998). 

We can't generate a low frequency specific force 

only using translational motion washout because 

the translational motion washout generates only 

high frequency specific force using the high pass 

filter. However, if we use tilt coordination algo- 

rithm, specific force which is removed in trans- 

lational motion washout algorithm can be gen- 

erated by tilt angle tracking rotational motion. As 

driver feels a specific force in the opposite direc- 

tion to the amount of gravity, we can generate a 

specific force by tilting a motion generator in the 

opposite direction to the gravity vector. 

The classical washout algorithm has advan- 

tages of fast computation, stable performance and 

etc. but has two problems. 

First, the phase and characteristic of magni- 

tude are falsified when the sum of  high ffcqucncy 

and low frequency specific force is compared with 

specific force which is reappeared because high 

pass and low pass filter which are used in tilt 

coordination are not an ideal filter. 

Second, the classical washout algorithm gen- 

erates high frequency motion which can reappear . 

within limitation of  kinematic motion using high 

pass filter. However, a signal passed through these 
high pass filters caused to generate larger motion 

in the opposite direction to the movement of ori- 
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ginal signal according to larger cut off frequen- 

cies. Since then the motion inputted from high 

pass filter returns to the origin, the motion pass- 

ing through high pass filter returns to the mo- 

tional origin after a regular time. Therefore con- 

tinuously generated motion can't  be reappeared 

satisfyingly because there is a limit to reduce the 

time which it takes to return to the motional 

origin completely as using only force of restitu- 

tion by high pass filter. 

3. N e w  Tilt Coordination Algorithm 
and Washout  Algorithm Considering 

Return Mode 

3.1 New tilt coordination algorithm 
For translational and rotational angular accel- 

eration which is analyzed fiom car dynamics, the 

motional perception which is recognized from a 

human perception model is the car motional one 

generated without signal processing such as wash- 

out algorithm. Fig. 2 is a schematic diagram for 

sensations of motion in actual vehicle. 

The specific force which is recognized through 

driver's otolith in Eq. (1) is translated to coordi- 

nate system of the center of seat and then we can 

get Eq. (4) as 

7 F ~ = ~ e - ~ R ( a ,  r 7 ) g = l a p , - g s i n a s i n  (4) 

[apz+g cos g cos 

where ae is translational acceleration of the co- 

ordinate system of the seat, - ~ R ( o t ,  ~, 7 ) g  is 

acceleration of gravity of the coordinate system 

of the seat. 

w~ aubatitut~ cr for 5pccific a~rcc by trans- 

lational motion, SF'j,, and gR(~, fl, ~')d 

b.JIal# ,3r * 

Fig, 2 

l Tra!~Wr { 7 + ;':'* [ 

L . . . . . . . .  ....j t : ................................... 

........................ .T ~ X  ~ / 

Schematic diagram for sensations of motions 
in actual vehicle 
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tbr specific force according to rotational motion, 

,@~. Then specific force in coordinate system of 

scat is represented as 

sF;, = si"~, + )G,: (5) 

Fig, 3 is a schematic diaglam for sensations of 

motions by classical ti{r coordination. In order 

to remove continuous translational acceleration 

using high pass fiher and reappear a specific force 

which can not br reappeared by' translational mo- 

tion in classical washout algorithm, we generate 

low frequency translational acceleration by pass- 

ing through low pass filter and then generate 

specific force through tilt coordination. The gen- 

erated specific fbrce using classical tilt coordinat- 

ion is written as 

sP.~,c,,,~,.,,~=sls>,..~.~ + sFp~.Lo~, + sF~,~ (6) 

where sF,~uag;, is a specitic force which is gen- 

erated by high frequency translational accelera- 

tion passing through high pass filter, sFe,..Lo~:, is 

a specific force is generated after doing tilt coor- 

dination of low fiequency translational accelera- 

tion passing through low pass filter, 

However, real high pass and low' pass filter are 

not ideal fliers which can fiher a signal comple- 

tely " the sum of the specific tbrce which is applied 

to low and high pass fitter is falsified with the 

original specific force. 

