
STUDIES ON HUMAN VEHICLE CONTROL 

Hans Godthelp 





STUDIES ON HUMAN VEHICLE CONTROL 

s •ummi: tini + iiiiin Him 

o 
>o O -J O 

CD 
o - J 

BIBLIOTHEEK TU Delft 
p 2124 5017 

877971 

Drukker i j E l inkwi jk B V , U t rech t 



Illustrations from: "De dolle entree van automobiel en velocipee", 
Leonard de Vries. 
Publisher: De Haan, Weesp, The Netherlands. 



STUDIES ON HUMAN VEHICLE CONTROL 

Hans Godthelp 

1984 

Institute for Perception TNO 

Soesterberg — the Netherlands 



/ 



5 

C O N T E N T S 
page 

1. I n t r o d u c t i o n 9 

1.1 The purpose of t h i s study 9 
1.2 O u t l i n e 10 

2. Background and framework 12 

2.1 The d r i v i n g t a s k 12 
2.2 S t e e r i n g s t r a t e g i e s 13 

2.2.1 Cl o s e d l o o p s t e e r i n g w i t h c o n t i n u o u s e r r o r - c o r r e c - 11 
t i o n 

2.2.2 Open l o o p s t e e r i n g and e r r o r - n e g l e c t i o n 16 
2.3 C o n c l u s i o n s and r e s e a r c h p l a n 20 

3. Gen e r a l a s p e c t s of the methodology 21 

3.1 I n t r o d u c t i o n 21 
3.2.1 Instrumented c a r 21 
3.2.2 D r i v i n g s i m u l a t o r 23 

3.3 V e h i c l e dynamics 25 
3.4 A time-domain a n a l y s i s o f d r i v i n g 27 

4. The accuracy l i m i t a t i o n s of c l o s e d and open l o o p s t e e r i n g i as 33 
measured i n a r e p r o d u c t i o n t a s k 

4.1 I n t r o d u c t i o n 33 
4.2 Experiment I : Rep r o d u c t i o n of d i s c r e t e s t e e r i n g - w h e e l 36 

movements 
*• 4.2.1 Method 36 

4.2.2 R e s u l t s 38 
4.3 Experiment I I : R e p r o d u c t i o n of c o n t i n u o u s s t e e r i n g - w h e e l 39 

movements 
f 4.3.1 Method 39 

4.3.2 R e s u l t s 42 
4.4 D i s c u s s i o n and c o n c l u s i o n s 45 

5. P r e c o g n i t i v e c o n t r o l : 

5.1 I n t r o d u c t i o n 
5.2 Experiment I I I : 

5.2.1 
5.2.2 
5.2.3 
5.2.4 

5.3 Experiment IV: 

5.3.1 
5.3.2 
5.3.3 
5.3.4 

Open and c l o s e d l o o p 
change manoeuvre 

s t e e r i n g i n a l a n e 

The e f f e c t of s t e e r i n g f o r c e 
Background 
Method 
R e s u l t s and d i s c u s s i o n 
C o n c l u s i o n s 
The e f f e c t o f s t e e r i n g - w h e e l movement am­
p l i t u d e 
Background 
Method 
R e s u l t s and d i s c u s s i o n 
C o n c l u s i o n s 

5.4 General d i s c u s s i o n 

49 

49 
51 
51 
52 
55 
58 
59 

59 
59 
63 
68 
70 



6 

6. Preview c o n t r o l : Open and c l o s e d l o o p s t e e r i n g a t curve entrance 72 

6.1 I n t r o d u c t i o n 72 
6.2 Experiment V: E f f e c t s of road c u r v a t u r e and s t e e r i n g 77 

f o r c e 
6.2.1 Background 77 
6.2.2 Method 77 
6.2.3 R e s u l t s and d i s c u s s i o n 81 
6.2.4 C o n c l u s i o n s 83 

6.3 Experiment V I : E f f e c t s of d r i v i n g speed and road c u r v a ­ 84 
t u r e 

6.3.1 Background 84 
6.3.2 Method 85 
6.3.3 R e s u l t s and d i s c u s s i o n 87 
6.3.4 C o n c l u s i o n s 91 

6.4 General d i s c u s s i o n 92 

Compensatory c o n t r o l : Open and c l o s e d l o o p d r i v i n g i n s t r a i g h t 94 
la n e keeping 

7.1 I n t r o d u c t i o n 94 
7.2 Experiment V I I : E f f e c t s o f d r i v i n g speed 96 

7.2.1 Background 96 
7.2.2 Method 97 
7.2.3 R e s u l t s and d i s c u s s i o n 99 
7.2.4 C o n c l u s i o n s 104 

7.3 Experiment V I I I : E f f e c t s o f l o o k i n g time d u r a t i o n and d r i v ­ 105 
i n g speed 

7.3.1 Background 105 
7.3.2 Method 106 
7.3.3 R e s u l t s and d i s c u s s i o n 107 
7.3.4 C o n c l u s i o n s 111 

7.4 Gen e r a l d i s c u s s i o n 111 

The l i m i t s of e r r o r - n e g l e c t i o n i n s t r a i g h t lane k e e p i n g 113 

8.1 I n t r o d u c t i o n 113 
8.2 Experiment I X : The l i m i t s o f e r r o r - n e g l e c t i o n i n s t r a i g h t 115 

la n e k e e p i n g 
8.2.1 Method 115 
8.2.2 R e s u l t s 118 

8.3 D i s c u s s i o n and c o n c l u s i o n s 121 

G e n e r a l d i s c u s s i o n and a p p l i c a t i o n s 123 

9.1 D i s c u s s i o n 123 
9.2 A p p l i c a t i o n s and f u t u r e r e s e a r c h 128 

References 132 



7 

Appendix A: M a t h e m a t i c a l v e h i c l e model used t o d e s c r i b e i n s t r u - 136 
mented c a r and d r i v i n g s i m u l a t o r c h a r a c t e r i s t i c s 

A1: I n t r o d u c t i o n 136 
A2: L a t e r a l dynamics 137 
A3: S t e e r i n g system dynamics 143 

Nomenclature 116 

L i s t of a b b r e v i a t i o n s 150 

Samenvatting 151 

Summary 157 

C u r r i c u l u m v i t a e 160 



8 



9 

C H A P T E R 

1. INTRODUCTION 

1.1 The purpose of t h i s study 

I n today's s o c i e t y the r o l e of man i n c o n t r o l l i n g i n d u s t r i a l processes i s 
changing r a p i d l y . O r i g i n a l l y man m a i n l y p l a y e d the r o l e o f an a c t i v e , 
manual c o n t r o l l e r , whereas t h i s f u n c t i o n nowadays has l a r g e l y been t r a n s ­
formed to t h a t of a s u p e r v i s o r who i s j u s t w a t c h i n g the process as i t i s 
c o n t r o l l e d by an automate. A s i m i l a r t r e n d can a l s o be noted i n v e h i c l e 
c o n t r o l p r o c e s s e s : A u t o p i l o t s have p a r t l y taken over the r o l e of a i r c r a f t 
p i l o t s and the same can be s a i d f o r s h i p helmsmen. 

More o r l e s s i n c o n t r a r y w i t h t h i s tendency towards automated c o n t r o l , the 
f u n c t i o n i n g of man as the c o n t r o l l e r of wheeled and t r a c k e d v e h i c l e s has 
almost remained unchanged. S e v e r a l systems f o r automated automobile g u i d ­
ance have been proposed, but none of these has been g e n e r a l l y accepted 
u n t i l now, and i t seems j u s t i f i e d t o assume t h a t t h i s w i l l a l s o not be the 
case i n the near f u t u r e . T h e r e f o r e , i n both c i v i l i a n and m i l i t a r y ground 
t r a f f i c , the d i r e c t i n f l u e n c e of human l i m i t a t i o n s w i l l remain r e l a t i v e l y 
l a r g e and i t i s t h i s s i t u a t i o n where the pr e s e n t study s t a r t s from. 

T r a f f i c u n s a f e t y i s an im p o r t a n t a s p e c t of t h i s human r e l i a b i l i t y problem, 
y e a r l y r e s u l t i n g i n a l a r g e number of c a s u a l t i e s and an enormous l o s s of 
money. More than 75,000 people were k i l l e d i n road t r a f f i c i n The Nether­
l a n d s s i n c e World War I I . An a n a l y s i s of these a c c i d e n t f i g u r e s shows t h a t 
i n most cases the automobile was i n v o l v e d . Regarding the f i n a n c i a l l o s s e s , 
the 1981 Annual A c c i d e n t Report of the Royal Dutch Army i n d i c a t e d a y e a r l y 
c o s t of s i x and a h a l f m i l l i o n Dutch g u i l d e r s (about 2.2 m i l l i o n U.S. 
d o l l a r s ) as a r e s u l t of t r a f f i c a c c i d e n t s w i t h m i l i t a r y v e h i c l e s . 
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D e s p i t e these f i g u r e s i t can be argued t h a t t r a f f i c r e s e a r c h and v e h i c l e 
e n g i n e e r i n g have r e s u l t e d i n a t r a f f i c system of a h i g h l y developed t e c h ­
n o l o g i c a l l e v e l . The c e n t r a l r o l e of man, however, makes the system v u l n e r ­
a b l e and f u r t h e r improvements of s a f e t y w i l l l a r g e l y depend on our under­
s t a n d i n g o f human c a p a b i l i t i e s i n d r i v i n g . Regarding t h i s i s s u e , the 
p r e s e n t study f o c u s s e s on the most elementary aspect of d r i v i n g , i . e the 
v e h i c l e s t e e r i n g c o n t r o l t a s k . By f a r the most s t e e r i n g c o n t r o l d e s c r i p ­
t i o n s as they are a v a i l a b l e nowadays are based on the fundamental assump­
t i o n t h a t d r i v e r s s t e e r t h e i r v e h i c l e i n a c o n t i n u o u s e r r o r - c o r r e c t i o n mode 
w i t h permanent v i s u a l feedback i . e . c l o s e d l o o p . However, as i s commonly 
accepted, d r i v i n g cannot s i m p l y be c o n s i d e r e d as such a c o n t i n u o u s c l o s e d 
l o o p t a s k . On the one hand, i t can be argued t h a t under many ci r c u m s t a n c e s 
d r i v i n g does not r e q u i r e permanent path e r r o r c o n t r o l , whereas on the o t h e r 
hand, the d r i v e r may be f o r c e d , t e m p o r a r i l y , t o pay ( v i s u a l ) a t t e n t i o n t o 
o t h e r d r i v i n g t a s k a s p e c t s which, by d e f i n i t i o n , makes i t i m p o s s i b l e t o 
s t e e r the v e h i c l e w i t h permanent v i s u a l feedback. The l i t e r a t u r e shows very 
few q u a n t i t a t i v e d e s c r i p t i o n s about the r o l e o f e r r o r - n e g l e c t i o n and 
v i s u a l l y open l o o p s t e e r i n g s t r a t e g i e s i n d r i v i n g . Yet such d e s c r i p t i o n s 
are needed i f one wants t o understand the a t t e n t i o n needed f o r v e h i c l e 
s t e e r i n g and i t s dependency on f a c t o r s l i k e speed, type of manoeuvre, 
roadway and v e h i c l e c h a r a c t e r i s t i c s , e t c . The present study f o c u s s e s on 
t h i s i s s u e . I t s main purpose i s t o e n l a r g e our u n d e r s t a n d i n g about the 
p o t e n t i a l r o l e of v i s u a l l y open l o o p s t r a t e g i e s and e r r o r - n e g l e c t i o n i n 
v e h i c l e c o n t r o l . 

1.2 O u t l i n e 

How can the d r i v i n g t a s k be d i v i d e d i n t o a s e r i e s of s u b t a s k s ? I n answering 
t h i s q u e s t i o n Chapter 2 g i v e s a s h o r t a n a l y s i s of the d r i v i n g t a s k , i n 
which i t i s argued t h a t s t e e r i n g c o n t r o l i s t o be c o n s i d e r e d as the most 
e s s e n t i a l subtask i n d r i v i n g . I n a subsequent a n a l y s i s on s t e e r i n g s t r a t e ­
g i e s i t i s i l l u s t r a t e d t h a t , a l t h o u g h we know a l o t about e r r o r - c o r r e c t i o n 
s t r a t e g i e s , v e r y few q u a n t i t a t i v e d a t a are a v a i l a b l e on e r r o r - n e g l e c t i o n 
and v i s u a l l y open l o o p s t r a t e g i e s . I t i s . mentioned s p e c i a l l y t h a t a t i me-
domain a n a l y s i s o f d r i v i n g i s l a c k i n g which a l l o w s f o r a d e s c r i p t i o n o f 
v e h i c l e c o n t r o l as a t i m e - s e r i a l p r o c e s s w i t h a l t e r n a t i o n between e r r o r -
c o r r e c t i o n and e r r o r - n e g l e c t i o n s t r a t e g i e s . Furthermore, i t i s h y p o t h e s i s e d 
t h a t the degree t o which d r i v e r s t e m p o r a r i l y may use v i s u a l l y open l o o p 
s t r a t e g i e s w i l l depend on a) t h e i r s k i l l to generate the c o r r e c t s t e e r i n g 
a c t i o n s d u r i n g p e r i o d s w i t h o u t v i s u a l feedback and b) the o p p o r t u n i t y f o r 
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e r r o r - n e g l e c t i o n . Chapter 2 ends w i t h a paragraph, i n which the consequen­
ces of the a n a l y s i s on s t e e r i n g s t r a t e g i e s a r e tr a n s f o r m e d i n t o a number o f 
r e s e a r c h q u e s t i o n s . The experiments, conducted t o answer these q u e s t i o n s 
are d e s c r i b e d i n Chapters 4 t o 8, whereas Chapter 3 w i l l g i v e some d e t a i l s 
about the i n s t r u m e n t a t i o n used, the v e h i c l e dynamics and the proposed 
time-domain d a t a a n a l y s i s . A g e n e r a l d i s c u s s i o n o f the r e s u l t s , a summary 
of the c o n c l u s i o n s and some examples of a p p l i c a t i o n s a r e g i v e n i n Chapter 
9. F i n a l l y the mathematical v e h i c l e model which i s used t o d e s c r i b e the 
inst r u m e n t e d c a r and d r i v i n g s i m u l a t o r c h a r a c t e r i s t i c s i s presented i n an 
Appendix. 
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C H A P T E R 2 

2. BACKGROUND AND FRAMEWORK 

2.1 The d r i v i n g t a s k 

When g u i d i n g a v e h i c l e a l o n g the road or through a t e r r a i n the d r i v e r ' s 
primary t a s k i s t o c o n t r o l the v e h i c l e . The o v e r a l l d r i v i n g t a s k i however, 
i s t o be c o n s i d e r e d as a co m b i n a t i o n of subt a s k s , the most e s s e n t i a l of 
which i s v e h i c l e c o n t r o l . I n an e x t e n s i v e d r i v i n g t a s k a n a l y s i s , McKnight 
and Adams (1970) d i s t i n g u i s h as much as 65 su b t a s k s . A more g l o b a l a n a l y s i s 
i s p resented by A l l e n e t a l . (1971), who d e s c r i b e t h r e e h i e r a r c h i c a l l y 
ordered t a s k l e v e l s , s t r a t e g i c l e v e l , manoeuvre l e v e l and v e h i c l e c o n t r o l 
l e v e l . Tasks a t the s t r a t e g i c l e v e l a r e those d e a l i n g w i t h r o u t e p l a n n i n g 
and c h o i c e , i . e . processes c o v e r i n g a r e l a t i v e l y l o n g p e r i o d of time. The 
i n t e r a c t i o n w i t h o t h e r road u s e r s (e.g. o v e r t a k i n g ) , s i g n s , t r a f f i c s i g ­
n a l s , e t c . d e f i n e s the manoeuvre l e v e l , which i n c l u d e s processes of about 5 
to 10 seconds. F i n a l l y , the a c t u a l motion of the v e h i c l e i s r e g u l a t e d a t 
the v e h i c l e c o n t r o l l e v e l , where speed and l a t e r a l p o s i t i o n a r e c o n t r o l l e d 
and the u p d a t i n g time of the pr o c e s s e s i n v o l v e d may reach low v a l u e s , 
u l t i m a t e l y r e s u l t i n g i n a t a s k w i t h almost c o n t i n u o u s e r r o r - c o r r e c t i o n . 

The h i e r a r c h i c a l o r d e r i n g of the l e v e l s i s r e f l e c t e d by the f a c t t h a t 
performance a t each l e v e l s e r v e s as a s t a r t i n g p o i n t f o r the n e a r e s t lower 
l e v e l . I n t h i s o r d e r i n g the lowest l e v e l , i . e . v e h i c l e c o n t r o l , i s t o be 
c o n s i d e r e d as the b a s i c t a s k i n d r i v i n g . The a t t e n t i o n needed f o r v e h i c l e 
c o n t r o l may s t r o n g l y e f f e c t the q u a l i t y of performance a t the s t r a t e g i c and 
manoeuvre l e v e l . D r i v i n g a t a moderate speed on a q u i e t freeway can be 
co n s i d e r e d as an example of a r e l a t i v e l y easy t a s k which even may permit 
the d r i v e r , t e m p o r a r i l y , t o n e g l e c t v e h i c l e path e r r o r s . I n t e r f e r e n c e 
between t a s k l e v e l s w i l l h a r d l y occur i n such a ta s k . However, the demands 
of d r i v i n g may a l s o be c o n s i d e r a b l y h i g h e r : D r i v i n g on a crowded i n t e r s e c ­
t i o n may l e a d t o a s i t u a t i o n i n which these i n t e r f e r e n c e e f f e c t s a r e v e r y 
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l i k e l y t o o c c u r ; l o o k i n g f o r r o u t e s i g n s and the o b s e r v a t i o n of o t h e r 
v e h i c l e motions may r e q u i r e a v i s u a l sampling p a t t e r n r e s u l t i n g i n a 
temporary l o s s of immediate v i s u a l feedback about the own v e h i c l e motion. 
Furthermore, the manual o p e r a t i o n of c o n t r o l s , such as t u r n - i n d i c a t o r and 
g e a r - l e v e r , may i n t e r f e r e w i t h the s t e e r i n g - w h e e l a c t i o n s . I n an a n a l y s i s 
on t r a c k i n g performance, Wickens and Gopher (1977) i n d i c a t e d t h a t d u r i n g 
p e r i o d s o f ta s k o v e r l o a d the t r a c k i n g d a t a c o n t a i n " h o l d s " , i . e . p e r i o d s 
w i t h no s t e e r i n g c o n t r o l a t a l l . Whether the i n t e r f e r e n c e e f f e c t s as 
d e s c r i b e d here a c t u a l l y w i l l r e s u l t i n unsafe d r i v i n g performance l a r g e l y 
w i l l depend on t h e i r consequences i n terms o f v e h i c l e motion e r r o r s . The 
prese n t study s t a r t s from t h i s q u e s t i o n and a n a l y s e s s t e e r i n g c o n t r o l i n a 
way which a l l o w s us t o understand why a d r i v e r may t e m p o r a r i l y n e g l e c t 
v e h i c l e motion e r r o r s and/or behave i n a v i s u a l l y open l o o p mode. 

The r e s e a r c h program chosen f o r t h i s study w i l l be d e s c r i b e d i n S e c t i o n 
2.3. I n advance a s h o r t r e v i e w of the l i t e r a t u r e on s t e e r i n g s t r a t e g i e s 
w i l l be pres e n t e d i n S e c t i o n 2.2. 

2.2 S t e e r i n g s t r a t e g i e s 

As argued b e f o r e automobile s t e e r i n g cannot s i m p l y be c o n s i d e r e d as a 
cont i n u o u s , c l o s e d l o o p t a s k . I n s t e a d of p e r f o r m i n g i n a c l o s e d l o o p mode 
d r i v e r s may t e m p o r a r i l y s w i t c h t o open l o o p c o n t r o l . Furthermore, the 
e r r o r - c o r r e c t i o n mode may a l t e r n a t e w i t h p e r i o d s of e r r o r - n e g l e c t i o n . Both 
these a s p e c t s , i . e . open v e r s u s c l o s e d l o o p c o n t r o l and e r r o r - n e g l e c t i o n 
v e r s u s e r r o r - c o r r e c t i o n , w i l l be d e f i n e d now i n more d e t a i l . 

Open l o o p v e r s u s c l o s e d l o o p c o n t r o l 

From a s t r a i g h t f o r w a r d s e r v o - t h e o r e t i c a l p o i n t of view, a system o p e r a t e s 
i n an open l o o p mode whenever i n f o r m a t i o n about a c t u a l system b e h a v i o r i s 
u n a v a i l a b l e . However, i n case of human v e h i c l e c o n t r o l t h i s d e f i n i t i o n 
needs some c l a r i f i c a t i o n . The q u e s t i o n can be r a i s e d , f o r i n s t a n c e , under 
which c o n d i t i o n s path e r r o r i n f o r m a t i o n i s " u n a v a i l a b l e " . Even d u r i n g 
complete v i s u a l o c c l u s i o n one can h a r d l y say so, because t h i s would o n l y be 
t r u e i f the d r i v e r j u s t r e l i e s on immediate v i s u a l feedback. I n r e a l i t y 
t h i s i s not the case, as the d r i v e r a l s o r e c e i v e s feedback through non-
v i s u a l m o d a l i t i e s , e.g. p r o p r i o c e p t i v e and v e s t i b u l a r feedback. F u r t h e r ­
more, the ex p e r i e n c e d d r i v e r may have a f a i r l y developed i n t e r n a l r e p r e s e n -
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t a t i o n of the expected v e h i c l e performance i n r e l a t i o n t o the roadway, 
which can be used t o e s t i m a t e the d i f f e r e n c e between d e s i r e d and a c t u a l 
system b e h a v i o r d u r i n g p e r i o d s w i t h o u t v i s u a l feedback. I n the p r e s e n t 
study we w i l l use the terms open and c l o s e d l o o p i n r e l a t i o n w i t h the 
a v a i l a b i l i t y of v i s u a l feedback: S t e e r i n g d u r i n g the absence of v i s u a l 
i n f o r m a t i o n w i l l be r e f e r r e d t o as open l o o p c o n t r o l , whereas the term 
c l o s e d l o o p w i l l be used f o r s t e e r i n g w i t h v i s u a l feedback. 

E r r o r - n e g l e c t i o n v e r s u s e r r o r - c o r r e c t i o n 

D u r i n g c e r t a i n p e r i o d s of time the d r i v e r w i l l not a c t upon momentaneous 
path e r r o r s . On the one hand, t h i s s t r a t e g y may be the r e s u l t of a v o l u n t a ­
r y d e c i s i o n t o i g n o r e path e r r o r s , whereas on the o t h e r hand, the c o m p l e x i ­
ty of the d r i v i n g t a s k may f o r c e the d r i v e r t o do so. Both s i t u a t i o n s w i l l 
r e s u l t i n p a s s i v e , n o - s t e e r i n g p e r i o d s . I n the present study d r i v e r ' s not 
a c t i n g upon path e r r o r s w i l l be r e f e r r e d t o as e r r o r - n e g l e c t i o n , whereas 
the s t r a t e g y t o minimize path e r r o r s w i l l be noted as e r r o r - c o r r e c t i o n . 

I n the S e c t i o n s 2.2.1 and 2.2.2 a b r i e f overview w i l l be g i v e n of the 
l i t e r a t u r e on v a r i o u s s t e e r i n g s t r a t e g i e s . Regarding the " c l o s e d loop, 
e r r o r - c o r r e c t i o n " l i t e r a t u r e t h i s overview w i l l f o c u s p a r t i c u l a r l y on those 
s t u d i e s which are c o n s i d e r e d t o be a l s o u s e f u l i n an a n a l y s i s on open l o o p 
and/or e r r o r - n e g l e c t i o n s t r a t e g i e s . 

2.2.1 C l o s e d _ I o o D _ s t e e r i n g _ w i t h _ c o n t i n 

Most of the a v a i l a b l e s t e e r i n g c o n t r o l models are based on the assumption 
t h a t the automobile d r i v e r a c t s as an e r r o r - c o r r e c t i n g mechanism w i t h 
c o ntinuous a t t e n t i o n a l l o c a t e d t o the s t e e r i n g t a s k . These model d e s c r i p ­
t i o n s can r o u g h l y be d i v i d e d i n t o two c a t e g o r i e s : 

1. D e s c r i b i n g f u n c t i o n models, based on a frequency-domain a n a l y s i s and 
p resented by Weir and McRuer (1973), McRuer e t a l (1977) and o t h e r s . 

2. P r e v i e w - p r e d i c t o r models, based on a time-domain a n a l y s i s and proposed 
by S h e r i d a n (1966), Yoshimoto (1969), and K r o l l (1971). 

Apart from the m e t h o d o l o g i c a l d i f f e r e n c e , i . e . frequency-domain v e r s u s 
time-domain a n a l y s i s , both models d i f f e r a l s o w i t h r e s p e c t t o t h e i r under­
l y i n g assumptions about the nature o f d r i v e r ' s e r r o r c o n t r o l . D e s c r i b i n g 
f u n c t i o n models are p r i n c i p a l l y based on the assumption t h a t a d r i v e r 
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r e a c t s on momentaneous path e r r o r s , whereas a p r e v i e w - p r e d i c t o r model 
assumes t h a t the d r i v e r uses a weighed sum o f p r e d i c t e d path e r r o r s . 
P r e d i c t e d path e r r o r s are c a l c u l a t e d by comparing the previewed roadway 
geometry w i t h v e h i c l e path p r e d i c t i o n s , which are u s u a l l y based on the 
assumption of n o - s t e e r i n g c o n t r o l d u r i n g the time span of the p r e d i c t i o n 
p r o c e s s . 