Fig. 4 represents a schematic diagram fbr sensa- 

tions of motions by new tilt coordination. In this 

paper, ~.e propose new tilt coordination algo- 

rithm which uses the difference between transla- 

tiona| acceleration and translational one passing 

I 

l 

L 

through high pass fiher in order to solve the pro~ 

blem using low pass filter on tilt coo;.dination. 

In order to generate additional specific force, 

acceleration component ( ~ )  which is in- 

pulled to tilt coordination is defined as 

ap,z~o,;=aJ, a-pi.,~ (7) 

where as  is a translational acceleration of the 

seat which is acquired from analysis result of car 

and ap,H~, is translational acceleration passing 

through high pass fiher. 

The generated specific force by translational 

acceleration is defined as 

sFs sF~.,,u~, +sFr,.,so:~ (8) 

where ,~/7'vt is the generated specific force by 

translational acceleration, sFpt,llzgh i S  the gen- 

erated specific force by translational acceleration 

passing through high pass filter, and SFer.Di,'s is 

the generated specific force by the proposed tilt 

coordination u Igorithm. 

The specific Ibrce which a driver recognizes on 

seat is represented as sum of the specific force by 

hig[~ pass fihe,, tilt coordination, and rotational 

angular acceleration. And the specific force which 

is generated by the proposed algorithm is defined 

a s  

sY,27.-;.22, s f  + 
(9) 

=st%; +s/%~ --sP~ 

":~. Z"U ~d .-O' 

q21Y,U.~ ' "  ' ~ 

~-:~l: '  , i Z [ ,  , :!; L:! 

Fig. 3 Schematic diagram for sensations of rnotious Fig. 4 
by classical tih coordination 
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3.2 Washout algorithm considering return 

mode 

3.2.1 Return of the motional origin in clas- 
sical washout algorithm 

In classical washout algorithm, we generate a 

high frequency motion which can reappear in 

limitation of kinematic motion using high pass 

filter. After the [notion which is inputted to high 

pass filter have been returned, to the origin of 

motion the motion which passes through high 

pass filter is returned to the one after a time. 

Figs. 5 and 6 show a yaw directional angular 

velocity and angle through high pass filter. Cut 

off frequency of" the high pass filter is 0.01 Hz. 

A solid line is a rotational angular velocity and 

1 6 -  

12- 

10 
>. 

6- 

g 
>- 

0 

Fig. 5 

Without  washou t  { 
. . . . .  Class ica l  w a s h o u t  1 

, ' " i , i ' . . . . . . . . . . . . . . . .  l 

20 40 60 80 100 

T i m e  (sec)  

Yaw directional angular velocity through 

high pass filter 

) 120 - Without  wasl lotJ[ 

. . . . .  Classical wa.~hout 
Kit) 

at>- / 

gO u l ,  

~ ~  

211 
z~ 

0 

2(1 

i i E i 
[I 210 40 60 80 100 

T ime  (see) 

Fig. 6 Yaw directional angle through high pass 

15 lter 
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rotational angle of the car when a drive[ turns 

left. A dotted line is a rotational angular velocity 

and a rotational angle which are transformed by 

high pass filter. An angular velocity which is op- 

posite to motional direction is generated as shown 

in Fig. 5 as a low frequency component is re- 

moved by high pass filter. A rotational angle of 

car without washout preserves 90 degrees alter left 

turn. However a rotational angle with classical 

washout increases to 60 degrees and returns to 0 

degree of motional origin. That is, a rotational 

motion is onset mode till reaching peak angle, 

Then return mode slarls. The motion rotates in 

the opposite direction to motional one and then 

returns to the origin slowly. Under conditions 

before returning to the origin completely and on 

being in move on opposite direction of the mo- 

tion, if a continuous motion generates, motion 

generator will deviate from position limitation. 

Because variot, s motions generate continuously 

in real cab" driving situation, the return of the 

me[tonal origin is done as tast as possible and the 

opposite [notion has to be removed. 

3.2.2 Washout algorithm considering return 

mode 
In this study, we propose the algorithm which 

compensates for return mode using an error from 

the motional origin because there is limitation in 

reducing time which takes to completely return to 

the motional origin, in case of using only a force 

of restitution by high pass filter. 

Fig. 7 shows a schematic diagram of washout 

algorithm using return mode. Washout algorithm 

using return mode consists of high pass filter, 

error function, switching function, integrator, and 
mode selector. An analytical result of vehicle 

i .  ~'!~ ,.,t-ter 
i 

I 

/ . . . . . . . . . .  ~ :  ............... i . . . . . . . . . . . .  

1 

i �9 Lr 

[ .......................................... 

Fig. 7 Schematic diagram of washout algorithm 
using return mode 
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Fig. 8 Schematic diagram of ,node selector 

dynamics such as translational acceleration and 

rotational anguhn velocity is inputted to the pro 

posed algorithm and motion cues which can gen- 

erate within motional  origin is outpu~ted. 

The algorithm renloves a low frequency ele+ 

ment which makes motion get om of  mofional  

l imitation using high pass filter and select high 

frequency element passing fllrough fiher as a 

beginning motion which is f lom mofional  o,igin 

to peak displacement and rotat ional  angle. The 

aigorlthm generates a return motion t~siug inte- 

grator and error fLtnction and motional cue which 

can be implemented in simulator and always 

return to the origin. 

Figure 8 shows a schematic diagram of mode 

selector which analyzes motion mode and con 

trols a switching function. Mode selector consists 

of low pass filter to remove a noise, absolute func- 

tion to consider return element in bld{rectional 

motion, difference function to find time variable 

rate, and mode analyzer which analyzes a prepro- 

cessed signal and determines motion mode. We 

select a motion fi'om motional origin t o  peak 

angle as a beginning mode and a motion ,node 

shown in Fig. 6. However  the resuh of  vehicle 

clynamic analysis in an~,lyziug motion mode is 

used because there is a problem such as a phasc 

lead ~hen we use a signal passing through high 

pass filter in analyzing mode. 

4. Quantitative Evaluation Through 
Simulation 

4.1 V i r t u a l  driving c i r c u m s t a n c e  

Virtual driving circumstance is composed of  

Fig. 9 Road 1nap for simulator 

a scenario which drives an asphalt road in the 

city. In order to estimate reappearance of sensa- 

tions of  motions variously, a road map includes 

general road condit ions such as a straight road, 

curve, a change of]ane,  a bumper  passage, a vari- 

able speed range, and an ~_lneven road as shown in 

Fig. 9. 

4.2 Q u a n t i t a t i v e  e v a l u a t i o n  for s e n s a t i o n s  

of  mot ion  by new tilt coordinat ion  

Figs. fiorn Fig. 10 to Fig. 15 show sensations of  

motions in virtual driving circumstance. We select 

sensation of  translational motion of  surge and 

sway direction and sensation of  rotat ional  motion 

of roll and pitch direction, because heave and 

yaw directional  elements don' t  have eft~.+ct on tilt 

coordmat ion.  Cut off frequency of  high pass filter 

and low pass liher is all 0.01 Hz. In the figure 

which represents all directional sensation of" mo- 

rion, Ibe solid line is sensation of  motion which is 

response of  human sensation mode[ abolJt vehicle 

analysis rest, h not passing through wash out algo- 

rithrm a long dotted line is sensation c f  motion 

in simt, lator by classical flit coordinat ion and a 

short dotted llne is a sensation of mot ion by new 

tilt coordh]atio,1, Error of  sensation of motion is 

defined as a difference between directional  scnsa- 

lion in vehicle and directional sensation in siren- 

] a t o ] .  