G a r r o t t et a l . (1982a, 1982b) compared the two c l a s s e s of models and 
concluded t h a t the d e s c r i b i n g f u n c t i o n model should be c o n s i d e r e d as 
p r e f e r a b l e f o r f u t u r e r e s e a r c h purposes. T h i s c o n c l u s i o n i s drawn because 
of parameter i d e n t i f i c a t i o n problems, which are most pronounced w i t h the 
p r e v i e w - p r e d i c t o r model. For mathematical s i m u l a t i o n of c l o s e d l o o p , 
e r r o r - c o r r e c t i o n t a s k s t h i s c o n c l u s i o n seems j u s t i f i e d . However, when 
d e s c r i b i n g d r i v i n g as a task i n which c l o s e d and open l o o p as w e l l as 
e r r o r - c o r r e c t i o n and e r r o r - n e g l e c t i o n s t r a t e g i e s a l t e r n a t e , the preview-
p r e d i c t o r approach may be a t t r a c t i v e , i n t h a t i t uses v e h i c l e path p r e d i c ­
t i o n s , which r e f l e c t a n t i c i p a t i o n p rocesses as these may occur d u r i n g 
e r r o r - n e g l e c t i o n and open l o o p c o n t r o l . T h e r e f o r e , the r o l e of a n t i c i p a t i o n 
i n d e s c r i b i n g f u n c t i o n models and preview p r e d i c t o r models w i l l now be 
c o n s i d e r e d i n more d e t a i l . 

K r e n d e l and McRuer (1968) and Pew (1974) a n a l y s e d the s t e e r i n g t a s k i n 
terms of l e v e l s of c o n t r o l . I n t h e i r d e s c r i p t i o n a d i s t i n c t i o n i s made 
between t h r e e c o n t r o l l e v e l s : i . e . p r e c o g n i t i v e , p u r s u i t and compensatory 
c o n t r o l . The degree by which a d r i v e r a n t i c i p a t e s v a r i e s f o r each o f the 
l e v e l s . On the p r e c o g n i t i v e l e v e l the d r i v e r uses motor programs, which are 
a v a i l a b l e t o him through o v e r l e a r n i n g of c e r t a i n manoeuvres. A c t i n g on the 
p u r s u i t l e v e l the d r i v e r uses h i s knowledge about the v e h i c l e ' s i n p u t - o u t ­
put c h a r a c t e r i s t i c s t o guide the v e h i c l e i n a s o r t of preview mode, along 
an i n t e n d e d t r a j e c t o r y . F i n a l l y , the compensatory l e v e l d e s c r i b e s a d r i v i n g 
s i t u a t i o n i n which the d r i v e r j u s t r e a c t s t o u n p r e d i c t a b l e , momentaneous 
path e r r o r s . 

F o r each of these l e v e l s d e s c r i b i n g f u n c t i o n models have been proposed. 
Weir and McRuer (1973) presented the c r o s s - o v e r model a p p l i c a t i o n f o r 
d r i v i n g t a s k s a t the compensatory l e v e l . A l l e n and McRuer (1977) and Donges 
(1978) have g i v e n models i n which a p u r s u i t or preview mode a c t s i n p a r a l ­
l e l w i t h e r r o r c o r r e c t i o n . F i n a l l y A l l e n (1982) presented a " p r e c o g n i t i v e 
d r i v e r model w i t h c o n t i n u o u s c l o s e d loop o p e r a t i o n s " . Each of these models 
o f f e r s a good mathematical s i m u l a t i o n of d r i v e r s ' s t e e r i n g performance, 
w h i l e they a l s o c o n t a i n meaningful parameters, r e p r e s e n t i n g f o r example 
d r i v e r s ' time d e l a y or a n t i c i p a t i o n time. A c t u a l l y , the f u n c t i o n i n g of 
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a n t i c i p a t i o n i s r e f l e c t e d i n the l a t t e r parameters: Time d e l a y s a r e reduced 
and may be tr a n s f o r m e d i n t o an a n t i c i p a t i o n time. However, a d e s c r i p t i o n o f 
how a d r i v e r may use the b e n e f i t s of a n t i c i p a t i o n i n e r r o r - n e g l e c t i o n or 
open l o o p c o n t r o l i s not p o s s i b l e i n terms of the d e s c r i b i n g f u n c t i o n 
model, s i n c e the model i s p r i n c i p a l l y based on the assumption t h a t the 
d r i v e r behaves i n a c l o s e d l o o p , e r r o r - c o r r e c t i o n mode. 

The s t r a t e g i e s d e s c r i b e d i n the l e v e l s o f c o n t r o l r e f l e c t p r i m a r i l y a n t i ­
c i p a t o r y performance w i t h r e s p e c t t o the system i n p u t , i . e . the p e r c e i v e d 
roadway geometry. A n t i c i p a t i o n p r o c e s s e s d e a l i n g w i t h the expected system 
output, i . e . the v e h i c l e path a r e o n l y i n d i r e c t l y i n v o l v e d . T h i s l e a d s us 
t o the c h a r a c t e r i s t i c s of the p r e v i e w - p r e d i c t o r model. D e s p i t e i t s i n t u i ­
t i v e l y a t t r a c t i n g p r o p e r t i e s , t h i s model has never been accepted as a 
f r u i t f u l way of d e s c r i b i n g automobile s t e e r i n g . One e x p l a n a t i o n f o r t h i s 
can be found i n the aforementioned parameter i d e n t i f i c a t i o n problems. 
Another, more e s s e n t i a l r eason may be t h a t , u n t i l now, p r e v i e w - p r e d i c t o r 
models have o n l y been used t o s i m u l a t e e r r o r - c o r r e c t i o n performance. U l t i ­
mately, however, t h i s i s i n c o n t r a d i c t i o n w i t h the n a t u r e of t h i s type of 
model, which uses path p r e d i c t i o n s t h a t a r e based on an assumption o f 
n o - s t e e r i n g c o n t r o l i . e . e r r o r - n e g l e c t i o n . I n the p r e s e n t study i t w i l l be 
i l l u s t r a t e d , t h e r e f o r e , t h a t the time-domain a n a l y s i s used i n the preview-
p r e d i c t o r d e s c r i p t i o n can a l s o ( o r even b e t t e r ) be used i n a way which i s 
more d i r e c t l y r e l a t e d to t h i s f i x e d s t e e r i n g assumption. The path p r e d i c ­
t i o n s made i n the model can be used i n t h a t case t o q u a n t i f y the p o t e n t i a l 
r o l e of e r r o r - n e g l e c t i o n and open l o o p c o n t r o l s t r a t e g i e s i n d r i v i n g . 

2.2.2 0Den_loo£_steering_and_error-neglection 

D e s c r i p t i o n s of open l o o p automobile d r i v i n g have been developed e a r l i e r t o 
q u a n t i f y d r i v i n g t a s k demands i n terms of a d r i v e r ' s s e l f chosen o c c l u s i o n 
times, i . e . the p e r i o d of time d u r i n g which a d r i v e r i s w i l l i n g t o c o n t r o l 
the v e h i c l e w i t h o u t v i s u a l feedback. Senders e t a l . (1967) and Zwahlen and 
Balasubramanian (1974) proposed mathematical u n c e r t a i n t y models, i n which 
i t i s assumed t h a t the d r i v e r uses an e s t i m a t e of the v e h i c l e ' s l a t e r a l 
p o s i t i o n to choose the (average) l e n g t h of the o c c l u s i o n i n t e r v a l . T h i s 
e s t i m a t e i s based on the v e h i c l e motion s p e c t r a l c h a r a c t e r i s t i c s . Milgram, 
Godthelp and Blaauw (1982) extended t h i s approach by a r g u i n g t h a t d r i v e r ' s 
e s t i m a t e of the v e h i c l e path w i l l not s o l e l y be based on l a t e r a l p o s i t i o n 
i n p u t but a l s o on heading angle i n f o r m a t i o n . They developed a t i m e - s e r i e s 
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model i n which both these i n p u t s were used t o q u a n t i f y d r i v e r ' s u n c e r t a i n t y 
about the v e h i c l e path and a p p l i e d i t t o e x p l a i n d r i v e r s s e l f - c h o s e n 
o c c l u s i o n t i m es. 

A l l of the models on open l o o p b e h a v i o r mentioned here were developed t o 
d e s c r i b e and p r e d i c t d r i v e r ' s v o l u n t a r y chosen o c c l u s i o n t i m e s i w h i l e 
n e i t h e r of the models gave a q u a n t i f i c a t i o n of the time which was a c t u a l l y 
a v a i l a b l e f o r o c c l u s i o n . Yet i t may be expected t h a t d r i v e r s w i l l choose 
the d u r a t i o n of o c c l u s i o n p e r i o d s somehow i n r e l a t i o n w i t h the time a v a i l ­
a b l e , which u l t i m a t e l y w i l l be r e s t r i c t e d by the v e h i c l e t r a j e c t o r y r e a c h ­
i n g the edge of the l a n e . T h i s t r a j e c t o r y w i l l l a r g e l y be governed by 
d r i v e r s ' s t e e r i n g a c t i o n s generated d u r i n g the o c c l u s i o n p e r i o d . D u r i n g 
t h i s p e r i o d d r i v e r s may ap p l y e i t h e r a p a s s i v e , no s t e e r i n g s t r a t e g y , i n a 
s o r t of e r r o r - n e g l e c t i o n mode, or an a c t i v e s t e e r i n g s t r a t e g y w i t h s t e e r i n g 
a c t i o n s generated on the b a s i s of the e s t i m a t e d v e h i c l e path i n r e l a t i o n t o 
the roadway. 

Assuming t h a t no e x t e r n a l d i s t u r b a n c e s a r e a c t i n g on the d r i v e r - v e h i c l e 
system, i t may be expected then t h a t the time a v a i l a b l e f o r o c c l u s i o n , i . e . 
f o r open l o o p c o n t r o l , w i l l depend on: 

a. The accuracy of the open l o o p generated s t e e r i n g a c t i o n s , 
b. the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n . 

Regarding open l o o p s t e e r i n g i t can be assumed t h a t a c c u r a c y w i l l depend on 
the p r e d i c t a b i l i t y of the s t e e r i n g t a s k . A r e f e r e n c e can be made here t o 
the " l e v e l s of c o n t r o l " as d e s c r i b e d by K r e n d e l and McRuer (1968) and Pew 
(1974): When c o n t r o l l i n g a v e h i c l e a t the p r e c o g n i t i v e l e v e l , d r i v e r s w i l l 
have a r a t h e r good e s t i m a t e of the c o n t r o l a c t i o n s t o be taken and the 
preprogrammed n a t u r e of such t a s k s may be p a r t i c u l a r l y u s e f u l d u r i n g 
p e r i o d s w i t h o u t v i s u a l feedback. I n preview t a s k s d r i v e r s cannot r e l y on 
preprogrammed s t e e r i n g - w h e e l commands; however, p r e d i c t i o n s about the 
v e h i c l e t r a j e c t o r y i n r e l a t i o n t o the roadway can s t i l l be made and t h i s 
p r ocess a l s o p e r m i t s the d r i v e r t o generate s t e e r i n g a c t i o n s d u r i n g p e r i o d s 
w i t h o u t e x t e r n a l feedback. '.Open l o o p s t e e r i n g w i l l become most i n a c c u r a t e 
i n compensatory t a s k s w i t h "a low l e v e l of p r e d i c t a b i l i t y , e.g. when com­
p e n s a t i n g windgusts under no-preview c o n d i t i o n s . T h i s r e a s o n i n g makes c l e a r 
t h a t a f r u i t f u l a n a l y s i s of open l o o p s t e e r i n g a c c u r a c y has t o be done i n 
r e l a t i o n w i t h the v a r i o u s l e v e l s of c o n t r o l . 

One of the f i r s t a u t h o r s who d e s c r i b e d an e r r o r - n e g l e c t i o n s t r a t e g y was 
Rashevsky (1964, 1970). I n a s e r i e s of papers he presented a t h e o r e t i c a l 
model of automobile s t e e r i n g c o n t r o l and one of the e s s e n t i a l f e a t u r e s of 
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t h i s model was a t h r e s h o l d f o r l a t e r a l p o s i t i o n e r r o r s . As l o n g as the 
l a t e r a l c a r p o s i t i o n remained w i t h i n t h i s "dead zone" the " d r i v e r " would 
ge n e r a t e no s t e e r i n g a c t i o n s . Although the model proposed s u f f e r e d from 
some shortcomings, e.g. the n o - s t e e r i n g s t r a t e g y was o n l y p o s s i b l e w i t h the 
s t e e r i n g - w h e e l i n the c e n t r a l p o s i t i o n , the approach was i n t u i t i v e l y 
a p p e a l i n g i n t h a t i t showed how n o n - l i n e a r d r i v e r c h a r a c t e r i s t i c s might be 
implemented i n a mathematical d e s c r i p t i o n of d r i v i n g . E x p e r i m e n t a l l y 
R ashevsky s model was not v e r i f i e d . Carson and W i e r w i l l e (1978) extended 
t h i s approach by d e v e l o p i n g a n o n - l i n e a r model i n which two v e h i c l e motion 
c h a r a c t e r i s t i c s served as the d r i v e r ' s i n p u t , i . e . the l a t e r a l p o s i t i o n , y, 
and the heading angle, t|i , t h i s l a s t angle b e i n g p r o p o r t i o n a l t o l a t e r a l 
speed, y. For each of the d r i v e r i n p u t s a t h r e s h o l d was implemented i n the 
model. F i g . 2.1 g i v e s an i l l u s t r a t i o n . T h i s model was v e r i f i e d i n an 
experiment on s t r a i g h t road keeping of a h i g h l y u n p r e d i c t a b l e nature 
(random w i n d g u s t s ) . The a u t h o r s c l a i m t h a t t h e i r model d e s c r i b e s the 
e x p e r i m e n t a l data b e t t e r than " p r e v i o u s l i n e a r models", a l t h o u g h a q u a n t i ­
t a t i v e comparison between the two i s not g i v e n . Mean v a l u e s of the t h r e s h ­
o l d s as d e r i v e d from the Carson and W i e r w i l l e (1978) d a t a a r e y n = 0.15 m 
and ijjq s 0.27°, the l a t t e r heading angle l e v e l b e i n g e q u i v a l e n t t o a 
l a t e r a l speed t h r e s h o l d y = 0.11 m/s. These v a l u e s i n d i c a t e t h a t the 
n o n - l i n e a r i t y of the model mainly r e p r e s e n t s p e r c e p t u a l t h r e s h o l d s . 

l a t e r a l pos i t i on 

y 

h e a d i n g a n g l e 

4! 

s tee r ing -whee l 
a n g l e 

v e h i c l e 
t r a n s f e r 
f u n c t i o n 

d r i v e r 6s v e h i c l e 
t r a n s f e r 
f u n c t i o n 

l a g 

v e h i c l e 
t r a n s f e r 
f u n c t i o n 

v e h i c l e 
t r a n s f e r 
f u n c t i o n 

F i g . 2.1 The n o n - l i n e a r d r i v i n g model as proposed by Carson and W i e r w i l l e 
(1978). 

B a x t e r and H a r r i s o n (1979) i n t r o d u c e d a new element i n t h i s type of non­
l i n e a r models. On the one hand they agreed t h a t " v i s u a l s e n s i t i v i t y " 
t h r e s h o l d s p l a y an i m p o r t a n t r o l e i n d r i v i n g . On the o t h e r hand they argued 
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t h a t i n r e l a x e d d r i v i n g the d r i v e r may a l s o m a i n t a i n the s t e e r i n g - w h e e l i n 
i t s momentary p o s i t i o n , i n cases the "aimpoint e r r o r i n p u t " i s t e n d i n g 
towards z e r o . (The a i m p o i n t e r r o r . \¡¡ , r e p r e s e n t s a weighed sum of l a t e r a l 
p o s i t i o n and heading an g l e , - + y/d, where d r e p r e s e n t s the d i s t a n c e 
between v e h i c l e and a i m p o i n t . ) F i g . 2.2 g i v e s an i l l u s t r a t i o n of the B a x t e r 
and H a r r i s o n model i n which a h y s t e r e s i s l o o p i s used t o s i m u l a t e both the 
p e r c e p t u a l t h r e s h o l d and the f i x e d s t e e r i n g s t r a t e g y f o r p e r i o d s w i t h the 
a i m p o i n t e r r o r becoming s m a l l e r . The e x p e r i m e n t a l v e r i f i c a t i o n of t h i s 
model was performed i n a " r e l a x e d " s t r a i g h t road keeping t a s k and a compar­
i s o n w i t h the l i n e a r model i n d i c a t e d the h y s t e r e s i s model t o be " s i g n i f i c ­
a n t l y " b e t t e r . D e s p i t e t h i s r e s u l t one should be aware of the parameter 
i d e n t i f i c a t i o n problems a s s o c i a t e d w i t h the n o n - l i n e a r models as d i s c u s s e d 
now. Regarding t h i s p o i n t i t can be argued t h a t the v a l i d i t y of such a 
model w i l l be s t r o n g l y r e l a t e d t o the d r i v i n g t a s k c o n s i d e r e d . 

a i m p o i n t e r r o r 

d r i ve r 
lag 

/ 

s teer ing -whee l 
ang le 

6s v e h i c l e 
t rans fe r 
f unc t i on 

d r i ve r 
lag 

v e h i c l e 
t rans fe r 
f unc t i on 

F i g . 2.2 H y s t e r e s i s - m o d e l of d r i v i n g as proposed by B a x t e r and H a r r i s o n 
(1979). 

Although the B a x t e r and H a r r i s o n model c o n s i d e r s two types of f i x e d s t e e r ­
i n g s t r a t e g y , none of these can be regarded t o as a c t u a l e r r o r - n e g l e c t i o n . 
The p e r c e p t u a l t h r e s h o l d i s r e l a t e d t o d r i v e r ' s p s y c h o p h y s i c a l l i m i t a t i o n s , 
whereas the s t r a t e g y t o m a i n t a i n the s t e e r i n g wheel f i x e d when the v e h i c l e 
path e r r o r i s becoming s m a l l e r , cannot e i t h e r be d e s c r i b e d as an e r r o r -
n e g l e c t i o n s t r a t e g y . A c t u a l l y , the l i t e r a t u r e does not show any e r r o r - n e -
g l e c t i o n d e s c r i p t i o n s of d r i v i n g . Such a d e s c r i p t i o n s h o u l d meet two major 
r e q u i r e m e n t s , 1) i t should g i v e i n s i g h t i n t o the o p p o r t u n i t y f o r e r r o r - n e -
g l e c t i o n a t each moment of a run, i . e . independent of the momentaneous 
v e h i c l e p o s i t i o n , and 2) i t should a l l o w f o r a d e s c r i p t i o n of the a c t u a l 
l i m i t a t i o n s of e r r o r - n e g l e c t i o n , i . e . d r i v e r s ' d e c i s i o n making p r o c e s s i n 
s w i t c h i n g from e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n , when approaching the 
edge of the d r i v i n g l a n e . A d e s c r i p t i o n of the s t e e r i n g p r o c e s s as suggest­
ed here was developed i n the present study and w i l l be presented as a 
time-domain a n a l y s i s of d r i v i n g i n S e c t i o n 3.4. 
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2.3 C o n c l u s i o n s and r e s e a r c h p l a n 

I n summary the f o l l o w i n g major c o n c l u s i o n s can be drawn from the a n a l y s i s 
on s t e e r i n g s t r a t e g i e s : 

1. The time a v a i l a b l e f o r open l o o p c o n t r o l i n a d r i v i n g t a s k w i t h o u t 
e x t e r n a l d i s t u r b a n c e s on the d r i v e r - v e h i c l e system depends on: 

a. The accuracy of the open l o o p generated s t e e r i n g a c t i o n s , 
b. the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n . 

2. The l i t e r a t u r e does not p r e s e n t q u a n t i t a t i v e d a t a about open l o o p 
v e h i c l e s t e e r i n g . An a n a l y s i s on open l o o p s t e e r i n g a c c u r a c y should be 
made i n r e l a t i o n w i t h the l e v e l s of c o n t r o l d e s c r i p t i o n g i v e n by 
K r e n d e l and McHuer (1968) and Pew (1974). 

3. The l i t e r a t u r e does not present q u a n t i t a t i v e d a t a about the p o t e n t i a l 
r o l e of e r r o r - n e g l e c t i o n i n v e h i c l e s t e e r i n g . The path p r e d i c t i o n s 
made i n a p r e v i e w - p r e d i c t o r model may be f r u i t f u l l y a p p l i e d t o develop 
a d e s c r i p t i o n of e r r o r - n e g l e c t i o n . Such a d e s c r i p t i o n s h ould meet two 
major r e q u i r e m e n t s : 

a. I t s h o u l d g i v e i n s i g h t i n t o the o p p o r t u n i t y f o r e r r o r - n e g l e c t i o n 
a t each moment of a run, 

b. i t s h o u l d a l l o w f o r a d e s c r i p t i o n of a d r i v e r ' s d e c i s i o n making 
process i n s w i t c h i n g from e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n , 
when approaching t he edge of the d r i v i n g l a n e . 

The purpose of the pre s e n t study, which was g i v e n i n g e n e r a l terms i n 
S e c t i o n 1.1, can now be s p e c i f i e d as f o l l o w s : 

a. Q u a n t i f y the f a c t o r s d e t e r m i n i n g the accuracy of open l o o p generated 
s t e e r i n g a c t i o n s i n a l a b o r a t o r y t a s k (Chapter 4, Experiment I and 
I I ) . 

b. R e p l i c a t e the s t e e r i n g a c c u r a c y d a t a from a) i n a c t u a l open l o o p 
d r i v i n g t a s k s , both on a p r e c o g n i t i v e and a preview l e v e l o f c o n t r o l 
(Chapter 5 and 6, Experiments I I I t o V I ) . 

c. Develop a time-domain a n a l y s i s of d r i v i n g , w i t h which the p o t e n t i a l 
r o l e of e r r o r - n e g l e c t i o n s t r a t e g i e s i n d r i v i n g can be d e s c r i b e d 
( S e c t i o n 3.4). 

d. Apply the e r r o r - n e g l e c t i o n a n a l y s i s and the s t e e r i n g a c c u r a c y d a t a i n 
a combined model t o p r e d i c t the o c c l u s i o n times i n a d r i v i n g t a s k w i t h 
s e l f - p a c e d o c c l u s i o n (Chapter 7, Experiments V I I and V I I I ) . 

e. Q u a n t i f y the extremes of e r r o r - n e g l e c t i o n i n terms of the a n a l y s i s 
developed under c) by means of a n a l y s i n g d r i v e r s ' d e c i s i o n making 
process i n s w i t c h i n g from e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n , when 
approaching the edge of the d r i v i n g l a n e (Chapter 8, Experiment I X ) . 
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3.1 Introduction 

Although the experiments described i n this thesis are varying i n nature, 
some general aspects of the methodology w i l l be presented i n this chapter. 
The majority of the experiments was conducted with the instrumented car and 
the driving simulator, both belonging to the standard equipment of the 
Institute for Perception TNO. Section 3.2.1 and 3.2.2 w i l l give a rough 
description of these instruments, whereas Section 3.3 w i l l present an 
impression about the properties of these Instruments i n terms of vehicle 
dynamics. A more complete description of the mathematical model used to 
describe the instrumented oar properties and to calculate the r e l a t i o n 
between steering-wheel actions and vehicle motions i n the driving simulator 
i s presented i n Appendix A. The method proposed for the time-domain anal­
y s i s of driving i s presented i n Section 3.4. 

Further d e t a i l s about the methodology, e.g. the experimental procedures, 
data analysis, etc.. w i l l be given i n the chapters describing the experi­
ments. 

3.2.1 Instrumented_car 

The instrumented car used for the Experiments IV, VI, VII, VIII and IX i s a 
Volvo 145 E. This car i s provided with an additional power supply unit of 1 
kW, which permits the use of a variety of sensors and other experimental 
equipment, most of which are shown i n F i g . 3.1. The sensors allow for the 
measurement of a set of vehicle motion and driver response signals, while a 
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PDP 11/02 computer w i t h f l o p p y d i s k i s used f o r e x p e r i m e n t a l c o n t r o l , d a t a 
m o n i t o r i n g and s t o r a g e . For an e x t e n s i v e d e s c r i p t i o n of the i n s t r u m e n t e d 
c a r see Blaauw and B u r r y (1980). 

exp. control 

s t i m u l u s / r e s p o n s e unit 

data moni tor ing 

data s torage 

PDP 11/02 - f loppy d isk 

phys io log ica l measurements 

v isual input cont ro l 

visual s c a n n i n g meas . 

s t imu lus presenta t ion 

s p e e d contro l 

long. + lat. a c c e l e r a t i o n 

yaw rate 

speed 

d is tance 

lateral p o s i t i o n 

veh ic le p o s i t i o n 

acce lera tor pos i t ion 

s teer ing wheel angle 

brake peda l pos i t ion 

c lutch posi t ion 

r e s p o n s e s sub jec ts 

dr iver r e s p o n s e s 

F i g . 3.1 Schematic r e p r e s e n t a t i o n of the in s t r u m e n t e d c a r . 
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I n p a r t i c u l a r f o r the p r e s e n t experiments two a d d i t i o n a l i n s t r u m e n t s were 
designed, i . e . a v i s u a l o c c l u s i o n d e v i c e and a speed c o n t r o l u n i t . The 
o c c l u s i o n d e c i v e , used i n the Experiments IV, V I I and V I I I , c o n s i s t e d of an 
e l e c t r o m a g n e t i c a l l y d r i v e n v i s o r mounted on a l i g h t w e i g h t b i c y c l e helmet. 
The v i s u a l f i e l d was o c c l u d e d by a sheet of t r a n s l u c e n t drawing paper 
mounted on a frame, which c o u l d be r a i s e d or lowered on command by the 
e x p e r i m e n t e r or the s u b j e c t , depending on the type of experiment, i . e . 
whether the o c c l u s i o n t a s k was paced or s e l f - p a c e d . 

I n Experiment VI, which was a c t u a l l y performed a f t e r the o t h e r o c c l u s i o n 
experiments, s u b j e c t s wore a newly developed o c c l u s i o n d e v i c e , c o n s i s t i n g 
of a p a i r of s a f e t y goggles, o f which the g l a s s e s were p r o v i d e d w i t h a 
l i q u i d c r y s t a l l a y e r . By u s i n g the e l e c t r i c f i e l d dependency of t h i s 
m a t e r i a l , the goggles c o u l d be s w i t c h e d from a t r a n s p a r a n t mode (ON) t o a 
t r a n s l u c e n t mode (OFF). A complete d e s c r i p t i o n of t h i s e l e g a n t o c c l u s i o n 
t e c h n i q u e i s g i v e n by Milgram and Van der H o r s t (1984). 

In each of the i n s t r u m e n t e d c a r experiments w i t h o c c l u s i o n a number o f 
s a f e t y measures was m a i n t a i n e d , i n c l u d i n g f a i l - s a f e c i r c u i t r y and a master 
dead-man's s w i t c h . Furthermore, s u b j e c t s d i d not have t o concern themselves 
w i t h m a i n t a i n i n g a c o n s t a n t v e h i c l e speed, as t h i s was h e l d f i x e d by a 
speed c o n t r o l u n i t , which c o n s i s t e d of a s e r v o - r e g u l a t e d , mechanical 
d e v i c e , mounted underneath the g a s - p e d a l . I n the normal s t a t e t h i s d e v i c e 
was i n a "down" p o s i t i o n . Only when the c a r a c c e l e r a t e d and speed reached a 
v a l u e c l o s e t o the speed s e t by the experimenter, the u n i t was a c t i v a t e d , 
moved upwards and served as a mechanical s t o p of the p e d a l . The advantage 
of t h i s system, as compared t o c r u i s e c o n t r o l s mounted c l o s e r t o the 
engine, i s t h a t s u b j e c t s get the c o r r e c t " f e e l i n g " of how the speed c o n t r o l 
u n i t i s e f f e c t i n g the movement of the p e d a l . Furthermore the c a r can be 
d e c e l e r a t e d j u s t by r e l e a s i n g the pe d a l , whereas most c r u i s e c o n t r o l 
systems r e q u i r e a brake a c t i o n t o do so. S u b j e c t s were i n s t r u c t e d j u s t t o 
m a i n t a i n a r e a s o n a b l y c o n s t a n t p r e s s u r e on the gaspedal. I n t h i s way speed 
was h e l d c o n s t a n t t o w i t h i n d e v i a t i o n s of about 1 km/h. 

3 . 2 . 2 2 E i X i £ £ _ 2 i ! S U i 2 £ 2 E 

The d r i v i n g s i m u l a t o r used i n Experiments I I I and V c o n s i s t s of f i v e major 
components: mock-up, computer system, camera d r i v e u n i t s , TV r e c o r d i n g and 
p r o j e c t i o n systems and a s c a l e model. The d r i v i n g s i m u l a t o r has a f i x e d 
base, V o l v o 145 mock up, of which the i n t e r i o r i s s i m i l a r t o t h a t of the 



F i g . 3.2 The TV recording system and the projected picture i n front of the 
mock up. 
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i n s t r u m e n t e d oar. The v i s u a l scene i s TV recorded i n the s c a l e model and 
p r o j e c t e d on screens i n f r o n t of the mock-up w i t h an h o r i z o n t a l f i e l d o f 
view of 120°. S u b j e c t s c o n t r o l the TV r e c o r d i n g element t o move i n the 
s c a l e model, which may be e i t h e r a f i x e d model or a moving b e l t system. 
F i g . 3.2 g i v e s an i l l u s t r a t i o n . 

D r i v e r ' s c o n t r o l a c t i o n s a r e f e d i n t o a h y b r i d computer system which 
c a l c u l a t e s the a c t u a l v e h i c l e motions and the subsequent motions of the 
camera d r i v e u n i t s . At the time of the experiments the computer system 
c o n s i s t e d of a PDP 15 system which c o n t r o l l e d the motion of the camera 
d r i v e u n i t s and a l s o served as a d a t a s t o r a g e d e v i c e . V e h i c l e dynamics were 
s i m u l a t e d on an analog computer, i . e . a H i t a c h i 220/240. The dynamics of 
the v e h i c l e model used i n t h i s s i m u l a t i o n are g i v e n i n S e c t i o n 3.3 and 
Appendix A. 

The mathematical s i m u l a t i o n a l s o i n v o l v e s the dynamics of the s t e e r i n g 
system. S p e c i a l a t t e n t i o n i s g i v e n t o t h i s p a r t of the v e h i c l e dynamics, 
because s t e e r i n g torque served as an i m p o r t a n t v a r i a b l e i n the Experiments 
I I I and V. M e c h a n i c a l l y , the s t e e r i n g torque was s i m u l a t e d by an e l e c t r i c 
torque motor mounted on the s t e e r i n g a x i s i n the mock up. The torque motor 
used i s an Axem MV 19. 

3.3 V e h i c l e dynamics 

The l a t e r a l dynamics of the ins t r u m e n t e d c a r and the d r i v i n g s i m u l a t o r can 
be d e s c r i b e d i n terms of the yaw r a t e t o s t e e r i n g - w h e e l angle t r a n s f e r 
f u n c t i o n ^ : 

G (T s + 1) 
r r r 

( 1 ) 
6 
s 

2 y u r r 

w i t h : G = yaw r a t e g a i n 1/s 
r 

r = yaw r a t e 
s = La P l a c e o p e r a t o r 

rad/s 
1/s 

T = 
r 

yaw r a t e time c o n s t a n t s 

The nomenclature i s g i v e n on page 146. 
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6 = yaw r a t e damping c o e f f i c i e n t r 
S s s t e e r i n g - w h e e l angle s 
u = yaw r a t e n a t u r a l frequency r 

A s e r i e s of t e s t s was performed t o measure the s t a t i o n a r y and dynamic 
c h a r a c t e r i s t i c s o f the i n s t r u m e n t e d c a r (Godthelp e t a l . . 1982). The 
r e s u l t s o f these measurements, i . e . the v e h i c l e parameters, were implement­
ed i n the ma t h e m a t i c a l v e h i c l e model as a p p l i e d i n the d r i v i n g s i m u l a t o r . 
T h e r e f o r e , the dynamic p r o p o r t i e s of both i n s t r u m e n t s can be c o n s i d e r e d as 
i d e n t i c a l . 

Table 3.1 g i v e s t he t r a n s f e r f u n c t i o n parameters f o r a range of speeds, 
c o v e r i n g the speeds a p p l i e d i n the v a r i o u s experiments. A complete d e s c r i p ­
t i o n of the mathematics of the i n s t r u m e n t e d c a r and d r i v i n g s i m u l a t o r i s 
g i v e n i n Appendix A. 

Table 3.1 Yaw r a t e t o s t e e r i n g - w h e e l angle t r a n s f e r f u n c t i o n parameters 
f o r d i f f e r e n t speeds. 

speed (km/h) G (1/s) T (s) u ( r a d / s ) 6 (-) r r r r 

20 0.100 0.042 18.39 1.01 
40 0.172 0.084 9.96 0.93 
60 0.207 0.126 7.40 0.84 
80 0.216 0.167 6.26 0.74 

100 0.212 0.209 5.66 0.66 
120 0.201 0.251 5.30 0.58 

The s t e e r i n g torque t o s t e e r i n g - w h e e l angle t r a n s f e r f u n c t i o n can m a i n l y be 
c h a r a c t e r i s e d by i t s steady s t a t e r e l a t i o n s h i p , i . e . the s t e e r i n g torque 
g r a d i e n t : 

M 2 
(-) = G - S - b 1 " (2) 
S ss t 2 2 2 s G 1 (1 + K u ) 

rad 

r a d / s . 
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w i t h : b = d i s t a n c e between v e h i c l e c.q. and r e a r a x i s 1.0 m 
G = s t e e r i n g system gear r a t i o 19.8 

= s t e e r i n g t o r q u e c o e f f i c i e n t 

2 2 
K = s t a b i l i t y f a c t o r 0.001946 s /m 
1 = wheel base 2.62 m 
m = v e h i c l e mass 1924 kg 

= s t e e r i n g - w h e e l torque Nm 
t = f r o n t wheel t r a i l ( m echanical + pneumatic) 0.034 m 
u = v e h i c l e f o r w a r d speed m/s 
S = s t e e r i n g - w h e e l angle r a d . 

The s t e e r i n g torque c o e f f i c i e n t Gfc was used i n the Experiments I. I I , I I I 
and V t o v a r y the s t e e r i n g torque l e v e l . 

3.4 A time-domain a n a l y s i s of d r i v i n g 

I n o r d e r t o c l a r i f y the p o t e n t i a l r o l e of e r r o r - n e g l e c t i o n s t r a t e g i e s i n 
d r i v i n g a time-domain a n a l y s i s was developed, which a l l o w s f o r the c a l c u l a ­
t i o n of the time which i s a c t u a l l y a v a i l a b l e f o r such a s t r a t e g y and which 
i l l u s t r a t e s the e f f e c t s of d r i v i n g speed, road w i d t h and v e h i c l e c h a r a c ­
t e r i s t i c s . I t was i n d i c a t e d t h a t the f i x e d s t e e r i n g assumption u n d e r l y i n g a 
p r e v i e w - p r e d i c t o r model may be f r u i t f u l l y a p p l i e d t o develop t h i s a n a l y s i s . 

Godthelp and Konings (1981) gave the f i r s t example of u s i n g a pre v i e w - p r e ­
d i c t o r model i n t h i s way. They presented a t h e o r e t i c a l f o r m u l a d e s c r i b i n g 
the time a v a i l a b l e f o r f i x e d s t e e r i n g and i l l u s t r a t i n g the e f f e c t s of some 
v e h i c l e and road r e l a t e d f a c t o r s . F i g . 3.3 g i v e s an i l l u s t r a t i o n of t h i s 
approach. Given an i n i t i a l l a t e r a l p o s i t i o n y = wr/2 at the c e n t r e of the 
l a n e , a heading a n g l e ijj = 0, a v e h i c l e speed u and a path c u r v a t u r e , 
c o r r e s p o n d i n g w i t h a s t e e r i n g - w h e e l angle e r r o r <5se, the T i m e - t o - L i n e - C r o s ­
s i n g or TLC, i . e . the time n e c e s s a r y f o r any p a r t of the v e h i c l e t o r e a c h 
the e d g e l i n e , can be d e s c r i b e d a s : 

61(1 + Ku ) a r c c o s ' 1 

TLC = 

(— - w )S 
2 ve se 

G l ( 1 + Ku ) . 
u S ( 3 ) 
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The s t e e r i n g - w h e e l angle <5se r e p r e s e n t s the s t e e r i n g - w h e e l e r r o r , i . e . the 
d i f f e r e n c e between the r e q u i r e d mean and the a c t u a l s t e e r i n g - w h e e l angle. 

The r e q u i r e d , mean s t e e r i n g - w h e e l angle f o r a p a r t i c u l a r road s e c t i o n can 
be d e s c r i b e d w i t h the f o l l o w i n g f o r m u l a : 

S = G K 1 + Ku 2) c . 10" 3 . (4) 
s r 

w v w = — cos ib + 1 s i n i, (5) ve 2 f Y 

w i t h : c = road c u r v a t u r e km r 
1 = d i s t a n c e between v e h i c l e c.q. and v e h i c l e f r o n t m f 
TLC = t i m e - t o - l i n e c r o s s i n g s 
w = road w i d t h m r 
w = v e h i c l e w i d t h m v 
w = e f f e c t i v e v e h i c l e w i d t h (see F i g . 3 .3 ) m ve 
S = s t e e r i n g - w h e e l angle e r r o r r a d 
se 

= heading angle r a d . 

By combining the formulae ( 3 ) , (4) and (5) the TLC can be c a l c u l a t e d . 
F i g . 3.4 g i v e s two r e s u l t s of such a c a l c u l a t i o n , showing the e f f e c t s of 
the v e h i c l e u n d e r s t e e r / o v e r s t e e r f a c t o r K, road w i d t h and v e h i c l e w i d t h . 
The parameter v a l u e s taken as c o n s t a n t s f o r these i l l u s t r a t i o n s correspond 
w i t h those of the instrumented c a r and are g i v e n i n F i g . 3.4. The s t e e r ­
ing-wheel angle e r r o r was g i v e n the a r b i t r a r y v a l u e 6 s e = 1°. I n a s i m i l a r 
t h e o r e t i c a l a n a l y s i s i t was a l s o shown t h a t TLC i s independent of road 
c u r v a t u r e . In o t h e r words: a 1 degree s t e e r i n g - w h e e l angle e r r o r i n a curve 
r e s u l t s i n t o the same TLC as a 1 degree e r r o r on a s t r a i g h t road. 



29 

<l>=0 33- 4>=0r 

3 -

F i g . 3.3 Schematic p r e s e n t a t i o n of a path p r e d i c t i o n under a f i x e d s t e e r ­
i n g assumption. The f i g u r e a l s o i l l u s t r a t e s t he e f f e c t i v e v e h i c l e 
w i d t h a t the moment o f l i n e c r o s s i n g . 

Godthelp and Konings (1981) p r e s e n t e d t h e i r t h e o r e t i c a l d e s c r i p t i o n t o 
i l l u s t r a t e how t h i s approach may be used t o q u a n t i f y the p o t e n t i a l r o l e of 
e r r o r - n e g l e c t i o n , f i x e d s t e e r i n g s t r a t e g i e s i n d r i v i n g and i t s dependency 
on road and v e h i c l e r e l a t e d parameters. 
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I n a f u r t h e r a n a l y s i s t he TLC-eonoept was developed t o be a l s o used i n 
r e l a t i o n w i t h a c t u a l f i e l d d a t a . D u r i n g experiments w i t h the i n s t r u m e n t e d 
oar or d r i v i n g s i m u l a t o r sampled measurements a r e made on v e h i c l e speed, 
l a t e r a l p o s i t i o n , heading angle and s t e e r i n g - w h e e l angle, whereas d a t a 
about the c a r and road w i d t h a r e a l s o known. 

F i g . 3.5 shows the p o s i t i o n o f the c a r as measured a t a p a r t i c u l a r moment. 
Based on the p r e v i e w - p r e d i c t o r approach a TLC-value can now be determined, 
r e p r e s e n t i n g the time necessary f o r the v e h i c l e t o r e a c h e i t h e r the l e f t or 
the r i g h t edge of the l a n e , assuming a f i x e d s t e e r i n g s t r a t e g y , a f t e r the 
sample c o n s i d e r e d . T L C s can be c a l c u l a t e d i n t h i s way f o r each sample of a 
run. A c t u a l l y these TLC's r e p r e s e n t an e s t i m a t e , f o r each moment i n time, 
whether the d r i v e r may proceed w i t h , or s w i t c h over t o , an e r r o r - n e g l e c t i o n 
s t r a t e g y . 

F i g . 3.5 Schematic p r e s e n t a t i o n of the path p r e d i c t i o n , made on the b a s i s 
o f sampled d a t a . 

F i g . 3.6 shows an example of time h i s t o r i e s of sampled measurements on 
l a t e r a l p o s i t i o n , l a t e r a l speed/heading angle and s t e e r i n g - w h e e l angle. 
F i g . 3.6a g i v e s the TLC measure as d e r i v e d from these s i g n a l s . T L C s f o r 
p r e d i c t i o n s t o the l e f t ( c e n t r e l i n e ) and r i g h t ( e d g e l i n e ) are g i v e n above 
and below the z e r o - a x i s r e s p e c t i v e l y . A c t u a l l y , the s o f t w a r e package which 
was developed t o c a l c u l a t e TLC's from sampled d a t a used the l a t e r a l p o s i ­
t i o n y, the s t e e r i n g wheel angle 6 S and v e h i c l e speed^^u^as main i n p u t d a t a . 
Heading^ angle was d e r i v e d f r o m ~ l a t e r a l speed y. which on i t s t u r n was 
c a l c u l a t e d by way of d i f f e r e n t i a t i n g y. Data about road w i d t h , v e h i c l e 
dimensions, s t e e r i n g r a t i o and s t a b i l i t y f a c t o r can be changed o p t i o n a l l y . 
The f u t u r e , c i r c u l a r path of the c a r was p r e d i c t e d on the b a s i s of the 
s t e e r i n g - w h e e l angle, which was assumed to remain f i x e d . The a c t u a l c u r v -



F i g . 3.6 Sampled time h i s t o r y f o r a TLC s i g n a l ( a ) , r e s u l t i n g from the 
c o r r e s p o n d i n g l a t e r a l p o s i t i o n ( b ) , heading angle ( c ) , and 
s t e e r i n g - w h e e l angle (d) data. 
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a t u r e of the p r e d i c t e d path was c a l c u l a t e d u s i n g the f o l l o w i n g steady s t a t e 
( s s ) r e l a t i o n s h i p between v e h i c l e path c u r v a t u r e c y and s t e e r i n g - w h e e l 
angle as i n t e r m e d i a t e f a c t o r : 

c G v r ( ) = — . (6) 
6 s s u se 

Again. 6 s e r e p r e s e n t s the s t e e r i n g - w h e e l angle e r r o r , i . e . the d i f f e r e n c e 
between the r e q u i r e d and a c t u a l s t e e r i n g - w h e e l a n g l e . For each sample of 
v e h i c l e p o s i t i o n a s t e p w i s e path p r e d i c t i o n was made w i t h a s t e p - d u r a t i o n 
o f 0.1 s. The p r e d i c t i o n p r o c e s s was stopped as soon as any p a r t of the 
v e h i c l e reached e i t h e r of the two l a n e markings. 
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C H A P T E R 

4. THE ACCURACY LIMITATIONS OF CLOSED AND OPEN LOOP STEERING, AS MEASURED 
IN A REPRODUCTION TASK 

4.1 I n t r o d u c t i o n 

The time a v a i l a b l e f o r a d r i v e r t o c o n t r o l h i s v e h i c l e w i t h o u t immediate 
v i s u a l feedback, w i l l p a r t l y depend on the accuracy of the open l o o p 
s t e e r i n g a c t i o n s . I t was argued i n S e c t i o n 2.2 t h a t a n t i c i p a t i o n s t r a t e g i e s 
based on preprogramming and/or preview may g i v e the d r i v e r an almost 
p e r f e c t knowledge of the s t e e r i n g a c t i o n s t o be made i n a p a r t i c u l a r 
manoeuvre, even d u r i n g p e r i o d s w i t h o u t immediate, v i s u a l feedback. The 
u l t i m a t e a c c u r a c y of open l o o p s t e e r i n g a c t i o n s , however, w i l l be l i m i t e d 
because of i n a c c u r a c i e s i n the motor system i . e . a d r i v e r ' s l i m i t a t i o n s t o 
t r a n s f o r m d e s i r e d i n t o a c t u a l s t e e r i n g - w h e e l movements. For c l o s e d l o o p 
t a s k s t h i s motor i n a c c u r a c y w i l l p r o b a b l y be i n s i g n i f i c a n t as compared t o 
o b s e r v a t i o n n o i s e l e v e l s (Pew and Baron, 1978). I n case of open l o o p 
s t e e r i n g the motor system op e r a t e s more i n d e p e n d e n t l y , so t h a t i t s accuracy 
l i m i t a t i o n s w i l l p l a y a more pronounced r o l e . The r e p r o d u c t i o n experiments 
d e s c r i b e d i n t h i s c h a p t e r (Godthelp, 1980) were designed t o a n a l y s e these 
l i m i t a t i o n s and t o p r o v i d e q u a n t i t a t i v e d a t a about a d r i v e r ' s motor 
" a c u i t y " under open l o o p s t e e r i n g c o n d i t i o n s . 

V e h i c l e s t e e r i n g t a s k s may be of a q u i t e v a r y i n g n a t u r e : They may be 
d i s c r e t e or continuous, w i t h or w i t h o u t t i m e - c o n s t r a i n t s , a m p l i t u d e s may be 
s m a l l or l a r g e , w i t h low or h i g h s t e e r i n g - w h e e l movement v e l o c i t y , e t c . 
Each of these f a c t o r s may s t r o n g l y e f f e c t s t e e r i n g a c c u r a c y . A l i t e r a t u r e 
review i n d i c a t e d t h a t most s t u d i e s on open l o o p movement accuracy are 
concerned w i t h the r e p r o d u c t i o n of s t e p movements w i t h o u t t i m e - c o n s t r a i n t s 
(Marteniuk, 1973; K e l s o and W a l l a c e , 1978). The r e s u l t s of these s t u d i e s 
show t h a t r e p r o d u c t i o n accuracy i s dependent on the p r e s e l e c t i o n e f f e c t : 
When a b l i n d f o l d e d s u b j e c t makes a movement of a s e l f - c h o s e n ( p r e s e l e c t e d ) 
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l e n g t h and l a t e r i s asked t o reproduce t h i s movement, c o n s i d e r a b l e improve­
ment o c c u r s as compared t o c o n d i t i o n s , i n which the s u b j e c t moves t o an 
e x p e r i m e n t e r - d e f i n e d , s p a t i a l l y c o n s t r a i n e d l o c a t i o n . Marteniuk, S h i e l d s 
and Campbell (1972) i l l u s t r a t e d t h a t r e p r o d u c t i o n a c c u r a c y o f movements 
w i t h a v o l u n t a r y chosen movement time i s independent on movement ampl i t u d e . 
They a l s o found a tendency t o reproduce s h o r t movements w i t h a too l a r g e 
a m p l i t u d e ( o v e r s h o o t ) , w h i l e l a r g e movements were reproduced t o o s h o r t 
( u n d e r s h o o t ) . Adams, Gopher and L i n t e r n (1977) showed t h a t the a c c u r a c y of 
open l o o p movements may improve through p r o p r i o c e p t i v e f o r c e feedback added 
by means of s p r i n g r e s i s t a n c e . < 

I n each of the aforementioned r e p r o d u c t i o n s t u d i e s movement time was f r e e , 
so t h a t e f f e c t s of t i m e - c o n s t r a i n t s d i d not become v i s i b l e . N e v e r t h e l e s s , 
such e f f e c t s a r e ve r y l i k e l y t o o c c u r : F o r c l o s e d l o o p , s t e p movements 
F i t t s (1954) proposed a r e l a t i o n s h i p - known as F i t t s * law - between 
movement time, movement amplitude and movement accuracy, which l a r g e l y can 
be e x p l a i n e d as a speed/accuracy t r a d e - o f f . Schmidt, Z e l a z n i k and Frank 
(1978) m o d i f i e d F i t t s * law by a r g u e i n g t h a t a c c u r a c y i n terms o f endpoint 
v a r i a b i l i t y w i l l be d i r e c t l y p r o p o r t i o n a l t o movement amplitude and i n ­
v e r s e l y p r o p o r t i o n a l t o movement time, which i m p l i e s a c c u r a c y t o be l i n e a r ­
l y r e l a t e d t o movement v e l o c i t y . F i g . 4.1 shows the Schmidt e t a l . d a t a , 
i l l u s t r a t i n g the l i n e a r r e l a t i o n s h i p between the st a n d a r d d e v i a t i o n s of the 
movement e n d p o i n t s and movement v e l o c i t y . A c t u a l l y these data a r e not f u l l y 
i n correspondance w i t h what Schmidt e t a l . expected, because the f u n c t i o n 
should pass the o r i g i n i n case o f p r o p o r t i o n a l i t y . F u r t h e r d i s c u s s i o n s 
about the t h e o r e t i c a l evidence of these d a t a are t h e r e f o r e s t i l l g o i n g on 
(New e l l , C a r l t o n and C a r l t o n , 1982). N e v e r t h e l e s s , i t seems j u s t i f i e d t o 
c o n s i d e r the l i n e a r r e l a t i o n s h i p between ( c l o s e d l o o p ) movement accuracy 
and v e l o c i t y as a po w e r f u l law, f o r which i t can be assumed t h a t i t i s 
v a l i d not o n l y f o r ste p movements but a l s o f o r c o n t i n u o u s t a s k s : I n e x p e r i ­
ments on c l o s e d l o o p sine-wave ( p u r s u i t ) t r a c k i n g P o u l t o n (1950, 1952) and 
Hartmann and F i t t s (1955) indeed found s i m i l a r r e s u l t s . D o u b l i n g the 
amplitude of the sine-wave - and thus d o u b l i n g the v e l o c i t y of the c o n t r o l 
movements - r e s u l t s i n an i n c r e a s e i n t r a c k i n g e r r o r which can q u i t e w e l l 
be e x p l a i n e d from the Schmidt e t a l . (1978) data. 