Figures 10 and I I  show surge directional sen- 

sation and surge directional sensation etror. Di 

rectional sensation by classical tilt coordinat ion 

as shown in Fig. 10 is falsified in characteristics 
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of magnitude and phase compared with direction- 

al sensation by new tilt coordination. In Fig. 13, 

directional sensation error by classical tilt co- 

ordination represents within about ---0.1 m/sec of 

30% of total surge directional sensation while 

directional sensation error by new tilt coordi- 

nation represents within about +0.02 m/sec. 
Figures 12 and 13 represent sway directional 

sensation in translation and sensation error. Same 

as result of surge direction, characteristics of 

magnitude and phase by new tilt coordination is 

less falsified. And directional sensation error is 
decreased within -4-0.02 m/sec range. 

Figures 14 and 15 represent roll and pitch rota- 

tional sensation. Additional roll directional sen- 

sation in new tilt coordination is maximum •  

degrees. However coordination However, consi- 

dering a maximum magnitude of ---l0 degrees in 

t 0  

0 8  

~ 042 
g . 

�9 . . . .  

o 
-0~2- 

o .~.." 
= -04-"  G 

.oo- 

- 1 0 -  
+ 

.12 i 
0 10 2o 

W i t h o u t  w a s h o u t  

- -  C l a s s i c a l  tilt c o o r d i n a t i o n  

. . . .  N e w  tilt c o o r d i n a t i o n  

..y-x 

:.....,.- 

30 40 50 60 70 

T i m e  ( s e e )  
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8D 

pitch directional sensation, we can assume that 

the additional rotational sensation does not affect 

total rotational sensation. 
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4.3 Quantitative evaluation for algorithm 

considering return mode 

From Fig. 16 to Fig+ 19 represent directional 

sensation from human sensation model about 

rotational angular velocity of yaw direction when 

a vehicle turns left and rotational angle in driving 

seat's center which is a value of" the first integral 

of rotational angular acceleration. A solid line is 

a result of without washout, a long dotted line is 

an result by the classical washout and a short 

dotted line is a analysis result by proposed algo- 

rithm. And cut off frequency of high pass filter is 

0.02 Hz. 

Figures 16 and 17 show results which remove 

opposite directional motion generated by high 

pass filter using proposed algorithm and reduce a 

final return lime to :he motional origin. A rota- 

tional angle by classical washout as shown in 

Fig. 16 increases to about 40 degrees after starting 

motion then the first return occurs. After that, 

opposite rotation i~ generated. Compared with 

that, rotational angle by the proposed algorithm 

returns to the motional origin without opposite 

direction. Rotational sensation which a driver 

recognizes shown in big. 17 represents similarly 

in general though a little phase lead is generated 

in return motion. 

Figures 18 and 19 show that the proposed algo- 

rithm more reduce a return tin to the motiona} 

origin. As shown in Fig. 18, the rotational angle 

by tile algorithm removes opposite directional ro- 

tations and returns to the motional origin corn- 
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35 

pletely at about 18 seconds. However, a driver 

may feel wrong sensation of motion due to a 

generated big bouncing part. 
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5. Real Time Driving and 
Qualitative Evaluation 

5,1 Survey plan 
In order to evaluate validity of washout algo- 

rithm and performance of vehicle driving simu- 

lator developed by Pusan National University 

(Park et. eL, 200[), it is important not only quan- 

titative evaluation using human sensation model 

but also qualitative evaluation of driving sensa- 

tional reappearance of driver. In order to evaluate 

validity of the proposed washout algorithm and 

investigate the influence of sensation of motion by 

washout and each module, we prepare a standard 

detail question qualitative evaluation, 

Evaluation items consist of questions related to 

driving course and motional component, Evalua- 

tion related to driving course consists of questins 

comparing feeling of real car driving with sen- 

sation of motion which is embodied in Pusan 

National University's driving situation such as a 

straight section, a left turn section, a bcnded road~ 

a slope section, and an uneven road. In order 

to evaluate according to motional direction, [t 

consists of sensation of motion and feeling about 

each 6 degrees of freedom. 

5.2 Driving experiment 
In order to evaluate qualitatively vehicle simu- 

lator, we drive virtual road in Pusan National 

University. Fig. 20 shows driving path of car 

according to a scenario. A driving scenario is 

Copyright (C) 2005 NuriMedia Co., Ltd. 