I t i s remarkable t h a t the a n a l y s i s of f a c t o r s , i n f l u e n c i n g c l o s e d l o o p 
movement accuracy, has h a r d l y ever been d i s c u s s e d i n terms of i t s i m p l i c a ­
t i o n s f o r open l o o p movements. Yet such an a n a l y s i s seems of p a r t i c u l a r 
i n t e r e s t f o r c o n d i t i o n s i n which s u b j e c t s have no o p p o r t u n i t y f o r immediate 
movement c o r r e c t i o n s . The q u e s t i o n can be r a i s e d , f o r example, whether the 
l i n e a r r e l a t i o n s h i p between s t e e r i n g a c c u r a c y and movement v e l o c i t y i s a l s o 
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movemen t v e l o c i t y ( c m / s l 

F i g . 4.1 The r e l a t i o n between endpoint s t a n d a r d d e v i a t i o n s and movement 
v e l o c i t y f o r d i f f e r e n t movement times (Schmidt e t a l . , 1978). 

v a l i d f o r open l o o p c o n d i t i o n s . A c t u a l l y Schmidt e t a l . (1978) suggest t h i s 
to be t r u e , by a r g u e i n g t h a t "the law d e f i n i n g t he accuracy of such (open 
loop) programs c o u l d be approximated by the e x p r e s s i o n s d e s c r i b e d here i . e . 
the accuracy i s p r o p o r t i o n a l t o the average v e l o c i t y " . S t u d i e s on mathemat­
i c a l modeling of open and c l o s e d loop s t e p movements by Eland (1981), 
Sparreboom e t a l . -41983) and Ruitenbeek (1984) i n d i c a t e d t h a t the w i d t h -
drawal of v i s u a l feedback does not s t r o n g l y e f f e c t the model parameters, 
d e s c r i b i n g the movement c o n t r o l s t r a t e g y . However, movement accuracy 
appeared t o be l e s s i n case of the open l o o p movements. 

I n the present study Experiment I was chosen i n c l o s e correspondance w i t h 
the M a r t e n i u k e t a l . (1972) study and aimed t o q u a n t i f y open loop s t e e r i n g 
a c c u r a c y i n a d i s c r e t e t a s k : S u b j e c t s reproduced s t e p s t e e r i n g - w h e e l 
movements of d i f f e r e n t a m p l i t u d e s under s e l f - c h o s e n t i m i n g c o n d i t i o n s . The 
e f f e c t of a d d i t i o n a l p r o p r i o c e p t i v e feedback was analyse d by v a r y i n g the 
s t e e r i n g f o r c e . 

I n Experiment I I s u b j e c t s reproduced a t i m e - c o n s t r a i n e d movement p a t t e r n , 
which can r o u g h l y be c h a r a c t e r i s e d as an i s o l a t e d sine-wave. S t e e r i n g - w h e e l 
angle amplitude and frequency were v a r i e d t o permit the a n a l y s i s of move­
ment v e l o c i t y e f f e c t s . The q u e s t i o n s t o answer i n t h i s experiment were, 1) 
whether the l i n e a r r e l a t i o n s h i p between movement v e l o c i t y and accuracy as 
proposed by Schmidt e t a l . (1978) would a l s o be r e f l e c t e d i n a con t i n u o u s 
task, and 2) how t h i s r e l a t i o n h o l d s f o r open loop c o n d i t i o n s . S t e e r i n g 
f o r c e was a g a i n v a r i e d t o q u a n t i f y the r o l e of a d d i t i o n a l p r o p r i o c e p t i v e 
feedback. A c t u a l l y the i s o l a t e d sine-wave was chosen because such a s t e e r ­
ing-wheel movement i s needed to perform a l a n e change manoeuvre i n auto-
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mobile d r i v i n g . V e h i c l e speed and d e s i r e d l a t e r a l path d e v i a t i o n may a f f e c t 
the amplitude of the sine-wave s t e e r i n g - w h e e l movement i n such a manoeuvre, 
whereas the a v a i l a b l e manoeuvre time may a f f e c t i t s frequency. A comfort­
a b l e manoeuvre may take about 5 seconds (0.2 Hz sine-wave), w h i l e the time 
a v a i l a b l e f o r o b s t a c l e avoidance may be as s h o r t as 2 seconds (0.5 Hz 
sine-wave). Furthermore the l a n e change manoeuvre seems o f p a r t i c u l a r 
i n t e r e s t s i n c e t h i s manoeuvre i s o f t e n r e f e r r e d t o as an example of pre-
c o g n i t i v e s t e e r i n g , f o r which the dependency on i n s t a n t a n e o u s v i s u a l 
feedback i s r e l a t i v e l y low (see a l s o Chapter 5 ) . 

4.2 Experiment I : R e p r o d u c t i o n of d i s c r e t e s t e e r i n g - w h e e l movements 

4.2.1 Method 

Apparatus 

The experiment was c a r r i e d out i n the mock-up of the d r i v i n g s i m u l a t o r , of 
which the s t e e r i n g - w h e e l has a 0.22 m r a d i u s w i t h spokes mounted i n the 
wheel a t 56.5 degrees t o the l e f t and t o the r i g h t from the a x i s c o n n e c t i n g 
the most upper and lower p o i n t s of the wheel. The angle between the s t e e r ­
ing-wheel plane and the v e r t i c a l a x i s through the c e n t r e of the wheel i s 15 
degrees. The s t e e r i n g - w h e e l a x i s i s connected w i t h a p o t e n t i o m e t e r which 
measures the s t e e r i n g - w h e e l angle. S t e e r i n g f o r c e i s generated by means of 
an e l e c t r i c torque motor, which i s connected w i t h the s t e e r i n g - w h e e l a x i s 
by a g e a r b e l t d r i v e . 

S u b j e c t s 

Twelve male s u b j e c t s (Ss) p a r t i c i p a t e d i n the experiment, a l l of them 
u n i v e r s i t y s t u d e n t s . Ss ranged i n age from 20 t o 34 y e a r s . Ss had t h e i r 
d r i v i n g l i c e n s e f o r at l e a s t two y e a r s . A l l Ss were r i g h t - h a n d e d . 

E x p e r i m e n t a l c o n d i t i o n s 

I n a w i t h i n - s u b j e c t s d e s i g n , Ss reproduced f o u r s t e e r i n g - w h e e l p o s i t i o n s . 
The p o s i t i o n s were 30° t o the l e f t ( 6 S = -30°) and 10°, 30° and 50° t o the 
r i g h t ( 6 S = 10°, 30°, 50°). The movements had t o be reproduced i n combina­
t i o n w i t h t h r e e s t e e r i n g - w h e e l r i m f o r c e l e v e l s i . e . O N , 7.5 N and 15 N, 
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g i v i n g a t o t a l number of 12 movement c o n d i t i o n s . F or the s t e e r i n g - f o r c e 
c o n d i t i o n s the r e l a t i o n between s t e e r i n g - w h e e l angle and s t e e r i n g f o r c e was 
l i n e a r , i . e . the wheel was s p r i n g - c e n t e r e d . 

Procedure 

S u b j e c t s were b l i n d f o l d e d d u r i n g the experiment. The s e a t was a d j u s t e d so 
t h a t Ss c o m f o r t a b l y c o u l d h o l d the s t e e r i n g - w h e e l w i t h t h e i r arms s l i g h t l y 
bent. Ss were i n s t r u c t e d t o h o l d the s t e e r i n g - w h e e l w i t h t h e i r thumbs 
r e s t i n g on the upper l e f t and r i g h t spokes. Each s u b j e c t p a r t i c i p a t e d 
d u r i n g one day, on which he made 12 b l o c k s o f movement t r i a l s , i . e . one f o r 
each o f the movement c o n d i t i o n s . I n a b l o c k the same movement was pres e n t e d 
and reproduced f o r 40 c o n s e c u t i v e t r i a l s . I n a l l c o n d i t i o n s the c e n t r e 
p o s i t i o n of the s t e e r i n g - w h e e l U s = 0°) serve d as the s t a r t i n g p o i n t . I n a 
t r i a l Ss a c t i v e l y moved the s t e e r i n g - w h e e l t o a s t i m u l u s p o s i t i o n marked by 
an a u d i t o r y s i g n a l . A c t u a l l y , the s i g n a l marked an ar e a of p l u s and minus 
1/4° around the s t i m u l u s angle. Then, the exp e r i m e n t e r moved the s t e e r i n g -
wheel back t o the s t a r t i n g p o s i t i o n which was marked by a st o p . Next t o 
t h i s s t i m u l u s p r e s e n t a t i o n Ss were r e q u i r e d t o reproduce the movement as 
a c c u r a t e l y as p o s s i b l e w i t h o u t the a i d of the warning s i g n a l . Thus one 
t r i a l c o n s i s t e d of a c r i t e r i o n or s t i m u l u s movement f o l l o w e d by a reproduc­
t i o n movement. A b l o c k of 40 t r i a l s of a p a r t i c u l a r movement c o n d i t i o n 
l a s t e d about 15 min. Sequence o f movement c o n d i t i o n s was randomized over 
Ss. Time between b l o c k s was a t l e a s t 20 min. 

Data a n a l y s i s 

Both s t i m u l u s and r e p r o d u c t i o n s t e e r i n g - w h e e l angle were rec o r d e d . The 
d i f f e r e n c e between r e p r o d u c t i o n and s t i m u l u s a n g l e w i t h i n a t r i a l was taken 
as a l g e b r a i c e r r o r . P o s i t i v e a l g e b r a i c e r r o r s , i . e . r e p r o d u c t i o n s t e e r i n g -
wheel a n g l e l a r g e r than s t i m u l u s angle, w i l l be noted as "overshoot", w h i l e 
n e g a t i v e a l g e b r a i c e r r o r s a r e d e s c r i b e d as "undershoot". Performance on the 
f i r s t 15 t r i a l s was not taken i n t o the f i n a l a n a l y s i s i n order t o overcome 
h a b i t u a t i o n and/or t r a n s f e r e f f e c t s and f o r the sake of correspondence w i t h 
the d a t a a n a l y s i s o f Experiment I I . Standard d e v i a t i o n s f o r the s t i m u l u s 
and r e p r o d u c t i o n a n g l e s were c a l c u l a t e d over the l a s t 25 t r i a l s o f each 
b l o c k . D i f f e r e n c e s between c o n d i t i o n s were t e s t e d by a n a l y s i s of v a r i a n c e 
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(ANOVA) w i t h main f a c t o r s s t i m u l u s / r e p r o d u c t i o n (SR), s t e e r i n g - w h e e l angle 
amplitude (SA) and s t e e r i n g f o r c e ( S F ) ^ . T r i a l s were c o n s i d e r e d as r e p l i c a 
i n the ANOVA on the a l g e b r a i c e r r o r s . 

4.2.2 R e s u l t s 

R e s u l t s showed no d i f f e r e n c e s between the 30° movement t o the l e f t and the 
r i g h t . T h e r e f o r e , o n l y the r e s u l t s f o r the r i g h t w a r d movements w i l l be 
presented. F i g . 4.2 p r e s e n t s the a l g e b r a i c e r r o r s and shows a g e n e r a l 
overshoot e f f e c t which appears to be s i g n i f i c a n t (p < 0.01). An a d d i t i o n a l 
Newman-Keuls t e s t r e v e a l e d t h i s e f f e c t t o be equal f o r the 30° and 50° 
movements and l e s s f o r the 10° movements. The SA x SF i n t e r a c t i o n was not 
s i g n i f i c a n t . However, when o n l y the 10° movement was ta k e n i n the a n a l y s i s , 
a main e f f e c t o f SF (p < 0.05) i n d i c a t e d the s t r o n g e s t overshoot tendency 
f o r the h i g h e s t SF l e v e l s . R e s u l t s about endpoint v a r i a b i l i t y a r e g i v e n i n 
the r i g h t p a r t of F i g . 4.2. A s i g n i f i c a n t SA x SR i n t e r a c t i o n (p < 0.01) 
c l e a r l y i l l u s t r a t e s the i n c r e a s e of the r e p r o d u c t i o n standard d e v i a t i o n s 
w i t h l a r g e r s t e e r i n g - w h e e l a n g l e s . Furthermore, a SF x SR i n t e r a c t i o n (p < 
0.01) i n d i c a t e s t h a t t h i s standard d e v i a t i o n s are s m a l l e s t w i t h s t e e r i n g 
f o r c e a v a i l a b l e . 

D 
0} 

" 1 10 30 50 
s t e e r i n g - w h e e l a n g l e ( d e g l 

F i g . 4.2 A l g e b r a i c e r r o r and stan d a r d 
r e p r o d u c t i o n (R) s t e e r i n g - w b 
Experiment I . 

s t e e r i n g - w h e e l a n g l e (deg) 

d e v i a t i o n s of the s t i m u l u s (S) and 
e l movements f o r the c o n d i t i o n s i n 

1A l i s t of a b b r e v i a t i o n s i s g i v e n on page 150. 
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4.3 Experiment I I ; R e p r o d u c t i o n of co n t i n u o u s s t e e r i n g - w h e e l movements 

4.3.1 Method 

I n s t r u m e n t a t i o n 

Experiment I I was conducted i n the same mock-up as used i n Experiment I . A 
v i s u a l p u r s u i t t r a c k i n g t a s k was used to pre s e n t the s t i m u l u s movement. 
V i s u a l p r e s e n t a t i o n s were made w i t h the a i d o f a TV p r o j e c t o r which was 
s i t u a t e d above the mock-up. Two v e r t i c a l l i n e s were p r o j e c t e d on a scr e e n , 
s i t u a t e d a t 2.90 m i n f r o n t of Ss' head p o s i t i o n . The upper v e r t i c a l l i n e 
s erved as the t a r g e t w h i l e the lower was c o n t r o l l e d by the Ss. The l i n e s 
moved h o r i z o n t a l l y and were p r o j e c t e d a t about eye l e v e l h e i g h t , see 
F i g . 4.3. The h e i g h t of the l i n e s was 19 cm w i t h a v e r t i c a l i n t e r s p a c e o f 2 
cm. L i n e w i d t h was 3.5 cm. The g a i n between Ss' c u r s o r and s t e e r i n g - w h e e l 
a n g l e was 1.12 cm l a t e r a l d i s p l a c e m e n t (0.22 degrees of v i s u a l a ngle) per 
degree of s t e e r i n g - w h e e l angle. 

l ine con t ro l l ed by S s . 

screen 

F i g . 4.3 The v i s u a l p r e s e n t a t i o n g i v e n i n Experiment I I . 

S u b j e c t s 

Twenty-four male Ss p a r t i c i p a t e d i n the experiment. A l l of them were 
u n i v e r s i t y s t u d e n t s . Ss ranged i n age from 20 to 30 y e a r s . A l l Ss had t h e i r 
d r i v i n g l i c e n s e f o r a t l e a s t two y e a r s . None of them took p a r t i n E x p e r i ­
ment I . A l l Ss were r i g h t - h a n d e d . 



no 

E x p e r i m e n t a l c o n d i t i o n s 

I n a p a r t l y w i t h i n - p a r t l y between - s u b j e c t s d e s i g n Ss reproduced s i x 
s t e e r i n g - w h e e l movement p a t t e r n s . T h i s p a t t e r n was based on a s i n e wave 
w i t h a m o d i f i c a t i o n a t the s t a r t and end of the movement, i n o r d e r t o 
guarantee a smooth movement. F i g . 4.4 shows the t a r g e t p a t t e r n as d e s c r i b e d 
i n terms of S t e e r i n g - w h e e l angle Amplitude SA and Frequency F. The f i r s t 
p a r t o f the movement was t o the l e f t . Three a m p l i t u d e s , 10°. 30" and 50° 
and two f r e q u e n c i e s . 0.2 Hz (0.4 ir r a d / s ) and 0.5 Hz (ir r a d / s ) were con­
s i d e r e d , g i v i n g a t o t a l number of s i x s t e e r i n g - w h e e l movement p a t t e r n s . 
(The r e l a t i o n between these movement c o n d i t i o n s and a l a n e change s t e e r ­
ing-wheel movement i s d e s c r i b e d i n S e c t i o n 4.1.) D u r a t i o n s of the 0.2 Hz 
and 0.5 Hz movements were sec and 2 V 3 sec r e s p e c t i v e l y . Frequency 
s e r v e d as the between-subjects v a r i a b l e so t h a t 12 Ss reproduced the 0.2 Hz 
movements, w h i l e the o t h e r 12 Ss reproduced the 0.5 Hz movements. A l l of 
the movement p a t t e r n s were reproduced a t each of t h r e e s t e e r i n g - w h e e l r i m 
f o r c e l e v e l s i . e . 0 N, 7.5 N and 15 N. As i n Experiment I , the r e l a t i o n 
between s t e e r i n g f o r c e and s t e e r i n g - w h e e l angle was l i n e a r . S t e e r i n g - w h e e l 
a n g l e amplitude and s t e e r i n g f o r c e were used as the w i t h i n - s u b j e c t v a r i a ­
b l e s . 

F i g . 4.4 S t e e r i n g - w h e e l angle t a r g e t p a t t e r n f o r the movements i n E x p e r i ­
ment I I . 
w i t h : SA = s t e e r i n g - w h e e l angle amplitude deg 

F = frequency Hz 
u = r a d i a l frequency rad/s 

The s t i m u l u s p a t t e r n can be d e s c r i b e d as: 
0 < t < 1/6F : <5S = SA (1 - cos u t ) 
1/6F < t < 1/F : c5s = SA s i n ( u t - TT/6) 
1/F < t < 7/6F : 6 S = S A { C o s ( u t - w/3) - 1) 
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Procedure 

S 3 ' s e a t and h a n d g r i p were a d j u s t e d as i n Experiment I . The experiment took 
12 days w i t h the 0.2 Hz movements c a r r i e d out i n the f i r s t s i x days and the 
0.5 Hz movements on the l a s t s i x days. Each S p a r t i c i p a t e d d u r i n g one day, 
on which he made 9 b l o c k s of movement t r i a l s , i . e . one f o r each movement 
c o n d i t i o n . I n a b l o c k t he same movement was pres e n t e d and reproduced f o r 40 
c o n s e c u t i v e t r i a l s . P u r s u i t t r a c k i n g of the t a r g e t p a t t e r n s e r v e d as the 
s t i m u l u s phase of each t r i a l . The s t a r t i n g p o s i t i o n of both the t a r g e t l i n e 
and Ss' c u r s o r corresponded w i t h the c e n t r e p o s i t i o n of the s t e e r i n g - w h e e l . 
The s t a r t i n g moment of the t a r g e t movement c o u l d be a n t i c i p a t e d w i t h the 
a i d o f a warning s i g n a l . T h i s s i g n a l was a l i g h t s p o t p r o j e c t e d on the 
scr e e n a t 20 cm t o the r i g h t of the t a r g e t l i n e , see F i g . 4.3. B e f o r e the 
s t a r t o f the t a r g e t movement t h i s spot moved t o the l e f t (20 cm/see). The 
t a r g e t movement s t a r t e d as soon as the l i g h t spot touched the t a r g e t l i n e . 
A f t e r t r a c k i n g the s t i m u l u s movement Ss had t o c l o s e t h e i r eyes and r e ­
produce the movement as a c c u r a t e l y as p o s s i b l e w i t h o u t the a i d o f v i s u a l 
feedback. A f t e r t h i s r e p r o d u c t i o n movement Ss r e l e a s e d the s t e e r i n g - w h e e l . 
Then the exp e r i m e n t e r p l a c e d the s t e e r i n g - w h e e l i n the s t a r t i n g p o s i t i o n . 
Thus, Ss d i d not get feedback about the t e r m i n a l p o s i t i o n of the r e p r o d u c ­
t i o n movement. A b l o c k o f 40 t r i a l s was c a r r i e d out i n about 15 min and 10 
min r e s p e c t i v e l y f o r the 0.2 Hz and 0.5 Hz movements. Sequence of movement 
c o n d i t i o n s was randomized over Ss f o r the w i t h i n - s u b j e c t s p a r t o f the 
e x p e r i m e n t a l d e s i g n . Time between b l o c k s was a t l e a s t 20 min. 

Data a n a l y s i s 

Both s t i m u l u s and r e p r o d u c t i o n s t e e r i n g - w h e e l movements were reco r d e d w i t h 
a sample r a t e o f 105 samples f o r each movement. L e a r n i n g e f f e c t s were 
a n a l y s e d i n terms o f the i n t e g r a t e d a b s o l u t e e r r o r s c o r e d u r i n g p u r s u i t 
t r a c k i n g w i t h v i s u a l feedback. An e v a l u a t i o n of these d a t a i n d i c a t e d t h a t 
a l l of the h a b i t u a t i n g , l e a r n i n g and/or t r a n s f e r e f f e c t s o c c u r r e d d u r i n g 
the f i r s t 15 t r i a l s o f each b l o c k . For t h a t r e a s o n d a t a a n a l y s i s was 
r e s t r i c t e d t o the l a s t 25 t r i a l s o f each b l o c k . 

The d i f f e r e n c e between S s 1 movement amplitude ( S s l , i a r , see F i g . 4.5) and 
t a r g e t movement amp l i t u d e (10°, 30° or 50°) w i t h i n a t r i a l was taken as 
a l g e b r a i c e r r o r . P o s i t i v e a l g e b r a i c e r r o r s , i . e . Ss' movement amp l i t u d e 
l a r g e r than the t a r g e t movement amplitude, w i l l be noted as "overshoot", 
whereas n e g a t i v e a l g e b r a i c e r r o r s a r e d e s c r i b e d as "undershoot". Timing 
accuracy was measured by d e t e r m i n i n g the movement time T , f o r which the 
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s t a r t and end o f each movement were c a l c u l a t e d by way of a l e a s t square 
f i t i t hereby c o n s t r u c t i n g a r e g r e s s i o n l i n e through the e i g h t data p o i n t s 
s u r r o u n d i n g the p o i n t 6 S = 0.5 6 s l ( s t a r t ) and <SS = 0.5 <5sr (end), see 
F i g . 4.5. Timing accuracy was c a l c u l a t e d i n r e l a t i o n w i t h the same type of 
movement time of the t a r g e t movement. T h e r e f o r e t i m i n g a c c u r a c y i s p r e s e n t ­
ed i n terms of p e r c e n t s t oo slow or too f a s t . Standard d e v i a t i o n s were 
c a l c u l a t e d over the l a s t 25 t r i a l s i n a b l o c k f o r the movement amplitude t o 
the l e f t (&si) and the r i g h t (<5 s r) and f o r the t i m i n g a c c u r a c y d a t a . 
D i f f e r e n c e s between c o n d i t i o n s were t e s t e d f o r s t a t i s t i c a l s i g n i f i c a n c e by 
ANOVA w i t h main f a c t o r s s t i m u l u s / r e p r o d u c t i o n (SR), s t e e r i n g - w h e e l a ngle 
amplitude (SA), s t e e r i n g f o r c e ( S F ) , and frequency ( F ) . T r i a l s were con­
s i d e r e d as r e p l i c a i n the ANOVA on the a l g e b r a i c a m p l i t u d e e r r o r s and on 
t i m i n g e r r o r s . 

F i g . 4.5 A n a l y s i s of the s t i m u l u s and r e p r o d u c t i o n movements i n E x p e r i ­
ment I I . 

4.3.2 R e s u l t s 

As shown i n T a b l e 4.1 the primary p a r t of the movement ( t o the l e f t ) has a 
remarkable overshoot tendency (p < 0.01) An SR x SA i n t e r a c t i o n (p < 0.05) 
p o i n t s t o the f a c t t h a t the overshoot e f f e c t i s l e a s t pronounced f o r the 
10° movement c o n d i t i o n s . I n the second p a r t of the movement ( t o the r i g h t ) 
the overshoot e f f e c t i s l e s s (0.2 Hz c o n d i t i o n ) or even d i s a p p e a r e d (0.5 Hz 
c o n d i t i o n ) . I n the l a t t e r c o n d i t i o n an undershoot e f f e c t can even be noted 
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f o r the 50° movement c o n d i t i o n . S t e e r i n g f o r c e does not h e a v i l y i n f l u e n c e 
the overshoot/undershoot e f f e c t . Only i n the 0.2 Hz c o n d i t i o n the s t e e r i n g 
f o r c e l e v e l of 15 N tends t o r e s u l t i n l e s s overshoot as compared w i t h the 
0 N c o n d i t i o n . 

The s t a n d a r d d e v i a t i o n s o f the movement a m p l i t u d e s show about the same 
e f f e c t s f o r the movement p a r t s t o the l e f t d5 s^) and the r i g h t ( i 5 s r ) , see 
F i g . 4.6. Amplitude v a r i a b i l i t y appears t o be h i g h l y dependent on movement 
amp l i t u d e (p < 0.01) w i t h the l a r g e s t d e v i a t i o n s f o r the l a r g e s t a m p l i ­
tudes. Furthermore, an F x SA x SR i n t e r a c t i o n (p < 0.01) i n d i c a t e s t h a t 
f o r the 0.2 Hz c o n d i t i o n the s l o p e s of the S and R curves d i f f e r s i g n i f i ­
c a n t l y , whereas these s l o p e s a r e r a t h e r p a r a l l e l f o r the 0.5 Hz c o n d i t i o n . 
S t e e r i n g f o r c e d e c r e a s e s amplitude s t a n d a r d d e v i a t i o n s (p < 0.01). A c t u a l l y 
t h i s SF e f f e c t h o l d s f o r both the s t i m u l u s and r e p r o d u c t i o n movement i n 
case of the movement p a r t t o the l e f t . For the movement p a r t t o the r i g h t 
SF m a i n l y e f f e c t s the v a r i a b i l i t y of the r e p r o d u c t i o n movement (SF x SR 
i n t e r a c t i o n , p < 0.01). 

Table 4.1 Mean a l g e b r a i c e r r o r s (degrees) f o r the s t e e r i n g - w h e e l a ngle 
a m p l i t u d e s i n Experiment I I . A l g e b r a i c e r r o r s a r e g i v e n p o s i t i v e 
i n case of amplitude overshoot (S = s t i m u l u s . R a r e p r o d u c ­
t i o n ) . 

movement s t e e r i n g 0.2 Hz 0.5 Hz 
amplitude f o r c e — — — — — — — — 

(deg) (N) 6 S & 6 
s i s r s i s r 

10° 

0 
7.5 

15 

0.45 3.06 
0.29 4.13 
0.14 2.89 

0.27 
0.19 

-0.03 

1.69 
2.95 
1.37 

0.32 
0.11 
0.42 

2.80 
3.04 
4.16 

0.33 
0.07 
0.06 

0.96 
1.61 
1.53 

0 0.22 6.06 0.11 3.22 
30° 7.5 0.02 5.83 -0.19 1.57 

15 -0.05 5.21 -0.20 1.50 

-0.02 4.30 
-0.63 4.15 
-0.46 4.70 

0.01 
-0.43 
-0.36 

-0.60 
0.57 
1.05 

50° 
0 

7.5 
15 

-0.43 
-0.44 
-0.39 

7.82 
5.86 
3.72 

0.09 
-0.11 
-0.40 

5.65 
3.87 
2.27 

-1.17 
-1.38 
-1.61 

4.16 
1.94 
2.16 

-0.40 
-0.88 
-0.85 

-0.86 
-4.76 
-0.53 
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01 1 1 1 1 I 1 1 i -
10 30 50 10 30 50 

s t e e r i n g - w h e e l ang le a m p l i t u d e (deg) 

F i g . 4.6 Standard d e v i a t i o n s o f the s t e e r i n g - w h e e l a n g l e amplitude f o r the 
movement c o n d i t i o n s i n Experiment I I (S = s t i m u l u s , R = r e p r o d u c ­
t i o n ) . 

Means and st a n d a r d d e v i a t i o n s of the r e l a t i v e e r r o r s i n t i m i n g a r e shown i n 
Table 4 . I I . Regarding the means the ANOVA showed two s i g n i f i c a n t (p < 0.01) 
i n t e r a c t i o n s , i . e . SA x SR and SF x SR, i n d i c a t i n g t h a t movement amplitude 
and s t e e r i n g f o r c e i n f l u e n c e mean t i m i n g a c c u r a c y i n r e p r o d u c t i o n . I n most 
c o n d i t i o n s r e p r o d u c t i o n times a r e too l o n g , e s p e c i a l l y w i t h the 30* and 50° 
am p l i t u d e s . Only i n the movement w i t h the l o w e s t v e l o c i t y l e v e l s (0.2 Hz, 
s m a l l a m p l i t u d e s ) and w i t h s t e e r i n g f o r c e a v a i l a b l e the tendency t o r e ­
produce movement times too l o n g d i s a p p e a r s . The e f f e c t of s t e e r i n g f o r c e on 
s h o r t e n i n g of movement times i n r e p r o d u c t i o n i s q u i t e g e n e r a l and i n f l u ­
ences a l l of the movement c o n d i t i o n s . 
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The ANOVA on the t i m i n g e r r o r s t a n d a r d d e v i a t i o n s r e v e a l e d a F x SR i n t e r ­
a c t i o n (p < 0.01), which shows the v a r i a b i l i t y d i f f e r e n c e s between s t i m u l u s 
and r e p r o d u c t i o n movements t o be s m a l l e r i n the 0.5 Hz c o n d i t i o n as compar­
ed w i t h the 0.2 Hz movements. S t e e r i n g f o r c e d i d not e f f e c t t i m i n g v a r ­
i a b i l i t y . 

T a b le 4 . I I Means (n) and s t a n d a r d d e v i a t i o n s (SD) f o r the r e l a t i v e 
e r r o r s (>) i n t i m i n g i n Experiment I I . Means a r e g i v e n p o s i t i v e 
when movements a re made too slow (S = s t i m u l u s , R = re p r o d u c ­
t i o n ) . 

movement 
amplitude 

(deg) 

s t e e r i n g 
f o r c e 
(N) 

0.2 Hz 0.5 Hz movement 
amplitude 

(deg) 

s t e e r i n g 
f o r c e 
(N) n SD n SD 

movement 
amplitude 

(deg) 

s t e e r i n g 
f o r c e 
(N) 

S R S R S R S R 

0 2.78 2.28 3.2 9.2 3.41 7.56 5.5 8.2 
10° 7.5 1.53 0.24 3.7 9.1 1.53 6.32 5.8 7.3 

15 1.41 -5.31 3.7 7.1 0.99 5.87 7.0 7.8 

0 0.58 7.51 2.2 7.3 1.69 13.90 4.6 6.9 
30° 7.5 0.87 -1.98 2.4 7.5 2.75 12.14 4.8 6.8 

15 0.81 3.61 2.5 7.7 1.35 9.87 4.8 7.3 

0 1.08 9.15 2.1 7.1 2.73 14.50 4.6 7.2 
50" 7.5 1.01 8.84 2.0 6.3 3.00 10.45 9.3 6.8 

15 1.22 6.74 2.0 7.0 3.45 9.58 10.5 7.2 

4.4 D i s c u s s i o n and c o n c l u s i o n s 

I n most s t u d i e s on movement r e p r o d u c t i o n a tendency t o amplitude overshoot 
i s found f o r r e l a t i v e l y s m a l l movements, w h i l e undershoot o f t e n o c c u r s f o r 
l a r g e a m p l i t u d e s . T h i s e f f e c t i s not f u l l y confirmed i n the pres e n t d a t a . 
Both f o r the d i s c r e t e and the co n t i n u o u s r e p r o d u c t i o n t a s k an ov e r s h o o t 
e f f e c t was found f o r each of the am p l i t u d e s . One e x p l a n a t i o n f o r t h i s may 
be t h a t i n the pres e n t experiment even the l a r g e s t a m p l i t u d e (50*) was 
r e l a t i v e l y s m a l l . Another reason can be found i n the r e s u l t s of Buck (1976, 
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1978). who i l l u s t r a t e d t h a t undershoot t e n d e n c i e s f o r l a r g e r movements most 
probably are caused by boundary e f f e c t s . Buck showed overshoot/undershoot 
e f f e c t s t o be dependent on boundary d i s t a n c e r a t h e r than on movement 
l e n g t h . Boundary d i s t a n c e i s the d i s t a n c e between d e s i r e d movement endpoint 
and the f u r t h e s t l i m i t of the movement. T h i s l i m i t may be e i t h e r the edge 
of the d i s p l a y i n case o f v i s u a l l y guided movements or the p h y s i c a l s t o p of 
the c o n t r o l l e v e r or s t e e r i n g - w h e e l . Undershoot i s l i k e l y t o occur w i t h 
s h o r t boundary d i s t a n c e s . Because these d i s t a n c e s were v e r y l a r g e i n the 
p r e s e n t experiment, s i m i l a r e f f e c t s w i l l not have playe d a r o l e . The 
g e n e r a l overshoot tendency i s a l s o i n l i n e w i t h f i n d i n g s o f P o u l t o n (1974), 
who r e p o r t e d a m p l i t u d e s t o become too l a r g e i n t r a c k i n g t a s k s , i n which 
v i s u a l feedback was t e m p o r a r i l y withdrawn. The t i m i n g overshoot tendency as 
found i n Experiment I I was a l s o found e a r l i e r ( V o s s i u s , 1965): I n a p u r s u i t 
t r a c k i n g t a s k s u b j e c t s l e a r n e d a p e r i o d i c movement p a t t e r n , which they were 
asked t o reproduce a f t e r w i t h d r a w a l of the v i s u a l i n p u t . The r e p r o d u c t i o n 
movements appeared t o be about 10% too slow, t h i s percentage b e i n g i n c l o s e 
correspondence w i t h the p r e s e n t d a t a . The q u e s t i o n remains here, whether 
and how, sharper d e f i n e d time boundaries w i l l i n f l u e n c e t i m i n g overshoot 
e f f e c t s . T h i s q u e s t i o n seems of p a r t i c u l a r i n t e r e s t when t r a n s l a t i n g the 
amplitude and t i m i n g overshoot d a t a t o the v e h i c l e c o n t r o l t a s k . When 
s t e e r i n g a v e h i c l e under temporary absence of v i s u a l feedback the d r i v e r 
w i l l m ostly be aware of the t a s k boundaries i n terms o f both space and 
time. An a c t u a l d r i v i n g experiment seems necessary t o a n a l y s e whether and 
how these overshoot e f f e c t s w i l l p l a y a r o l e i n open l o o p v e h i c l e c o n t r o l . 
The l a n e change experiment t o be presented i n Chapter 5 was designed t o 
answer t h i s q u e s t i o n . 

A major reason t o perform the p r e s e n t experiments was t o q u a n t i f y a sub­
j e c t s motor " a c u i t y " under open and c l o s e d l o o p c o n d i t i o n s both i n a 
d i s c r e t e and a c o n t i n u o u s s t e e r i n g t a s k . The data on amplitude v a r i a b i l i t y 
can be c o n s i d e r e d as a measure f o r t h i s a c u i t y . The s u g g e s t i o n t h a t s t e e r ­
i n g f o r c e may s e r v e as an a d d i t i o n a l cue, which may h e l p t o reduce t h i s 
v a r i a b i l i t y , was confirmed i n the p r e s e n t a n a l y s i s . Another q u e s t i o n t o 
answer was whether the l i n e a r r e l a t i o n s h i p between amplitude s t a n d a r d 
d e v i a t i o n s and movement v e l o c i t y , as suggested by Schmidt e t a l . (1978) 
would a l s o be v a l i d f o r c o n t i n u o u s s t e e r i n g t a s k s and under open l o o p 
c o n d i t i o n s . 
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F i g . 4.7 Standard d e v i a t i o n of the amplitude { j as a f u n c t i o n of maximum 
movement v e l o c i t y i n Experiment I I . TTie data were averaged over 
s t e e r i n g f o r c e l e v e l s (S = s t i m u l u s , R = r e p r o d u c t i o n ) . 

Regarding t h i s q u e s t i o n , F i g . 4.7 g i v e s the amplitude s t a n d a r d d e v i a t i o n s 
of the primary p a r t of the movement (to the l e f t ) as a f u n c t i o n of movement 
v e l o c i t y as found i n Experiment I I . For t h i s purpose the data a r e averaged 
over s t e e r i n g f o r c e l e v e l s . Maximum movement v e l o c i t y d u r i n g the primary 
movement p a r t i s g i v e n on the h o r i z o n t a l a x i s . The open and f i l l e d symbols 
r e p r e s e n t the amplitude v a r i a b i l i t y f o r the s t i m u l u s and r e p r o d u c t i o n 
movements, r e s p e c t i v e l y . T h i s way of p r e s e n t i n g the data shows two remark­
a b l e r e s u l t s : 1) the r e l a t i o n s h i p between s t a n d a r d d e v i a t i o n s and v e l o c i t y 
i s almost p e r f e c t l y l i n e a r f o r the s t i m u l u s movements and 2) amplitude 
v a r i a b i l i t y of the r e p r o d u c t i o n movements i s dependent on amplitude r a t h e r 
than on v e l o c i t y . The l a t t e r r e s u l t was a l s o c l e a r l y v i s i b l e i n F i g . 4.6: 
For the r e p r o d u c t i o n t r i a l s a m plitude s t a n d a r d d e v i a t i o n s appeared t o be 
independent o f movement frequency and thus independent o f v e l o c i t y . The 
amplitude e f f e c t was about equal f o r the 0.2 Hz and 0.5 Hz movements as i s 
a l s o shown i n F i g . 4.7. I t can be concluded now t h a t the s t i m u l u s r e s u l t s 
f i t q u i t e w e l l w i t h the proposed l i n e a r r e l a t i o n s h i p between accuracy and 
v e l o c i t y . However, Schmidt e t a l . (1978) expected t h i s p r o p o r t i o n a l i t y t o 
be a l s o v a l i d f o r not v i s u a l l y monitored, preprogrammed movements and t h i s 
appears not t o be t r u e . Rather i t appears t h a t movement am p l i t u d e i s the 
major f a c t o r d e t e r m i n i n g open l o o p s t e e r i n g a c c u r a c y . Furthermore, the 
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s u g g e s t i o n t h a t s t e e r i n g f o r c e may s e r v e as an a d d i t i o n a l cue, which can 
h e l p t o reduce movement v a r i a b i l i t y , was confirmed i n the pre s e n t e x p e r i ­
ments. 

I n summary the f o l l o w i n g c o n c l u s i o n s can now be drawn from the p r e s e n t data 
o f Experiment I and I I : 

1. When r e p r o d u c i n g s i m p l e d i s c r e t e and c o n t i n u o u s movements under 
c o n d i t i o n s w i t h o u t v i s u a l feedback a g e n e r a l tendency e x i s t t o over­
shoot both movement am p l i t u d e and movement time. 

2. Amplitude v a r i a b i l i t y under v i s u a l l y open l o o p c o n d i t i o n s i s l i n e a r l y 
r e l a t e d t o movement a m p l i t u d e . The p r o p o r t i o n a l i t y between accuracy 
and movement v e l o c i t y seems o n l y v a l i d f o r v i s u a l l y guided movements. 

3. S t e e r i n g f o r c e improves movement accuracy i n terms of amplitude v a r i a ­
b i l i t y . 
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C H A P T E R 5 

5. PRECOGNITIVE CONTROL: OPEN AND CLOSED LOOP STEERING IN A LANE CHANGE 
MANOEUVRE 

5.1 I n t r o d u c t i o n 

I n t h i s chapter, two experiments w i l l be presented, i n which s t e e r i n g 
performance i n a l a n e change manoeuvre was an a l y s e d under both open and 
c l o s e d l o o p d r i v i n g c o n d i t i o n s (Godthelp, 1984). S t e e r i n g i n such a manoeu­
v r e i s o f t e n r e f e r r e d t o as an example of p r e c o g n i t i v e c o n t r o l b e i n g 
r e l a t i v e l y independent of immediate v i s u a l feedback. A l l e n (1982) p r e s e n t s 
"a p r e c o g n i t i v e d r i v e r model w i t h c o n t i n u o u s c l o s e d loop o p e r a t i o n s " , which 
g i v e s a r a t h e r good mathematical s i m u l a t i o n of d r i v e r ' s s t e e r i n g perform­
ance i n a l a n e change. However, few da t a a r e a v a i l a b l e about how a d r i v e r 
may use the b e n e f i t s of h i s p r e c o g n i t i o n t o behave i n a v i s u a l l y open l o o p 
mode. 

F i g . 5.1 g i v e s an i m p r e s s i o n of the s t e e r i n g - w h e e l angle, heading angle and 
l a t e r a l p o s i t i o n time h i s t o r i e s , o c c u r r i n g i n a l a n e change manoeuvre. The 
s t e e r i n g - w h e e l movement ro u g h l y can be d e s c r i b e d as a sine-wave, i . e . a 
simple, c o n t i n u o u s movement assumed t o be c a r r i e d out a t a p r e c o g n i t i v e 
l e v e l a f t e r a r e l a t i v e l y s h o r t l e a r n i n g p e r i o d . D e s p i t e the con t i n u o u s 
c h a r a c t e r of the s t e e r i n g - w h e e l movement, i t w i l l appear t o be u s e f u l t o 
r e c o g n i s e f o u r phases, noted 1 t o 4, i n the s t e e r i n g - w h e e l angle time 
h i s t o r y ( F i g . 5.1). Phase 1 r e f e r s t o the i n i t i a l s t e e r i n g a c t i o n « s l t o 
the l e f t ( t Q -» t s i ) , whereas d u r i n g phase 2 the s t e e r i n g - w h e e l i s r e t u r n e d 
to the c e n t r a l p o s i t i o n which i s reached a t about the moment of maximum 
heading angle ( t s l -» t . ). I n phase 3 the s t e e r i n g - w h e e l i s turned t o the 
r i g h t t o <Sgr ( t •* t s r ) and, f i n a l l y , phase 4 d e s c r i b e s the c e n t r a l i s i n g 
p a r t of the s t e e r i n g - w h e e l movement a t the end of the manoeuvre ( t s r -> 
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F i g . 5.1 Time h i s t o r i e s f o r the s t e e r i n g - w h e e l angle, heading angle and 
l a t e r a l p o s i t i o n s i g n a l i n a l a n e change manoeuvre. 

The purpose of the experiments r e p o r t e d here was, 1) t o v e r i f y , whether the 
r e s u l t s on s t e e r i n g accuracy as found i n the r e p r o d u c t i o n experiment 
(Exp. I I ) c o u l d be r e p l i c a t e d i n a r e a l , open l o o p d r i v i n g t a s k , and 2) t o 
a n a l y s e these d a t a i n terms of t h e i r i m p l i c a t i o n s f o r v e h i c l e motion. 
Regarding t h i s l a s t p o i n t , i t i s i m p o r t a n t t o n o t i c e t h a t , u l t i m a t e l y , the 
time a v a i l a b l e f o r v i s u a l l y open l o o p c o n t r o l w i l l depend on the v e h i c l e 
t r a j e c t o r y i n r e l a t i o n to the roadway boundaries d u r i n g the o c c l u s i o n 
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p e r i o d . I n case of a l a n e change i t can be d e r i v e d from a si m p l e , mathemat­
i c a l v e h i c l e model t h a t the maximum heading angle, , w i l l be about 
p r o p o r t i o n a l t o s t e e r i n g - w h e e l a ngle amplitude, S _ i , and the time, t . I n 
o t h e r words: E r r o r s i n 6 g l and/or i n t ^ w i l l be p r o p o r t i o n a l l y r e f l e c t e d i n 
i | i m . I n view of t h i s , i t should be n o t i c e d t h a t the a c t u a l v e h i c l e motion 
depends on the i n t e g r a t e d s t e e r i n g - w h e e l movement. Hence, the d r i v e r may 
use a s o r t o f compensation s t r a t e g y , i . e . the s t e e r i n g - w h e e l a mplitude <5Ŝ  
and the time t may be m u t u a l l y dependent: l a r g e a m p l i t u d e s may, f o r 
example, be connected t o f a s t movements. U l t i m a t e l y , t h i s p r o c e s s w i l l 
d etermine how s t e e r i n g amplitude and t i m i n g e r r o r s w i l l e f f e c t v e h i c l e 
motion e r r o r s . 

The c o n d i t i o n s chosen f o r the experiments t o be presented here, were i n 
c l o s e correspondance w i t h those of the r e p r o d u c t i o n experiment. S u b j e c t s 
made a s e r i e s of i d e n t i c a l manoeuvres, h a l f of which were performed under 
c l o s e d l o o p c o n d i t i o n s , i . e . w i t h normal v i s u a l feedback, whereas the o t h e r 
h a l f were c a r r i e d out d u r i n g temporary v i s u a l o c c l u s i o n , i . e . open l o o p . I n 
Experiment I I I s t e e r i n g f o r c e s e r v e d as the main independent v a r i a b l e , 
whereas the e f f e c t of s t e e r i n g - w h e e l movement amplitude was an a l y s e d i n 
Experiment IV. 

5.2 Experiment I I I : The e f f e c t o f s t e e r i n g f o r c e 

5.2.1 Background 

The r e s u l t s of the r e p r o d u c t i o n experiment showed t h a t s t e e r i n g f o r c e might 
improve accuracy i n r e p r o d u c i n g s t e e r i n g - w h e e l movements. Experiment I I I 
was designed t o a n a l y s e whether t h i s e f f e c t c o u l d a l s o be found i n a l a n e 
change manoeuvre. The t i m i n g and geometry of t h i s manoeuvre were chosen 
such t h a t the r e q u i r e d s t e e r i n g - w h e e l movement corresponded c l o s e l y w i t h 
the 0.2 Hz, 10° s t e e r i n g - w h e e l movement c o n d i t i o n of Experiment I I . A 
second r e a s o n to choose t h i s movement was t h a t the r e p r o d u c t i o n d a t a 
suggest the s e n s i t i v i t y f o r changes i n s t e e r i n g f o r c e t o be r e l a t i v e l y h i g h 
i n t h i s c o n d i t i o n . The experiment was conducted i n a d r i v i n g s i m u l a t o r . A l l 
s u b j e c t s made a s e r i e s of o v e r t a k i n g manoeuvres the f i r s t p a r t of which, 
i . e . the l a n e change t o the l e f t , was a n a l y s e d . O c c l u s i o n was implemented 
by a b l i n k i n the v i s u a l scene d u r i n g phase 1 (see F i g . 5.1) of the s t e e r ­
i n g a c t i o n . S t e e r i n g f o r c e s e r v e d as the main independent v a r i a b l e . 
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5.2.2 Method 

D r i v i n g s i m u l a t o r 

The experiment was c a r r i e d out i n the d r i v i n g s i m u l a t o r which was d e s c r i b e d 
i n S e c t i o n 3.2.2 and Appendix A. The s t e e r i n g torque c o e f f i c i e n t Gfc was 
used i n t h i s experiment t o vary the s t e e r i n g torque g r a d i e n t w i t h o u t 
e f f e c t i n g the o t h e r s t e e r i n g system dynamics. 

S u b j e c t s 

Three groups of nine s u b j e c t s (Ss) each, p a r t i c i p a t e d i n the experiment. 
A l l Ss were u n i v e r s i t y s t u d e n t s and had t h e i r d r i v i n g l i c e n s e f o r a t l e a s t 
two y e a r s . Ss ranged i n age between 20 and 36 y e a r s . They were p a i d f o r 
t h e i r s e r v i c e s . 

Procedure 

Each S took p a r t i n the experiment on two c o n s e c u t i v e days, which w i l l be 
noted as day 1 and day 2. On each day S made a 50 minutes run on a s i m u l a t ­
ed s t r a i g h t motorway w i t h a l a n e w i d t h of 3.60 m. A f t e r a s h o r t i n s t r u c t i o n 
S took p l a c e i n the mock-up. At t h a t moment the c a r was parked on the paved 
s h o u l d e r . F i r s t S was g i v e n i n s t r u c t i o n s about the procedure d u r i n g the 
run. Then, S s t a r t e d and a c c e l e r a t e d t o a speed o f 24 m/s (86.4 km/h). 
Speed was a u t o m a t i c a l l y l i m i t e d t o t h i s l e v e l and S j u s t had t o push the 
a c c e l e r a t o r beyond the r e q u i r e d p o s i t i o n . The g e n e r a l i n s t r u c t i o n was t o 
d r i v e " n o r m a l l y " i n the r i g h t l a n e . A f t e r a f i v e minutes p e r i o d of d r i v i n g 
S was asked t o make a t r a i n i n g s e r i e s of f i v e p a s s i n g manoeuvres w i t h o u t 
any o t h e r v e h i c l e being i n v o l v e d . Then, the f i r s t e x p e r i m e n t a l run was 
s t a r t e d . In t h i s r u n S made 40 c o n s e c u t i v e o v e r t a k i n g manoeuvres, w i t h a 
time i n t e r v a l between manoeuvres of about 1 minute. The v e h i c l e t o be 
ov e r t a k e n drove w i t h a speed o f 17 m/s (61.2 km/h). An i l l u s t r a t i o n of the 
v i s u a l scene i s g i v e n i n F i g . 3.2, page 24. Ss were i n s t r u c t e d t o make a l l 
the manoeuvres i n the same way and t o s t a r t each manoeuvre from the middle 
p o s i t i o n of the r i g h t l a n e w i t h the c a r i n the s t r a i g h t ahead p o s i t i o n . 
Furthermore, S was t o l d t o s t a r t the manoeuvres a t the moment of a s h o r t 
b l i n k i n the 40° c e n t r a l p a r t of the v i s u a l scene. T h i s b l i n k was always 
g i v e n a t an i n t e r v e h i c l e d i s t a n c e of 56 m, which corresponds w i t h an i n t e r -
v e h i c l e time d i s t a n c e o f 8 s. The d u r a t i o n of the b l i n k was e i t h e r 0.1 or 
1.0 s. The 0.1 s b l i n k j u s t served as a warning s i g n a l f o r S to s t a r t h i s 
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manoeuvre, w h i l e the 1 s b l i n k was g i v e n as temporary o c c l u s i o n , c o v e r i n g 
phase 1 of the s t e e r i n g a c t i o n . I n case of the 1 s b l i n k S was i n s t r u c t e d 
t o i n t e r p r e t the onset of the b l i n k as the s t a r t s i g n a l and t o make the 
f i r s t s t e e r i n g wheel movement t o the l e f t d u r i n g the b l i n k . On day 1 the 
f i r s t 10 manoeuvres were a l l made w i t h the 0.1 s b l i n k . F o r the next 30 
manoeuvres of day 1 and the 40 manoeuvres of day 2 the 0.1 s and 1.0 s 
b l i n k were g i v e n i n a l t e r n a t i o n . The manoeuvres w i t h 0.1 s and 1.0 s b l i n k 
w i l l be c o n s i d e r e d as the c o n d i t i o n s w i t h o u t and w i t h o c c l u s i o n r e s p e c t i v e ­
l y . Three s t e e r i n g torque c o e f f i c i e n t s were c o n s i d e r e d : r 0, Gj . 1.43 
and Ĝ . = 2.86, g i v i n g s t e e r i n g - w h e e l r i m f o r c e s of 0 N, 7.5 N and 15 N a t 
a s t e e r i n g - w h e e l angle of 10° w i t h a d r i v i n g speed o f 24 m/s. These 
s t e e r i n g - w h e e l r i m f o r c e l e v e l s corresponded t o the c o n d i t i o n s i n the 
r e p r o d u c t i o n experiment as p r e v i o u s l y d e s c r i b e d . At a speed of 24 m/s the 
t h r e e G t l e v e l s l e d t o s t e e r i n g torque g r a d i e n t s of 0 Nm/rad, 9.5 Nm/rad 
and 18.9 Nm/rad, r e s p e c t i v e l y . Each of the s t e e r i n g torque g r a d i e n t s served 
as an e x p e r i m e n t a l c o n d i t i o n f o r a group of Ss, g i v i n g t h r e e groups of nine 
Ss i n a between-subjects d e s i g n . 