Fig. 20 Road map for experiments 

organized to experience a left turn, a straight 

section, a bended road and a climbing section 

from bumper 1 to bumper 8. It starts from 2 m  

back of bumper 1 and a driver drives subjective- 

ly with 0 - 3 5  km/h. Then it stops in front of 

bumper 8. 

5,3 Evaluation result of survey 

5.3.1 Motion sensation and feeling for each 
driving course 

The result of survey which compares motion 

sensation and feeling for 6 DOF motion of simu- 

lator with those of a real car measures such as 

'very diIti:rence (0), a little difference (1), normal 

(2), similarity (3), equality (4), and very equali- 

ty (5)' and evaluates the numerical mean. Then 

we arrange them listed in Table 2. Evaluation for 

each item almost shows a value of'similarity (3)', 

There is evaluated that motion sensation of surge 

and heave direction is similar to a real car. 

Table 2 shows that average value of evalua- 

tion for motion sensation according to motion 

direction is lager than the average one for driving 

course and handling. If we consider that wash- 

out algorithm is the most influential element for 

evaluating motion sensation according to motion 

direction, the proposed washout algorithm pro- 

vides drivers with translational and rotational 

motion sensation which is similar to a real car. 

When distribution of drivers is represented to 
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Table 1 Average values of motions and leehngs as 

drlwng courses 

Evaluatmn Items Motton Sensatmn Feehng 

Stratght Sectmn 2 72 2 72 

Left Tu,n Sectmrt 2 44 2 56 

Bended Road 2 56 2 56 

Slope SecUon 2 40 2 56 

Uneven Road 3 36 3 28 

Table 2 Avelage values of motions and [eehngs as 
each dtreetlon 

Evaluation items 

Surge Dnection 

Sway Dwectlon 

Heave D~recUon 3 37 3 46 

Roll Dlrectmn 2 71 2 78 

Pitch Direction 2 88 2 76 

Yaw Direction 

Mouon Sensatmn Feehng 

2 92 2 96 

2 74 2 82 

288 26 

percentage of total persons, there ~s evaluation 

of 'very dlffelence' (4%) m the sensatmn of sway 

directmn However, over 50% persons lesponsed 

posture evaluation for each item 

6. Conclusion 

In this paper we p~oposed a new washout algo- 

rithm which can operate vehicle morton w~thm 

hmttatmn of motlonal range We analyzed a pro- 

blem which specflm force is falsified m tdt coor- 

dination of classical washout algorithm and pro- 

posed new nit coordmatmn algorithm whmh can 

reappear specific force mote completely And we 

pointed out problem which is generated on prod- 

ucmg return component as using only high pass 

filter in classical washout algorithm In order to 

mrprove that, we ploposed algorithm of consi- 

der,rig return component, and evaluated vah&ty 

of the proposed algorithm through quahtatlve ev- 

aluatmn and quant~tative evaluation by slmula- 

tlOl], expertmem, and survey 

The proposcd tilt coordmatmn algorithm by 

quantitative evaluation generated somewhat add> 

tmnal rotattonal sensation m motion of roll and 

patch direction comparing w~th classical tilt c o o r -  

dmatlon, however almost results reappear well 

sensatmn of motton which feels in a real car 

Besides the proposed algorithm with return com- 

ponent returned the simulator faster than classical 

washout algomhm, it removed opposite dlrecUon 

of morton to original signal's mouonal  direction 

It is verified that It can embody motion which 

always returns to the origin and is continuous In 

quahtat,ve evaluation, sensation of driwng whmh 

a driver lecognlzes m simulator was over 'nor- 

mahty' compared with a teal cal, and sensation 

of motion and leehng showed a value of ahnost 

'slmdarity' according to direction whmh large- 

ly affect washout algorithm The proposed algo- 

rithm d~d not reappear wrong sensation of mo- 

tion to driver m s~mulator and provided sfm~Iar 

drwing s~tuatmn such as a real car 

The algomhm should be mine improved as 

an algorithm which consider not only return com- 

ponent based on human sensation model but also 

sensatmn of motion recognized by dl~ver 
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