Data a n a l y s i s 

From the s t a r t of each manoeuvre ( t = 0) the f o l l o w i n g s i g n a l s were r e -
g i s t r a t e d : 

<S s t e e r i n g - w h e e l angle 

<j> heading angle 

y l a t e r a l p o s i t i o n 

The sample p e r i o d was 10 s and the sample r a t e 16 Hz, t h i s r a t e b e i n g h i g h 
enough t o a n a l y s e l a n e change s t e e r i n g - w h e e l s i g n a l s of which s i g n a l 
frequency i s below 2 Hz. The f o l l o w i n g s t e e r i n g - w h e e l angle and v e h i c l e 
motion c h a r a c t e r i s t i c s were determined f o r each manoeuvre (see F i g . 5.1): 

6 = maximum s t e e r i n g - w h e e l angle, l e f t deg 
s i 

t = time of & s s i s i 

S = maximum s t e e r i n g - w h e e l angle, r i g h t deg 
s r 

t = time of & s 
s r s r 

if) = maximum heading a n g l e deg m 
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t, = time of Ui s 
<p m 

y = l a t e r a l p o s i t i o n a t t = 1.2.3 — s m 1.2.3—— 

2 3 = h e a d i n S an g l e a t t = 1,2,3 — s deg 

A primary q u e s t i o n was whether and how s t e e r i n g performance was e f f e c t e d by 
l e a r n i n g . I n o r d e r t o l o c a l i z e l e a r n i n g e f f e c t s , the t o t a l s e t o f 80 
manoeuvres was s u b d i v i d e d f o r each s u b j e c t i n t o f o u r s e t s ( I , I I , I I I , IV) 
of 20 manoeuvres each. F i g . 5.2 p r e s e n t s the sta n d a r d d e v i a t i o n s of 6 s l f o r 
the d i f f e r e n t s e t s . SD* s were c a l c u l a t e d f o r each s u b j e c t over the 10 
manoeuvres w i t h and w i t h o u t o c c l u s i o n i n a p a r t i c u l a r s e t , r e s p e c t i v e l y . 
Each d a t a p o i n t i n F i g . 5.2 r e p r e s e n t s the mean SD over nine Ss. The d a t a 
f o r the manoeuvres w i t h o c c l u s i o n i n s e t I were not a v a i l a b l e , because of 
the t r a i n i n g procedure i n t h i s s e t . The SD's f o r the manoeuvres w i t h o u t 
o c c l u s i o n i n s e t I were c a l c u l a t e d over the 10 odd numbered manoeuvres. An 

without o c c l u s i o n 

steering torque 
gradien t (Nm/rad) 
. 00 

® 

~i 1 1 r 
wi th o c c l u s i o n 

1 N I 
set of m a n o e u v r e s 

12 

F i g . 5.2 Standard d e v i a t i o n s (SD) of the amplitude of the i n i t i a l s t e e r ­
ing-wheel movement t o the l e f t f o r the f o u r s e t s o f manoeuvres. 
Each d a t a p o i n t r e p r e s e n t s the mean SD of 9 Ss f o r a p a r t i c u l a r 
s e t . F o r each s e t the SD's were c a l c u l a t e d both f o r the 10 
manoeuvres w i t h and w i t h o u t o c c l u s i o n , which are g i v e n i n the 
r i g h t and l e f t p a r t of the F i g u r e , r e s p e c t i v e l y . 
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ANOVA on the " w i t h o u t - o c o l u s i o n " d a t a i n d i c a t e d a main e f f e c t of s e t s (p < 
0.01). A Newman-Keuls t e s t on the same da t a showed no d i f f e r e n c e s between 
the s e t s I I , I I I and IV, whereas s e t I d i f f e r e d from a l l these. F u r t h e r ­
more, ANOVA on the t o t a l s e t I I , I I I and IV d a t a ( w i t h and w i t h o u t o c c l u ­
s i o n ) i n d i c a t e d no s e t e f f e c t . To e x c l u d e l e a r n i n g e f f e c t s i t was dec i d e d 
f o r f u r t h e r a n a l y s i s t o f o c u s on t h i s homogeneous p a r t of the da t a and t o 
c a l c u l a t e means and SD's over the 30 manoeuvres w i t h and w i t h o u t o c c l u s i o n 
i n t h i s group of d a t a . D i f f e r e n c e s between c o n d i t i o n s were t e s t e d f o r 
s t a t i s t i c a l s i g n i f i c a n c e by way of ANOVA w i t h main f a c t o r s : S u b j e c t s ( S s ) , 
s t e e r i n g torque g r a d i e n t (SF) and o c c l u s i o n (OCC). 

5.2.3 R e s u l t s _ a n d _ d i s c u s s i o n 

The c i r c u l a r d o ts i n F i g . 5.3 r e p r e s e n t means and s t a n d a r d d e v i a t i o n s f o r 
S s i and Ssr. For the means the ANOVA r e v e a l e d a main e f f e c t o f OCC (p < 
0.01), i n d i c a t i n g an "ov e r s h o o t " tendency f o r the manoeuvres w i t h o c c l u ­
s i o n . F o r the mean <5sl the ANOVA a l s o y i e l d e d a main e f f e c t of SF. A 
Newman-Keuls t e s t showed t h a t the mean 6 g j f o r the s t e e r i n g torque g r a ­
d i e n t s 9.5 and 18.9 Nm/rad d i f f e r e d s i g n i f i c a n t l y (p < 0.05). The tendency 
towards r e l a t i v e l y l a r g e a m p l i t u d e s w i t h the medium torque g r a d i e n t can 
a l s o be seen i n the <5sr d a t a . However, the ANOVA d i d not show a s i g n i f i c a n t 
e f f e c t here. 

Regarding s t e e r i n g amplitude v a r i a b i l i t y , the ANOVA on the 6 S^ and <5sr 

s t a n d a r d d e v i a t i o n s r e s u l t e d i n a tendency (p < 0.10) and a main e f f e c t 
(p < 0.05) of SF, r e s p e c t i v e l y . I n both cases amplitude v a r i a b i l i t y i s 
s m a l l e s t w i t h the h i g h e r torque g r a d i e n t s . F or the SD's o f « s l the ANOVA 
a l s o showed a main e f f e c t of OCC (p < 0.01): v a r i a t i o n s a r e l a r g e s t f o r the 
c o n d i t i o n w i t h o c c l u s i o n . F or the 6 g v a r i a t i o n s t h i s e f f e c t i s absent, 
which can l a r g e l y be e x p l a i n e d by the r e l a t i v e s h o r t n e s s of the o c c l u s i o n 
period.The square dots i n F i g . 5.3 r e p r e s e n t the same data f o r the s i n e -
-wave r e p r o d u c t i o n experiment (Experiment I I ) d e s c r i b e d i n Chapter 4 and i t 
appears t h a t - a l t h o u g h some d i f f e r e n c e s can be n o t i c e d i n the a b s o l u t e 
l e v e l of the v a r i a b l e s - the correspondence of the s t e e r i n g f o r c e and 
o c c l u s i o n e f f e c t s i s remarkable f o r both s e t s of d a t a . Regarding the means 
the d i f f e r e n c e i s s i m p l y the r e s u l t of the f a c t t h a t the pre s e n t l a n e 
change t a s k r e q u i r e d a s m a l l e r s t e e r i n g - w h e e l movement as compared t o the 
10° r e p r o d u c t i o n t a s k . D e s p i t e t h i s d i f f e r e n c e , the OCC e f f e c t ( o v e rshoot) 
as w e l l as the SF e f f e c t ( r e l a t i v e l y l a r g e a m p l i t u d e s i n the median torque 
area) a r e s i m i l a r i n both experiments. With r e s p e c t t o the SD r e s u l t s , the 
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r e p r o d u c t i o n d a t a showed a r a t h e r pronounced e f f e c t of o c c l u s i o n , which was 
mai n l y the r e s u l t of the a c c u r a t e v i s u a l guidance i n t h a t experiment. I n 
the present experiment the OCC e f f e c t i s l e s s ( S s l ) or even absent U s r ) . 
N e v e r t h e l e s s , the SD's f o r the r e p r o d u c t i o n data (square, c l o s e d d o t s ) a r e 
c l o s e t o the present l a n e change da t a . Furthermore, the s i m i l a r s t e e r i n g 
f o r c e e f f e c t c o n f i r m s the h y p o t h e s i s s e t on the b a s i s of the r e p r o d u c t i o n 
experiment, t h a t s t e e r i n g f o r c e reduces s t e e r i n g v a r i a b i l i t y i n p r e c o g n i -
t i v e s t e e r i n g t a s k s as c o n s i d e r e d i n t h i s experiment. 

"n i 1—I I—I 1 r 
expm >*M c 

• — — w iIh o c c l u s i o n • 

Q l 1 1 L _ l 0 1 ' L 

s t e e r i n g t o r q u e g r a d i e n t ( N m / r a d l 

F i g . 5.3 Means and stan d a r d d e v i a t i o n s of S s l and 6 s r f o r d i f f e r e n t 
s t e e r i n g torque g r a d i e n t s and f o r the manoeuvres w i t h and w i t h o u t 
o c c l u s i o n . The square dots r e p r e s e n t the analogue r e s u l t s from 
Experiment I I . 
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Table 5.1 p r e s e n t s the means and SD's f o r t g l ) t and t s r . Regarding the 
SD's o f t s l , the ANOVA showed an OCC e f f e c t (p < 0.05) i n d i c a t i n g t h a t 
t i m i n g v a r i a b i l i t y i s s m a l l e s t f o r the runs w i t h o c c l u s i o n . T h i s remarkable 
r e s u l t i s p r o b a b l y caused by the f a c t t h a t the end of the 1 second o c c l u ­
s i o n p e r i o d may have served as a t i m i n g a i d d u r i n g the i n i t i a l s t e e r i n g 
a c t i o n t o the l e f t . Furthermore, the tendency t o r e l a t i v e l y slow s t e e r i n g 
a c t i o n s under c o n d i t i o n s w i t h o u t v i s u a l feedback - as found i n the r e p r o ­
d u c t i o n experiment - i s not r e p l i c a t e d i n the present d a t a . For the t and 
t s r means, a s l i g h t tendency can even be n o t i c e d f o r f a s t e r s t e e r i n g a c t i o n s 
under o c c l u s i o n as compared t o the manoeuvres w i t h v i s u a l feedback. 

The q u e s t i o n remains how the pre s e n t s t e e r i n g - w h e e l movement data a r e 
r e f l e c t e d i n the v e h i c l e motion. F i g . 5.4 p r e s e n t s means and SD's of the 
maximum heading a n g l e and the ANOVA showed s i m i l a r e f f e c t s as found f o r 
the 6 3 j data, i . e . l a r g e r mean heading a n g l e s f o r manoeuvres w i t h o c c l u s i o n 

T able 5.1 Means and stan d a r d d e v i a t i o n s of t g p t and t s r ( i n seconds) 
f o r d i f f e r e n t s t e e r i n g torque g r a d i e n t s and f o r the manoeuvres 
w i t h and w i t h o u t o c c l u s i o n . 

t 
s i S t 

s r 

s t e e r i n g torque o c c l u s i o n o c c l u s i o n o c c l u s i o n 
g r a d i e n t w i t h o u t w i t h w i t h o u t w i t h w i t h o u t w i t h 

means 0 1.57 1.46 3.18 2.99 4.70 4.36 
9.5 1.39 1.35 3.13 2.87 4.35 4.06 

18.9 1.46 1.40 3.47 3.22 5.09 4.80 

SD 0 0.46 0.36 0.41 0.38 0.74 0.73 
9.5 0.26 0.17 0.19 0.29 0.59 0.64 

18.9 0.32 0.24 0.43 0.33 0.69 0.62 

(p < 0.01) and a tendency f o r s m a l l e r heading angle v a r i a b i l i t y w i t h 
s t e e r i n g f o r c e a v a i l a b l e (p < 0.10). The yg data, i . e . the l a t e r a l p o s i t i o n 
a t about t , a l s o showed these t e n d e n c i e s . However, the ANOVA d i d not 
r e v e a l s i g n i f i c a n t e f f e c t s here. N e v e r t h e l e s s , i t can be concluded t h a t the 
e f f e c t s of OCC and SF as found f o r the s t e e r i n g - w h e e l a c t i o n 6 s l a t about t 
= 1.45 s are s t i l l r e f l e c t e d i n the v e h i c l e motion data a t t = 3.30 s. I t 
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seems o f importance a l s o t h a t the ANOVA d i d not show a s i g n i f i c a n t OCC x SF 
i n t e r a c t i o n . Hence, r e g a r d i n g the pre s e n t p r e c o g n i t i v e s t e e r i n g t a s k i t can 
be concluded t h a t the SF e f f e c t i s of about eq u a l importance f o r manoeuvres 
both w i t h and w i t h o u t o c c l u s i o n . 

s t e e r i n g t o rque g r a d i e n t ( N m / r a d ) 

F i g . 5.4 Means and s t a n d a r d d e v i a t i o n s of f o r d i f f e r e n t s t e e r i n g torque 
g r a d i e n t s and f o r the manoeuvres w i t h and w i t h o u t o c c l u s i o n . 

5.2.4 C o n c l u s i o n s 

I n summary, the f o l l o w i n g c o n c l u s i o n s can be drawn about the e f f e c t of 
s t e e r i n g f o r c e and a 1 s o c c l u s i o n p e r i o d on s t e e r i n g performance i n the 
s i m u l a t e d l a n e change manoeuvre. 

1. S t e e r i n g f o r c e reduces s t e e r i n g - w h e e l amplitude v a r i a b i l i t y , t h i s 
e f f e c t b e i n g a l s o r e f l e c t e d i n the v e h i c l e motion d a t a . T h i s r e s u l t i s 
i n correspondance w i t h the c o n c l u s i o n s of the r e p r o d u c t i o n e x p e r i ­
ments. 

2. A one second o c c l u s i o n p e r i o d d u r i n g the i n i t i a l , p u l l - o u t phase of 
the s t e e r i n g - w h e e l movement l e a d s t o r e l a t i v e l y l a r g e s t e e r i n g - w h e e l 
angle a m p l i t u d e s , i . e . an overshoot tendency. T h i s r e s u l t i s a l s o i n 
correspondance w i t h the r e p r o d u c t i o n data. 

3. The tendency t o r e l a t i v e l y slow s t e e r i n g - w h e e l movements under c o n d i ­
t i o n s w i t h o u t v i s u a l feedback, as found i n Experiment I I , i s not 
r e p l i c a t e d i n the pre s e n t d a t a . 
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4. S t e e r i n g f o r c e tends t o r e s u l t i n r e l a t i v e l y l a r g e s t e e r i n g - w h e e l 
angle a m p l i t u d e s i n the median s t e e r i n g torque a r e a . 

5. The one second o c c l u s i o n p e r i o d r e s u l t s i n t o l a r g e r amplitude v a r ­
i a b i l i t y o f the p u l l - o u t s t e e r i n g a c t i o n . 

5.3 Experiment IV: The e f f e c t o f s t e e r i n g - w h e e l movement a m p l i t u d e 

5.3.1 Background 

The r e s u l t s o f the r e p r o d u c t i o n experiment i n d i c a t e d t h a t s t e e r i n g v a r ­
i a b i l i t y s t r o n g l y i n c r e a s e s w i t h l a r g e r s t e e r i n g - w h e e l movement a m p l i t u d e s 
( F i g . 4.6). The main purpose of Experiment IV was t o v e r i f y t h i s e f f e c t i n 
a l a n e change t a s k . The procedure i n t h i s experiment was a g a i n chosen such 
t h a t s t e e r i n g had t o be performed on a p r e c o g n i t i v e or w e l l - l e a r n e d l e v e l 
of c o n t r o l . However, t h e r e were some marked d i f f e r e n c e s w i t h Experiment 
I I I . F i r s t l y , Experiment IV was c a r r i e d out i n a f i e l d s i t u a t i o n , i . e . w i t h 
an i n s t r u m e n t e d c a r . T h i s was done t o o b t a i n f u r t h e r i n s i g h t i n t o the 
a b s o l u t e v a l i d i t y of the r e p r o d u c t i o n d a t a and the s i m u l a t o r l a n e change 
r e s u l t s . Secondly, the o c c l u s i o n p e r i o d a t the s t a r t of the manoeuvre was 
taken l o n g e r now, i . e . 3 s i n s t e a d o f 1 s. The l o n g e r o c c l u s i o n was chosen 
t o q u a n t i f y s t e e r i n g under o c c l u d e d c o n d i t i o n s over a l o n g e r p e r i o d of 
time, i . e . not o n l y d u r i n g the i n i t i a l p u l l out s t e e r i n g a c t i o n (phase 1; 
F i g . 5.1), but a l s o i n the p e r i o d s h o r t l y a f t e r t h i s a c t i o n . The 3 s p e r i o d 
was meant t o cover both phase 1 and 2 of the sine-wave shaped s t e e r i n g -
wheel movement. Furthermore, the l a n e change t a s k was pres e n t e d now as a 
path through a s e r i e s o f cones, i n s t e a d o f b e i n g p a r t of an o v e r t a k i n g 
manoeuvre. The main independent v a r i a b l e , s t e e r i n g - w h e e l movement a m p l i ­
tude, was v a r i e d by changing the geometry of the path through the cones and 
by d r i v i n g speed. 

5.3.2 Method 

Instrumented c a r 

The experiment was conducted w i t h the ins t r u m e n t e d c a r as d e s c r i b e d i n 
S e c t i o n 3.2.1 and Appendix A. Measurements were made on s t e e r i n g - w h e e l 
angle, yaw r a t e and l a t e r a l p o s i t i o n . The l a t t e r two s i g n a l s were combined 
a f t e r w a r d s t o c a l c u l a t e the heading angle s i g n a l . D u r i n g the runs w i t h an 
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o c c l u s i o n p e r i o d , Ss wore an e l e c t r o m a g n e t i c a l l y d r i v e n , v i s u a l o c c l u s i o n 
d e v i c e mounted on a l i g h t w e i g h t b i c y c l e helmet. The v i s u a l f i e l d was 
occ l u d e d by a sheet of t r a n s l u c e n t drawing paper mounted on a frame, which 
c o u l d be r a i s e d o r lowered on command w i t h a t r a n s i t i o n time o f c a . 30 ms. 
In i t s normal s t a t e the v i s o r was open. At the b e g i n of a l a n e change 
manoeuvre w i t h o c c l u s i o n the v i s o r was lowered and remained c l o s e d f o r a 
f i x e d p e r i o d of 3 s, a f t e r which the v i s o r opened a u t o m a t i c a l l y . 

S u b j e c t s 

Seven male Ss, r a n g i n g i n age from 24 t o 35, p a r t i c i p a t e d i n the e x p e r i ­
ment. A l l had a t l e a s t t h r e e y e a r s and 30,000 km d r i v i n g e x p e r i e n c e . They 
were p a i d f o r t h e i r s e r v i c e s . 

Procedure 

Ss made t h r e e s e r i e s of 60 lane change manoeuvres each. The s e r i e s d i f f e r e d 
w i t h r e g a r d t o speed and geometry of the l a n e change. F i g . 5.5 shows how 
t h i s manoeuvre path was s i t u a t e d and Table 5 . I I p r e s e n t s the speeds and 
geometries f o r the d i f f e r e n t s e r i e s , which w i l l be noted as M80, M40 and 
M24. The l a n e change c h a r a c t e r i s t i c s were chosen such t h a t the s e r i e s 
covered a range of s t e e r i n g - w h e e l angle amplitudes, which was about e q u i v ­
a l e n t t o those of the 0.2 Hz c o n d i t i o n i n Experiment I I . Each s e r i e s 
c o n s i s t e d of t h r e e c o n s e c u t i v e s e t s ( I , I I and I I I ) o f 12, 36 and 12 
manoeuvres r e s p e c t i v e l y . The manoeuvres i n s e t I and I I I were made w i t h the 

20 m D D 

T ° 

i i>- 0 
s 

F i g . 5.5 Geometry of the manoeuvre path, as i t was marked by cones on the 
two-lane highway. 
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Table 5 . I I Speeds and geometries f o r the t h r e e s e r i e s of manoeuvres (see 
F i g . 5.5). 

Manoeuvre Manoeuvre d i s t a n c e Speed 
code (m) (km/h) 

M24 30 24 
M40 50 40 
M80 100 80 

3 s o c c l u s i o n p e r i o d , w h i l e s e t I I of 36 manoeuvres was made w i t h normal 
v i s i o n . The experiment took p l a c e a t a 3.5 m wide, s t r a i g h t s e c t i o n of a 
s t i l l unused two-lane motorway. Four l a n e change paths were p l a c e d on t h i s 
s e c t i o n w i t h an intermanoeuvre time d i s t a n c e o f about 10 s. T h e r e f o r e . S 
a c t u a l l y made f o u r c o n s e c u t i v e manoeuvres, then t u r n e d the c a r and drove 
back t o the s t a r t i n g p o s i t i o n , where he s t a r t e d f o r the next f o u r manoeu­
v r e s of a p a r t i c u l a r s e t . 

S was i n s t r u c t e d t o make a l l the manoeuvres of a s e r i e s i n the same way, to 
s t a r t each manoeuvre from the c e n t r e p o s i t i o n of the r i g h t l a n e and t o end 
i t i n the m i d d l e of the l e f t l a n e . Furthermore, S was i n s t r u c t e d t o s t a r t 
the manoeuvre immediately a f t e r the c l o s u r e of the v i s o r , whereas i n the 
runs w i t h normal v i s i o n an a u d i t o r y warning s i g n a l was g i v e n a t the same 
pl a c e , i . e . p o i n t S, see F i g . 5.5. 

Data a n a l y s i s 

From the s t a r t of each manoeuvre ( t s 0) the f o l l o w i n g s i g n a l s were r e ­
corded : 

6 s t e e r i n g - w h e e l angle s 

y l a t e r a l p o s i t i o n 

r yaw r a t e 

The sample p e r i o d was 10 s and the sample r a t e 10 Hz. Sample r a t e was 
s l i g h t l y lower as compared t o Experiment I I I , because of l i m i t e d s t o r a g e 
p o s s i b i l i t i e s i n the i n s t r u m e n t e d c a r . The yaw r a t e and l a t e r a l p o s i t i o n 
s i g n a l s were combined a f t e r w a r d s t o c a l c u l a t e the heading angle s i g n a l and 
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to r e c o n s t r u c t some m i s s i n g p a r t s of the l a t e r a l p o s i t i o n s i g n a l . F o r each 
manoeuvre the same s t e e r i n g - w h e e l angle and v e h i c l e motion c h a r a c t e r i s t i c s 
were determined as i n Experiment I I I . 

The f i r s t q u e s t i o n t o answer i n the pre s e n t a n a l y s i s was, a g a i n , whether 
and i f how, performance was e f f e c t e d by l e a r n i n g . For the sake of t h i s 
a n a l y s i s s e t I I was s u b d i v i d e d i n t o t h r e e s e t s of 12 manoeuvres each, i . e . 
I l a , l i b and l i e . For each type o f manoeuvre t h i s g i v e s a t o t a l o f 5 s e t s 
of 12 manoeuvres ( I , I l a , l i b , l i e and I I I ) . An a n a l y s i s on the means of 
the dependent v a r i a b l e s (not presented here) showed t h a t performance, as 
averaged over each s e t was q u i t e c o n s t a n t i n a s e r i e s . The only s i g n i f i c a n t 
e f f e c t d e a l t w i t h a s m a l l t r e n d i n the t i m i n g of the s t e e r i n g - w h e e l move­
ment i n the 80 km/h s e r i e s , which i n d i c a t e d t h a t t h i s movement s h i f t e d a 
l i t t l e back f o r the s e t s l i e and I I I as compared t o the s e t s I and I l a . 
T h i s e f f e c t was r a t h e r s m a l l and i t seems j u s t i f i e d t o conclude t h a t mean 
performance d i d h a r d l y change d u r i n g the l e a r n i n g process. However, an 
a n a l y s i s on performance v a r i a b i l i t y d i d show some marked l e a r n i n g e f f e c t s . 
The standard d e v i a t i o n s of the l a t e r a l p o s i t i o n y 3 , as shown i n F i g . 5.6, 
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F i g . 5.6 Standard d e v i a t i o n of y 3 f o r the d i f f e r e n t s e t s and averaged over 
the d i f f e r e n t manoeuvres. 



63 

may be c o n s i d e r e d as a r e p r e s e n t a t i v e i l l u s t r a t i o n . V a r i a b i l i t y i n perform­
ance was always l a r g e s t i n s e t I. i . e . the manoeuvres w i t h o c c l u s i o n and 
w i t h o u t p r e v i o u s e x p e r i e n c e w i t h the manoeuvre t a s k . Furthermore, i t 
appeared t h a t the SD* s a r e s t i l l q u i t e l a r g e i n the f i r s t s e t w i t h normal 
v i s u a l feedback ( s e t IIa)> and t h a t v a r i a b i l i t y d ecreases i n the next s e t s 
l i b and l i e . For the f i n a l s e t I I I ( w i t h o c c l u s i o n ) the st a n d a r d d e v i a t i o n s 
are a g a i n somewhat l a r g e r , but i t i s e v i d e n t t h a t v a r i a b i l i t y i n t h i s s e t 
i s r e l a t i v e l y s m a l l as compared t o the s e t I , which shows c l e a r l y t h a t the 
l e a r n i n g process over the s e t s I I i s r e f l e c t e d i n performance d u r i n g s e t 
I I I . 

An ANOVA on the combined d a t a of s e t I and I I I ( w i t h o c c l u s i o n ) and I l a and 
l i e ( w i t h o u t o c c l u s i o n ) d i d not show a s i g n i f i c a n t OCC x s e t i n t e r a c t i o n , 
which i n d i c a t e s t h a t the manoeuvres w i t h and w i t h o u t o c c l u s i o n b e n e f i t e d 
about e q u a l l y of the l e a r n i n g p r o c e s s . To e x c l u d e l e a r n i n g e f f e c t s i t was 
decided t o f o c u s on the l i e and I I I data, i . e. the manoeuvres w i t h and 
w i t h o u t v i s u a l feedback a t the end of a s e r i e s . D i f f e r e n c e s between e x p e r i ­
mental c o n d i t i o n s were t e s t e d on t h e i r s t a t i s t i c a l s i g n i f i c a n c e by ANOVA 
w i t h the f o l l o w i n g main f a c t o r s : S u b j e c t s ( S s ) , o c c l u s i o n (OCC) and manoeu­
v r e (SA). T h i s l a s t f a c t o r was coded SA because of i t s r e l a t i o n s h i p w i t h 
the S t e e r i n g - w h e e l angle Amplitude. 

5.3.3 R e s u l t s _ a n d _ d i s c u s s i o n 

Table 5 . I l l p r e s e n t s the means of the s t e e r i n g - w h e e l angle amplitude 6 s l 

The ANOVA showed an OCC x SA i n t e r a c t i o n (p < 0.05) f o r these d a t a ; w i t h 
s m a l l a m p l i t u d e s (M80), o c c l u s i o n l e a d s t o a s l i g h t overshoot tendency, 
whereas t h i s e f f e c t i s r e v e r s e d f o r the M40 and M24 a m p l i t u d e s . The over­
shoot tendency f o r the M80 d a t a c o n f i r m s the Experiment I I I and r e p r o d u c ­
t i o n d a t a . However, the g e n e r a l tendency t o overshoot d u r i n g o c c l u s i o n , 
which was found i n the r e p r o d u c t i o n experiment f o r a l l a m p l i t u d e s , i s not 
confirmed f o r the l a r g e r a m p l i t u d e s . 

F i g . 5.7 shows the means and the SD's of the s t e e r i n g - w h e e l a m p l i t u d e s « s l 

and S s r on the h o r i z o n t a l and v e r t i c a l a x i s , r e s p e c t i v e l y . A c t u a l l y , t h i s 
f i g u r e p r e s e n t s the da t a of t h r e e experiments. The c i r c u l a r d o ts r e f e r t o 
the p r e s e n t l a n e change Experiment IV, the square dots r e p r e s e n t the 0.2 Hz 
data o f Experiment I I , w h i l e the t r i a n g u l a r dots a r e those f o r the 
9.5 Nm/rad torque g r a d i e n t c o n d i t i o n i n Experiment I I I . T h i s p a r t i c u l a r 
torque g r a d i e n t corresponds q u i t e w e l l w i t h t h a t of the ins t r u m e n t e d c a r . 
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Table 5 . I l l Means (deg.) o f the s t e e r i n g - w h e e l a n g l e amplitude 6 s l . 

o c c l u s i o n 

manoeuvre w i t h o u t w i t h 

M80 13.2 13.9 
M40 30.8 28.5 
M24 69.4 64.4 

10 

2 6 

Q 

1 1 1 1 1 1 
m o v e m e n t par t to the left 6 s i 

expm exp J3 expn 
a •—— — • • wi th o c c l u s i o n 
A 0 o • without occ lus ion 

m a n o e u v r e 

10 2 0 30 40 50 60 70 
m e a n a m p l i t u d e 6 s t Ideg) 

10 2 0 30 ¿0 50 60 

m e a n a m p l i t u d e 5 s r ( d e g ) 

F i g . 5.7 Means ( a b c i s ) and s t a n d a r d d e v i a t i o n s ( o r d i n a t e ) of 6 s l and 6 s r 

f o r the manoeuvres w i t h and w i t h o u t o c c l u s i o n . 

Regarding the 6 g l s t a n d a r d d e v i a t i o n s the ANOVA showed a tendency 
(p < 0.10) f o r the i n t e r a c t i o n OCC x SA: f o r the M80. s m a l l amplitude 
movements, the SD" s are l a r g e r w i t h o c c l u s i o n , whereas t h i s e f f e c t i s 
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r e v e r s e d f o r the M40 and M24 s t e e r i n g - w h e e l movements. Together, the ANOVA 
on the pre s e n t « s l d a t a i n d i c a t e s t h a t the main e f f e c t o f OCC as found i n 
the r e p r o d u c t i o n experiment (overshoot, l a r g e r v a r i a b i l i t y ) i s o n l y v a l i d 
f o r the s m a l l amplitude manoeuvres. Most h i g h speed l a n e changes w i l l be 
performed a t s m a l l s t e e r i n g - w h e e l angle a m p l i t u d e s . The ANOVA on the SD's 
of the S s l a l s o showed a s t r o n g SA e f f e c t (p < 0.01), i n d i c a t i n g l a r g e r 
v a r i a b i l i t y w i t h the l a r g e r a m p l i t u d e s . As such, t h i s e f f e c t i s not s u r ­
p r i s i n g . However, the c l o s e , a b s o l u t e correspondence w i t h the r e p r o d u c t i o n 
r e s u l t s j u s t i f i e s the c o n c l u s i o n t h a t i n the pre s e n t t a s k c o n d i t i o n the 
SD's i n the s t e e r i n g - w h e e l movement am p l i t u d e a r e about l i n e a r l y dependent 
on the ampli t u d e . I n q u a n t i t a t i v e terms, the d a t a f o r t h i s r e l a t i o n s h i p 
show t h a t the SD*s a r e about 9% o f the ampli t u d e . 

For the s t e e r i n g - w h e e l movement t o the r i g h t the ANOVA on the means d i d not 
show any OCC e f f e c t . The ANOVA on the SD's, however, r e v e a l e d main e f f e c t s 
o f SA (p < 0.01) and OCC (p < 0.05). T h i s SA dependency a g a i n can be 
e x p l a i n e d by a l i n e a r r e l a t i o n s h i p between SD and am p l i t u d e . The OCC e f f e c t 
i n the SD's o f 6 3 r i s a r e s u l t of the l a r g e r v a r i a b i l i t y i n the v e h i c l e 
p o s i t i o n a t t = 3 s i n the runs w i t h o c c l u s i o n , l e a d i n g t o r e l a t i v e l y l a r g e 
s t e e r i n g c o r r e c t i o n s i n phase 3 of the s t e e r i n g - w h e e l movement. B e f o r e 
d i s c u s s i n g these v e h i c l e p o s i t i o n d a t a i n more d e t a i l we w i l l f o c u s on the 
t i m i n g data, as pr e s e n t e d i n Table 5.IV. For the means of these d a t a the 

Table 5.IV Means and SD* s of t s l , t j , and t s r f o r the d i f f e r e n t manoeuvres 
i n Experiment IV. 

fcsl S t 
s r 

manoeuvre o c c l u s i o n o c c l u s i o n o c c l u s i o n 
w i t h o u t w i t h w i t h o u t w i t h w i t h o u t w i t h 

means M24 1.41 1.48 2.90 3.03 3.94 3.90 
M40 1.26 1.26 2.73 2.83 3.73 3.78 
M80 0.99 1 .02 2.50 2.49 3.35 3.40 

SD M24 0.12 0.16 0.15 0.17 0.27 0.55 
M40 0.14 0.14 0.15 0.16 0.34 0.30 
M80 0.14 0.15 0.17 0.21 0.36 0.35 
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ANOVA does not r e v e a l an OCC e f f e c t , whereas a main e f f e c t of SA (p < 0.01) 
shows t h a t the t g - L ) t ^ and t s r v a l u e s a r e s h o r t e s t f o r the s m a l l e s t am­
p l i t u d e s . The ANOVA on the SD's d i d not r e v e a l any s i g n i f i c a n t e f f e c t s . 
SD's as averaged over c o n d i t i o n s were 0.14 s and 0.36 s f o r t s ^ and t s r , 
r e s p e c t i v e l y . Both these v a l u e s can r o u g h l y be q u a n t i f i e d as 10t of the 
mean t s l or t s r . 

• • w i t h o c c l u s i o n 

10 20 30 40 50 60 70 
m e a n a m p l i t u d e 6 S i (deg ) 

F i g . 5.8 Means and stan d a r d d e v i a t i o n s o f j, f o r the d i f f e r e n t manoeuvres, 
w i t h and w i t h o u t o c c l u s i o n . 

The r e l a t i v e l y s m a l l e f f e c t of OCC on the SD' s of 6 s l and the absence of 
such an e f f e c t on the SD's o f t g l might suggest t h a t the v a r i a b i l i t y i n 
v e h i c l e p o s i t i o n a t the end of the o c c l u s i o n p e r i o d w i l l be l a r g e l y i n d e ­
pendent of o c c l u s i o n . However, the fm, il^ and y^ da t a do not c o n f i r m t h i s 
s u g g e s t i o n . F o r a l l of these v a r i a b l e s t he ANOVA on the SD's showed a main 
e f f e c t of OCC (p < 0.05). The i|> d a t a i n F i g . 5.8 g i v e an i l l u s t r a t i o n , 
showing t h a t SD's are l a r g e r f o r the manoeuvres w i t h o c c l u s i o n . F u r t h e r ­
more, a s i g n i f i c a n t OCC x SA i n t e r a c t i o n (p < 0.01) i n d i c a t e s these d i f f e r ­
ences t o be l a r g e s t f o r the M24 manoeuvre i . e . the manoeuvre w i t h the 
l a r g e s t heading angle. However, t h i s i n t e r a c t i o n l a r g e l y can be e x p l a i n e d 
by the f a c t t h a t the SD's a r e about a c o n s t a n t percentage of the mean i|j , 

i . e . about 5t and 7t f o r the manoeuvres w i t h normal v i s i o n and o c c l u s i o n , 
r e s p e c t i v e l y . These percentages a r e s m a l l as compared t o the SD's of 6 s j 
(9* of mean 6 s l ) and t s i ( 1 0 ? of mean t s j _ ) . As was argued i n the i n t r o d u c ­
t i o n , a l i n e a r v e h i c l e model p r e d i c t s p r o p o r t i o n a l i t y between heading angle 
v a r i a b i l i t y and s t e e r i n g - w h e e l amplitude v a r i a b i l i t y , and on the b a s i s of 
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t h i s r e a s o n i n g the percentages mentioned were expected t o be eq u a l . An 
e x p l a n a t i o n f o r these a p p a r e n t l y c o n f l i c t i n g r e s u l t s can be found i n the 
mutual dependency of the s t e e r i n g - w h e e l movement amplitude and t i m i n g 
c h a r a c t e r i s t i c s . A c o r r e l a t i o n a n a l y s i s on the 6 S^ and t d a t a c l e a r l y 
i l l u s t r a t e d t h i s dependency: Table 5.V p r e s e n t s the c o r r e l a t i o n c o e f f i ­
c i e n t s and F i g . 5.9 g i v e s a r e p r e s e n t a t i v e example which shows how l a r g e 
a m p l i t u d e s 6 s l are combined w i t h s m a l l v a l u e s of t f o r the manoeuvres w i t h 
normal v i s u a l feedback, whereas t h i s r e l a t i o n s h i p does not e x i s t f o r the 
manoeuvres w i t h o c c l u s i o n . 

T a ble 5.V Product-moment c o r r e l a t i o n c o e f f i c i e n t s f o r the r e l a t i o n between 
$sl and t , as averaged over s u b j e c t s . 

o c c l u s i o n 
w i t h w i t h o u t 

M24 0.45 0.68 
M40 0.45 0.61 
M80 0.52 0.56 

An ANOVA on the c o r r e l a t i o n c o e f f i c i e n t s ( a f t e r a F i s h e r r t o Z t r a n s f o r m a ­
t i o n , Hays (1966)) r e v e a l e d the same i n t e r a c t i o n OCC x SA (p < 0.05) as f o r 
the SD* s of ij, . In t o t a l the pr e s e n t a n a l y s i s l e a d s t o the f o l l o w i n g 
c o n c l u s i o n on the e f f e c t of o c c l u s i o n : more than a f f e c t i n g the v a r i a b i l i t y 
i n 6 s l and t s e p a r a t e l y , the w i t h d r a w a l of v i s u a l feedback d e t e r i o r a t e s 
the mutual t u n i n g of these q u a n t i t i e s . 

The u l t i m a t e e f f e c t of o c c l u s i o n on the l a t e r a l p o s i t i o n v a r i a b i l i t y i s 
i l l u s t r a t e d i n F i g . 5.10. For each of the manoeuvres M24, M40 and M80, the 
mean l a t e r a l p o s i t i o n time h i s t o r y i s pr e s e n t e d i n co m b i n a t i o n w i t h the 
SD's f o r the manoeuvres w i t h and w i t h o u t o c c l u s i o n . The e f f e c t of o c c l u s i o n 
i s most pronounced d u r i n g phase 3 of the manoeuvre, which a l s o e x p l a i n s the 
SD's of 6 s r i n F i g . 5.7b. 



68 

3 3 6 

en 

C 

I 3.0 
X 
g 2.8 

I 2.6 

—I 1 1— 
w i t h o u t o c c l u s i o n 

s u b j e c t 7 
M 24 

2.4r r = -0.88 
—I u 
55 

s e t He 

n 1 r 
wi th o c c l u s i o n 

se t i n 

r = -0.11 
' 

65 75 45 55 
max. s t e e r i n g w h e e l a n g l e 6 S i (deg) 

65 

F i g . 5.9 R e l a t i o n s h i p between Ssl and t,, f o r the s e t l i e and I I I manoeu­
v r e s ; s u b j e c t 7i M24. 

5.3.4 Conclusions 

I n summary, the f o l l o w i n g c o n c l u s i o n s can be drawn about the e f f e c t of 
s t e e r i n g - w h e e l movement amplitude and a 3 s o c c l u s i o n p e r i o d on s t e e r i n g 
performance i n the l a n e change manoeuvres: 

1. V a r i a b i l i t y i n s t e e r i n g wheel-movement amplitude i n c r e a s e s about 
l i n e a r l y w i t h movement ampl i t u d e . Standard d e v i a t i o n s a r e about 9Ï of 
the a m p l i t u d e . T h i s r e s u l t corresponds v e r y w e l l w i t h the d a t a from 
Experiment I I . 

2. The l i n e a r r e l a t i o n s h i p between s t e e r i n g - w h e e l angle v a r i a b i l i t y and 
amplitude as s t a t e d by c o n c l u s i o n 1, i s about equal f o r the manoeuvres 
w i t h and w i t h o u t o c c l u s i o n . 

3. The tendency t o overshoot the s t e e r i n g - w h e e l movement a m p l i t u d e s i n 
manoeuvres w i t h o u t v i s u a l feedback as found i n the r e p r o d u c t i o n 
experiment i s not c o m p l e t e l y confirmed. Regarding a l s o the r e s u l t s of 
Experiment I I I , the c o n c l u s i o n can be drawn t h a t t h i s overshoot e f f e c t 
i s o n l y v a l i d f o r manoeuvres w i t h s m a l l s t e e r i n g - w h e e l movement 
amplit u d e s . 

4. The tendency t o r e l a t i v e l y slow s t e e r i n g - w h e e l movements under c o n d i ­
t i o n s w i t h o u t v i s u a l feedback, as found i n Experiment I I , was a g a i n 
not confirmed i n the pre s e n t a n a l y s i s . 



SD lateral position y (m} mean lateral position y (m) 
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5. Regarding the i n f l u e n c e of v i s u a l feedback i t can be concluded t h a t 
the w i t h d r a w a l of t h i s feedback d e t e r i o r a t e s the mutual t u n i n g of 
s t e e r i n g - w h e e l amplitude and t i m i n g , r a t h e r than a f f e c t i n g the v a r i a ­
b i l i t y o f these q u a n t i t i e s s e p a r a t e l y . 

5.4 Gen e r a l d i s c u s s i o n 

The a n a l y s i s of v e h i c l e s t e e r i n g under temporary absence of v i s u a l feedback 
as presented i n t h i s c h a p t e r was performed t o v e r i f y e a r l i e r f i n d i n g s on 
s t e e r i n g a c c u r a c y as found i n a sine-wave r e p r o d u c t i o n t a s k (Experiment 
I I ) . I n the l a t t e r experiment, s t e e r i n g a c c u r a c y i n terms of amplitude 
v a r i a b i l i t y improved w i t h a d d i t i o n a l s t e e r i n g f o r c e feedback, whereas t h i s 
v a r i a b i l i t y appeared t o be l i n e a r l y r e l a t e d t o movement amplitude. F u r t h e r ­
more, the r e p r o d u c t i o n experiment i n d i c a t e d o v e r s h o o t e f f e c t s f o r both 
amplitude and t i m i n g , i . e . a tendency t o reproduce a m p l i t u d e s too l a r g e and 
movement times t oo l o n g under c o n d i t i o n s w i t h o u t v i s u a l feedback. 

The overshoot e f f e c t s as noted here were not found i n the pre s e n t l a n e 
change experiments: s t e e r i n g - w h e e l movement times f o r open l o o p manoeuvres 
corresponded q u i t e w e l l w i t h those d u r i n g c l o s e d l o o p d r i v i n g , w h i l e 
amplitude overshoot was o n l y found f o r the manoeuvres, r e q u i r i n g a s m a l l 
s t e e r i n g - w h e e l a m p l i t u d e . I t can be assumed t h a t the consequences o f 
overshoot i n a l a n e change task, i . e . r e a c h i n g the boundary of the l e f t 
l a n e , d i d play a r o l e here. As mentioned e a r l i e r , Buck (1976, 1978) a l s o 
i l l u s t r a t e d t h a t boundary e f f e c t s may s t r o n g l y i n f l u e n c e overshoot-under­
shoot t e n d e n c i e s . The pre s e n t r e s u l t s t h e r e f o r e show t h a t i n a w e l l - l e a r n e d 
task , d r i v e r s a r e q u i t e w e l l a b l e to generate the c o r r e c t (mean) s t e e r ­
ing-wheel amplitude and movement time. 

The r e s u l t s on s t e e r i n g accuracy i n terms of amplitude v a r i a b i l i t y as found 
i n the r e p r o d u c t i o n experiment are c o m p l e t e l y confirmed i n the pre s e n t 
d a t a : v a r i a b i l i t y i s s m a l l e r w i t h s t e e r i n g f o r c e a v a i l a b l e and i n c r e a s e s 
about l i n e a r l y w i t h movement amplitude. Both these r e s u l t s a r e of v i t a l 
importance f o r a d e s c r i p t i o n of open l o o p s t e e r i n g performance. A c t u a l l y , a 
d r i v e r ' s u l t i m a t e accuracy i n g e n e r a t i n g open loop s t e e r i n g - w h e e l can be 
q u a n t i f i e d by a l i n e a r r e l a t i o n s h i p w i t h movement a m p l i t u d e : amplitude 
s t a n d a r d d e v i a t i o n s a r e about 9% of the amplitude. 



71 

The q u e s t i o n remains how these r e s u l t s can be i n t e r p r e t e d i n terms of t h e i r 
consequences f o r d r i v i n g s t r a t e g y . With r e s p e c t t o t h i s q u e s t i o n the 
s t e e r i n g f o r c e e f f e c t should be c o n s i d e r e d as an i m p o r t a n t r e s u l t . The 
l i t e r a t u r e shows v e r y few q u a n t i t a t i v e data about e f f e c t s of s t e e r i n g 
" f e e l " on d r i v i n g . The r e a s o n i s p r o b a b l y t h a t most s t u d i e s on t h i s t o p i c 
have f o c u s s e d on c l o s e d l o o p , u n p r e d i c t a b l e t a s k s . The p r e s e n t r e s u l t s show 
t h a t s t e e r i n g f o r c e may h e l p t o reduce s t e e r i n g e r r o r s under c o n d i t i o n s 
w i t h o u t immediate v i s u a l feedback, t h i s e f f e c t b e i n g of p a r t i c u l a r impor­
tance i n t a s k s of a p r e c o g n i t i v e n a t u r e as c o n s i d e r e d i n t h i s c hapter. 
Furthermore, the l i n e a r r e l a t i o n s h i p between amplitude s t a n d a r d d e v i a t i o n s 
and movement amplitude as q u a n t i f i e d i n t h i s paper should be regarded as 
p a r t i c u l a r u s e f u l i n d r i v e r modeling. For the development of s t e e r i n g as 
w e l l as o b s e r v a t i o n s t r a t e g y models, i t i s i m p o r t a n t t o know t h a t even i n 
w e l l - l e a r n e d t a s k s , d r i v e r s generate c o n t r o l a c t i o n s w i t h a v a r i a b i l i t y of 
about 9% of the a m p l i t u d e . A r e f e r e n c e can be made here t o Blaauw, Godthelp 
and Milgram (1983), who implemented t h i s q u a n t i t y as a motor n o i s e compo­
nent i n an o p t i m a l c o n t r o l model which was a p p l i e d t o d e s c r i b e a d r i v e r ' s 
o b s e r v a t i o n s t r a t e g y . 

F i n a l l y , i t i s i m p o r t a n t t o n o t i c e t h a t even a f t e r a 3 second o c c l u s i o n 
p e r i o d i n a l a n e change manoeuvre, the path v a r i a t i o n s remained q u i t e w e l l 
w i t h i n the l a n e b oundaries. A c t u a l l y F i g . 5.10 showed t h a t the l a r g e s t path 
d e v i a t i o n s occured i n the second p a r t of the manoeuvre i . e . a t about 1 
second a f t e r the end of the o c c l u s i o n p e r i o d , the l a r g e s t standard d e v i a ­
t i o n b e i n g 0.30 m i n case of the h i g h speed manoeuvre. I t i s e v i d e n t , of 
course, t h a t these v a r i a t i o n s w i l l become un a c c e p t a b l e i n t a s k s w i t h c l o s e r 
l a n e boundaries and/or f o r l o n g e r o c c l u s i o n p e r i o d s . The r e l a t i o n between 
the p r e s e n t s t e e r i n g a c c u r a c y d a t a and the d u r a t i o n of d r i v e r s ' s e l f chosen 
o c c l u s i o n p e r i o d s was a n a l y s e d i n Experiment V I I and V I I I which w i l l be 
p resented i n Chapter 7. 
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C H A P T E R 6 

6. PREVIEW CONTROL: OPEN AND CLOSED LOOP STEERING AT CURVE ENTRANCE 

6.1 I n t r o d u c t i o n 

As i n d i c a t e d i n S e c t i o n 2.2 the time a v a i l a b l e f o r open l o o p d r i v i n g w i l l 
p a r t l y depend on the accuracy of the s t e e r i n g a c t i o n s as generated d u r i n g 
the open l o o p p e r i o d . T h i s a c c u r a c y w i l l l a r g e l y be a f f e c t e d by a d r i v e r ' s 
a b i l i t y to p r e d i c t the v e h i c l e path as needed t o f o l l o w the roadway. 
T h e r e f o r e p r e d i c t a b i l i t y was c o n s i d e r e d t o vary between the p r e c o g n i t i v e , 
p review (or p u r s u i t ) and compensatory c o n t r o l mode. A f t e r the a n a l y s i s on 
open l o o p s t e e r i n g a c c u r a c y f o r a p r e c o g n i t i v e t a s k , as presented i n the 
Chapter 5. we w i l l now f o c u s on the q u e s t i o n of how w e l l a d r i v e r can 
ge n e r a t e open l o o p s t e e r i n g a c t i o n s i n a preview t a s k . As such curve 
e n t r a n c e was a n a l y s e d i n the experiments t o be d i s c u s s e d i n t h i s c h a p t e r . 

F i g . 6.1 g i v e s a schematic i m p r e s s i o n of s t e e r i n g c o n t r o l d u r i n g curve 
n e g o t i a t i o n . F o r a curve w i t h c o n s t a n t c u r v a t u r e c^ the d r i v e r w i l l s t a r t 
h i s s t e e r i n g a c t i o n a t an a n t i c i p a t i o n time T a b e f o r e t he a c t u a l curve 
b e g i n s ( t b ) . T h i s a n t i c i p a t o r y s t e e r i n g - w h e e l a c t i o n w i l l be f i n i s h e d a t a 
s h o r t p e r i o d a f t e r t ^ . Then a p e r i o d o f s t a t i o n a r y curve d r i v i n g begins, 
d u r i n g which the d r i v e r may generate c o r r e c t i n g s t e e r i n g - w h e e l movements. 
F i n a l l y , the s t e e r i n g - w h e e l i s r e t u r n e d t o the c e n t r a l p o s i t i o n i n a p e r i o d 
s u r r o u n d i n g the endpoint of the curve ( t e ) . The d i f f e r e n t phases of t h i s 
s t e e r i n g c o n t r o l process are numbered as phase 1, 2 and 3 i n F i g . 6.1. 

The s t e e r i n g - w h e e l angle needed f o r a p a r t i c u l a r c u r v a t u r e can r o u g h l y be 
c h a r a c t e r i s e d by the f o l l o w i n g r e l a t i o n s h i p : 

2 -3 
6 = G l ( 1 + Ku ) c . 1 0 (1)) s r 
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time (si 

F i g . 6.1 Time h i s t o r i e s f o r the s t e e r i n g - w h e e l angle, s t e e r i n g - w h e e l 
v e l o c i t y and heading a n g l e s i g n a l i n a curve n e g o t i a t i o n t a s k . 
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w i t h : c = road c u r v a t u r e km r 
G = s t e e r i n g system gear r a t i o 

2 2 
K = s t a b i l i t y f a c t o r s /m 
1 = wheel base m 
u r v e h i c l e f o r w a r d speed m/s 
6 = s t e e r i n g - w h e e l angle r a d . 

F i g . 6.2a and b g i v e g r a p h i c a l r e p r e s e n t a t i o n s of t h i s f o r m u l a , i n which i t 
i s shown how the s t e e r i n g - w h e e l angle needed f o r a p a r t i c u l a r curve depends 
on path c u r v a t u r e and d r i v i n g speed. The c o n s t a n t s taken i n t h i s f i g u r e a r e 
those f o r the in s t r u m e n t e d c a r d e s c r i b e d i n S e c t i o n 3.2.1 and Appendix A. 

The a v a i l a b l e s t e e r i n g c o n t r o l models f o r curved road d r i v i n g (Donges. 
1978; A l l e n and McRuer, 1977) always assume an e r r o r - c o r r e c t i o n mode t o 
f u n c t i o n i n p a r a l l e l w i t h an a n t i c i p a t i o n mode. F i g . 6.3 g i v e s a schematic 
diagram of such a model. The a n t i c i p a t i o n mode generates s t e e r i n g a c t i o n s . 
6 s a, u s i n g the previewed road c u r v a t u r e . c r , as major i n p u t and a w e i g h t i n g 
q u a n t i t y . A, t o t r a n s l a t e t h i s c u r v a t u r e i n t o a s t e e r i n g - w h e e l movement. 
A c t u a l l y A r e p r e s e n t s d r i v e r ' s knowledge about the r e l a t i o n between s t e e r ­
ing-wheel angle and v e h i c l e path c u r v a t u r e , as t h i s was a l s o i l l u s t r a t e d i n 
F i g . 6.2. On the b a s i s o f momentaneous p e r c e i v e d path e r r o r s , the compensa­
t o r y mode ge n e r a t e s c o r r e c t i n g s t e e r i n g - w h e e l movements, &sc, which, taken 
t o g e t h e r w i t h S s a , r e s u l t i n an o v e r a l l s t e e r i n g a c t i o n , S s. C o n t r a r y t o 
the assumption u n d e r l y i n g the model shown i n F i g . 6.2, Crossman and Szosta k 
(1968) a l r e a d y i n d i c a t e d t h a t the a n t i c i p a t o r y and compensatory mode should 
be c o n s i d e r e d as a c t i n g i n s e r i a l o r d e r r a t h e r than i n p a r a l l e l . They 
argued t h a t , p a r t i c u l a r l y a t curve entrance, s t e e r i n g p r i m a r i l y w i l l be 
based on the a n t i c i p a t o r y mode, w h i l e compensatory c o n t r o l comes i n t o 
o p e r a t i o n o n l y a f t e r t h i s i n i t i a l s t e e r i n g a c t i o n . Although i n t u i t i v e l y 
t h i s r e a s o n i n g seems c o r r e c t , the c l o s e d l o o p s i t u a t i o n h a r d l y p e r m i t s any 
v e r i f y a b l e d i s t i n c t i o n between these modes. I n the p r e s e n t a n a l y s i s on open 
l o o p curve entrance, however, t h i s d i s t i n c t i o n seems meaningful, s i n c e the 
temporary w i t h d r a w a l of v i s u a l feedback, w i l l f o r c e the d r i v e r t o r e l y o n l y 
on the a n t i c i p a t o r y mode d u r i n g a p a r t i c u l a r p e r i o d of time. I n t h a t ease 
the accuracy of the a n t i c i p a t o r y s t e e r i n g a c t i o n w i l l u l t i m a t e l y determine 
the o p p o r t u n i t y f o r open l o o p c o n t r o l i n t h i s d r i v i n g t a s k . 



7 5 

F i g . 6.2 The s t e e r i n g - w h e e l angle needed t o n e g o t i a t e a curve as a f u n c ­
t i o n of road c u r v a t u r e (a) and d r i v i n g speed ( b ) , a c c o r d i n g t o 
fo r m u l a ( 4 ) . 

a n t i c i p a t o r y 
road c u r v a t u r e c r 

compensa to r y 
v e h i c l e 

v e h i c l e mot ion 

Cy.y, 4J 

F i g . 6.3 Schematic diagram of the t w o - l e v e l model as proposed by Donges 
(1978). 
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The a n t i c i p a t o r y s t e e r i n g a c t i o n can be regarded as the outcome of an 
i n f o r m a t i o n p r o c e s s i n g c h a i n , which c o n t a i n s t h r e e major s t a g e s : 

a. p e r c e p t i o n of the curve, r e s u l t i n g i n t o an e s t i m a t e d c u r v a t u r e ; 
b. t r a n s l a t i o n from e s t i m a t e d c u r v a t u r e i n t o a d e s i r e d s t e e r i n g - w h e e l 

p o s i t i o n ; 
e. motor c o n t r o l process t o t r a n s f o r m the d e s i r e d s t e e r i n g a c t i o n i n t o an 

a c t u a l a c t i o n . 

D r i v e r s ' s t e e r i n g performance w i l l be a f f e c t e d by i n a c c u r a c i e s i n each of 
these s t a g e s . A r e f e r e n c e can be made here to the a c c u r a c y d a t a f o r pre-
c o g n i t i v e c o n t r o l as presented i n Chapter 5, f o r which i t i s assumed t h a t 
they o r i g i n a t e d m a i n l y from stage c. I n a preview c o n t r o l t a s k as c o n s i d e r ­
ed now, the i n a c c u r a c i e s of the subprocesses a) and b) w i l l be added t o 
those o f the motor c o n t r o l p r o c e s s . T h i s l e a d s t o h y p o t h e s i s 1, s a y i n g t h a t 
- i n t o t a l - the i n a c c u r a c i e s w i l l be l a r g e r as those found i n experiments 
I I and IV. Furthermore, the tendency towards l a r g e r s t e e r i n g i n a c c u r a c i e s 
w i t h l a r g e r a m p l i t u d e s as found i n Experiment IV l e a d s t o h y p o t h e s i s 2, 
s a y i n g t h a t the n e c e s s i t y f o r compensatory c o n t r o l a f t e r the a n t i c i p a t o r y 
s t e e r i n g a c t i o n w i l l be s t r o n g e s t f o r sharp curves, i . e . those r e q u i r i n g 
l a r g e s t e e r i n g - w h e e l angle a m p l i t u d e s . The experiments d e s c r i b e d i n t h i s 
c h a p t e r were conducted t o v e r i f y these h y p o t h e s i s and t o a n a l y s e a d r i v e r ' s 
a b i l i t y to generate the c o r r e c t a n t i c i p a t o r y s t e e r i n g - w h e e l angle as i t 
depends on road c u r v a t u r e and d r i v i n g speed as shown i n F i g . 6.2. 

I n Experiment V t h i s a b i l i t y w i l l be d e s c r i b e d i n terms of a s u b j e c t ' s 
accuracy i n g e n e r a t i n g the c o r r e c t 6 s a, i . e . the a n t i c i p a t o r y s t e e r i n g -
wheel angle r e q u i r e d f o r a p a r t i c u l a r road c u r v a t u r e , c r > i n accordance 
w i t h the mathematical r e l a t i o n ( 4 ) . I n Experiment V I the e f f i c i e n c y of the 
open l o o p s t e e r i n g a c t i o n w i l l be c h a r a c t e r i s e d i n terms o f the TLC a n a l ­
y s i s g i v e n i n Chapter 3; the TLC a t the end of the a n t i c i p a t o r y , open l o o p 
s t e e r i n g a c t i o n r e p r e s e n t s the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n a f t e r 
t h i s a c t i o n and thus s e r v e s as a u s e f u l q u a n t i f i c a t i o n of i t s c o r r e c t n e s s . 
In each of these experiments s u b j e c t s e n t e r e d curves of d i f f e r e n t (con­
s t a n t ) c u r v a t u r e s , which were presented to them i n a quasi-random o r d e r , 
thus p r e v e n t i n g the t a s k t o r e a c h the same l e v e l of p r e d i c t a b i l i t y as i n 
Experiments I I I and IV. H a l f of the manoeuvres a g a i n were performed under 
c l o s e d l o o p c o n d i t i o n s , i . e . w i t h normal v i s u a l feedback, whereas the o t h e r 
h a l f were c a r r i e d out d u r i n g temporary v i s u a l o c c l u s i o n , i . e . open l o o p . 

In Experiment V road c u r v a t u r e and s t e e r i n g f o r c e s e r v e d as the main 
independent v a r i a b l e s , whereas the e f f e c t s of d r i v i n g speed and, a g a i n , 
road c u r v a t u r e were analysed i n Experiment V I . 
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6.2 Experiment V: E f f e c t s o f road c u r v a t u r e and s t e e r i n g f o r c e 

6.2.1 Background 

The main purpose of t h i s experiment was t o measure a d r i v e r ' s a b i l i t y t o 
generate the s t e e r i n g - w h e e l angle, 6 g a, i n an open l o o p curve entrance 
t a s k . I n r e l a t i o n w i t h the r e s u l t s found i n Experiments I t o IV, i t was 
expected t h a t t h i s a b i l i t y would be dependent on the a b s o l u t e l e v e l of the 
s t e e r i n g - w h e e l a n g l e <5Ea, needed f o r a p a r t i c u l a r curve. T h e r e f o r e , road 
c u r v a t u r e , b e i n g l i n e a r l y r e l a t e d t o 6 s a, was chosen as the main independ­
ent v a r i a b l e . The s u g g e s t i o n t h a t the s t e e r i n g - w h e e l e r r o r s would be 
l a r g e s t f o r the manoeuvres w i t h the l a r g e s t s t e e r i n g - w h e e l angle, i . e . f o r 
the s h a r p e s t curves, a l s o i m p l i e s t h a t the c o r r e c t i o n s needed a f t e r the 
a n t i c i p a t o r y s t e e r i n g a c t i o n w i l l be s t r o n g e s t f o r these c u r v e s . The 
s t e e r i n g - w h e e l movement i n phase 2 of the manoeuvre was a n a l y s e d t o f i n d 
more evidence f o r t h i s r e a s o n i n g . 

Although the l i t e r a t u r e on car d r i v i n g does not show any d a t a about s t e e r ­
i n g f o r c e e f f e c t s i n preview t a s k s , i t was d e c i d e d t o a n a l y s e the e f f e c t of 
t h i s v a r i a b l e i n the p r e s e n t experiments as w e l l , thus p e r m i t t i n g a l a t e r 
comparison w i t h the r e s u l t s of the p r e c o g n i t i v e s t e e r i n g t a s k as c o n s i d e r e d 
i n Experiment I I I . 

6.2.2 Method 

D r i v i n g s i m u l a t o r 

The experiment was c a r r i e d out i n the d r i v i n g s i m u l a t o r as d e s c r i b e d i n 
S e c t i o n 3.2.2 and Appendix A. The w i n d i n g road s i m u l a t e d on the moving b e l t 
c o n s i s t e d of a s e r i e s of s t r a i g h t and curved road s e c t i o n s w i t h a t o t a l 
l e n g t h o f 1.82 km. The roadway geometry i s t h a t of a two-lane r u r a l road 
w i t h o u t paved s h o u l d e r , lane w i d t h being 3.60 m and w i t h o u t o t h e r t r a f f i c . 
F i g . 6.4 g i v e s the sequence, l e n g t h and d i r e c t i o n of the curves, each o f 
these h a v i n g a c o n s t a n t c u r v a t u r e . F i v e d i f f e r e n t c u r v a t u r e s a c t u a l l y 
o c c u r e d : c p = 1, 2, 3, 4 and 5 (km~1>» r e p r e s e n t i n g curve r a d i i of 1000, 
500, 333, 250 and 200 m r e s p e c t i v e l y . The c o n n e c t i o n between c u r v e s i s 
always made by a s t r a i g h t road s e c t i o n . 
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F i g . 6.4 Sequence, l e n g t h and d i r e c t i o n of the s t r a i g h t and curved road 
s e c t i o n s of the w i n d i n g road i n the s i m u l a t o r . 

S u b j e c t s 

Three groups of s i x s u b j e c t s (Ss) each, p a r t i c i p a t e d i n the experiments. Ss 
ranged i n age from 22 t o 34 and a l l had a t l e a s t t h r e e y e a r s and 30.000 km 
d r i v i n g e x p e r i e n c e . They were p a i d f o r p a r t i c i p a t i n g i n the experiment. 

Procedure 

Each S p a r t i c i p a t e d i n the experiment on one day, d u r i n g which he made 
three s e t s of runs of about 45 min, which w i l l be noted as s e t I , I I and 
I I I . A s e t c o n s i s t e d of 30 runs, each run c o v e r i n g once the r o u t e shown i n 
F i g . 6.4. Time between s e t s was a t l e a s t 1 hr. B e f o r e the f i r s t s e t s t a r t ­
ed, S was g i v e n a w r i t t e n i n s t r u c t i o n about the nature and procedure of the 
experiment. Then S took p l a c e i n the mock up and a c c e l e r a t e d the car t o a 
speed o f ̂ 4jcm/h (86.4 km/h). Speed was a u t o m a t i c a l l y kept c o n s t a n t on t h i s 
l e v e l , j u s t by pushing the a c c e l e r a t o r pedal beyond the r e q u i r e d p o s i t i o n . 
The g e n e r a l i n s t r u c t i o n was t o d r i v e " n o r m a l l y " i n the r i g h t l a n e . The 
f i r s t 14 runs of s e t I were made w i t h normal v i s u a l feedback i n o r d e r t o 
make S f a m i l i a r w i t h the s i m u l a t o r . D u r i n g t h i s p e r i o d S was t o l d t o s t a r t 
each curve e n t r a n c e manoeuvre a t about the middle p o s i t i o n of the r i g h t 
l a n e w i t h the c a r i n the s t r a i g h t ahead p o s i t i o n . Furthermore, the e x p e r i ­
menter, who was a l s o seated i n the mock up, informed S about the p l a c e and 
d u r a t i o n of the o c c l u s i o n p e r i o d , which was t o be expected i n the l a s t 16 
runs of s e t I and i n s e t s I I and I I I . S t a r t i n g w i t h r u n 15 of s e t I , 
o c c l u s i o n of the complete v i s u a l scene was g i v e n every o t h e r curve, i . e . 
curve 1, 3, 5, 7 and 9 f o r the odd-numbered runs and curve 2, 4, 6 and 8 
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f o r the even-numbered runs. p c c l u s i o n s t a r t e d a t 0.5 s b e f o r e the b e g i n n i n g 
o f the a c t u a l curve ( t b , F i g . 6.1) and l a s t e d 1.2 s. The 0.5 s advance 
p e r i o d was chosen t o be s h o r t e r than the a n t i c i p a t i o n time T a, f o r which 
Donges (1978) pre s e n t e d a v a l u e o f 1.0 s. ̂  By consequence, S always i n i ­
t i a t e d h i s s t e e r i n g a c t i o n b e f o r e the b e g i n n i n g of the o c c l u s i o n p e r i o d , 
i . e . s i m i l a r t o the manoeuvres w i t h o u t o c c l u s i o n . The 1.2 s d u r a t i o n 
p e r m i t t e d S t o f i n i s h the r e q u i r e d s t e e r i n g - w h e e l angle d u r i n g the o c c l u ­
s i o n p e r i o d a c c o r d i n g t o the i n s t r u c t i o n g i v e n . 

Three s t e e r i n g torque c o e f f i c i e n t s were c o n s i d e r e d : G t = 0, G t = 0.45 and 
G t b 0.91, g i v i n g s t e e r i n g - w h e e l r i m f o r c e s of 0 N, 7.5 N and 15 N i n a 
curve w i t h c r = 5 km"^ and a d r i v i n g speed o f 24 m/s. These s t e e r i n g f o r c e s 
a g a i n corresponded w i t h those i n the Experiments I and I I . The Ĝ . l e v e l s as 
mentioned correspond w i t h s t e e r i n g torque g r a d i e n t s o f 0 Nm/rad, 3.0 Nm/rad 
and 6.0 Nm/rad, r e s p e c t i v e l y . Each of the s t e e r i n g torque g r a d i e n t s s e r v e d 
as an e x p e r i m e n t a l c o n d i t i o n f o r a group o f Ss, g i v i n g t h r e e groups of s i x 
Ss i n a between-subject d e s i g n . 

Data a n a l y s i s 

Data s t o r a g e s t a r t e d 1.2 s b e f o r e the b e g i n n i n g of the curve and c o n t i n u e d 
to 1.2 s a f t e r the end of the c u r v e . Sampling r a t e was 10 Hz. The f o l l o w i n g 
s i g n a l s were r e c o r d e d : 

S s t e e r i n g - w h e e l angle s 

0 heading a n g l e 

x moving-belt l o n g i t u d i n a l p o s i t i o n 
s 

y l a t e r a l camera p o s i t i o n s 

OCC o c c l u s i o n 

The x g and y s s i g n a l s (see F i g . 6.4) were measured t o a l l o w a l a t e r c a l c u ­
l a t i o n of the v e h i c l e l a t e r a l p o s i t i o n , i . e . p e r p e n d i c u l a r t o the roadway. 
However, t h i s a n a l y s i s appeared t o be too i n a c c u r a t e and i t was d e c i d e d 
t h e r e f o r e t o focus on the s t e e r i n g - w h e e l movement a n a l y s i s i n t h i s e x p e r i ­
ment. Furthermore, the d a t a a n a l y s i s was performed o n l y f o r the manoeuvres 
w i t h an heading angle e r r o r o f l e s s than 0.5* a t the moment 0.5 s b e f o r e 
the b e g i n n i n g of the curve. T h i s was done i n o r d e r t o m i n i m i z e the e f f e c t s 
of v e h i c l e motion e r r o r s a t the b e g i n of the c u r v e . T h i s r e s t r i c t i o n 
r e s u l t e d i n a l o s s of 41$ of the d a t a f o r the c r = 1 km"^ c u r v e . T h e r e f o r e , 



80 

i t was d e c i d e d t o withdraw t h i s curve from the f u r t h e r a n a l y s i s . For the 
o t h e r c u r v e s , t h i s r e s t r i c t i o n r e s u l t e d i n a l o s s o f 19% of the manoeuvres 
which were coded as m i s s i n g d a t a i n the f i n a l a n a l y s i s . 

Note: The occurance of heading angle e r r o r s a t the b e g i n n i n g of the curves 
can be e x p l a i n e d as an a f t e r - e f f e c t of the p r e c e d i n g curve, due t o the 
r e l a t i v e l y s h o r t s t r a i g h t road s e c t i o n s between the c u r v e s . 

S t e e r i n g - w h e e l movement v e l o c i t y was c a l c u l a t e d from the o r i g i n a l s t e e r ­
ing-wheel s i g n a l f o r each manoeuvre. The e x t e n t of the a n t i c i p a t o r y s t e e r ­
i n g a c t i o n 6 s a (see F i g . 6.1) was determined by l o c a l i z i n g the f i r s t moment 
i n time ( t g a ) w i t h minimum s t e e r i n g - w h e e l v e l o c i t y d u r i n g the second h a l f 
of the o c c l u s i o n p e r i o d (or d u r i n g the e q u i v a l e n t p e r i o d i n the runs 
w i t h o u t o c c l u s i o n ) . When t h i s minimum was l a r g e r than 3 V s , the manoeuvre 
was coded as m i s s i n g d a t a . T h i s c r i t e r i o n v a l u e was d e r i v e d from a pre­
l i m i n a r y a n a l y s i s , which i n d i c a t e d t h a t i n many cases the s t e e r i n g - w h e e l 
v e l o c i t y keeps a s m a l l v a l u e , even a f t e r the a n t i c i p a t o r y s t e e r i n g a c t i o n 
has been generated. F i g . 6.1 g i v e s a r e p r e s e n t a t i v e example, i l l u s t r a t i n g 
t h a t , a l t h o u g h the a n t i c i p a t o r y a c t i o n can be r e c o g n i s e d q u i t e e a s i l y , the 
s t e e r i n g - w h e e l v e l o c i t y does not reach the 6 g = 0 l e v e l a t t s a . 

D r i v e r ' s s t e e r i n g c o r r e c t i o n a f t e r t s a was c h a r a c t e r i s e d by way of d e t e r ­
m i n i n g : 

a. Mean a b s o l u t e s t e e r i n g - w h e e l v e l o c i t y : 

t + 2 
.sa 

I 6 I dt 
s 

( 7 ) 

b. T o t a l time T f w i t h s t e e r i n g - w h e e l f i x a t i o n , i . e . s t e e r i n g - w h e e l 
v e l o c i t y S s l e s s than 1°/s, the l a t t e r v a l u e a g a i n being d e r i v e d from 
a p r e l i m i n a r y a n a l y s i s . 

Both q u a n t i t i e s a) and b) were c a l c u l a t e d f o r each manoeuvre over a p e r i o d 
of 2 s a f t e r t g a . Means and s t a n d a r d d e v i a t i o n s (SD's) were c a l c u l a t e d f o r 
*sa* *sm a n t* Because s e t I mainly served as a t r a i n i n g p e r i o d , the d a t a 
of t h i s s e t were not implemented i n the a n a l y s i s . Furthermore, a p r e l i m i ­
nary ANOVA i n d i c a t e d no d i f f e r e n c e s between s e t s I I and I I I and, t h e r e f o r e , 
i t was decided to c o n s i d e r the r e s u l t s of these s e t s as one i n t e g r a t e d 
b l o c k of data i n the f i n a l a n a l y s i s . D i f f e r e n c e s between c o n d i t i o n s were 
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t e s t e d on t h e i r s t a t i s t i c a l s i g i n i f i c a n c e by way of an ANOVA, which con­
t a i n e d the f o l l o w i n g main f a c t o r s : s u b j e c t s ( S s ) , s t e e r i n g f o r c e ( S F ) , 
o c c l u s i o n (OCC), road c u r v a t u r e (CU). and c u r v a t u r e d i r e c t i o n ( D I ) . 

6.2.3 R e s u l t s _ a n d _ d i s c u s s i o n 

The ANOVA i n d i c a t e d no e f f e c t s of SF and DI and, t h e r e f o r e , the d a t a w i l l 
be pr e s e n t e d as averaged over these f a c t o r s . F i g . 6.5a p r e s e n t s means o f 
& s a f o r d i f f e r e n t c u r v a t u r e s and manoeuvres w i t h and w i t h o u t o c c l u s i o n . The 
ANOVA r e v e a l e d a main e f f e c t of CU (p < 0.01), w h i l e e f f e c t s o f OCC appear­
ed t o be absent. A comparison can be made here w i t h the t h e o r e t i c a l l y 
r e q u i r e d s t e e r i n g - w h e e l angle as r e p r e s e n t e d i n fo r m u l a ( 4 ) . T h i s t h e o r e t i ­
c a l l y d e s i r e d 6 g a l e v e l i s a l s o shown i n F i g . 6.5a and i t i s e v i d e n t from 
t h i s comparison t h a t the d i f f e r e n c e s between r e q u i r e d and a c t u a l b e h a v i o r 
are o n l y s m a l l : The a n t i c i p a t o r y s t e e r i n g - w h e e l angle i s s l i g h t l y below the 
t h e o r e t i c a l l y r e q u i r e d l e v e l and the c u r v a t u r e dependency i s almost per-

F i g . 6.5 Means and stan d a r d d e v i a t i o n s of 6 s a as a f u n c t i o n of road 
c u r v a t u r e . 

f e e t . I t seems j u s t i f i e d t o conclude, t h e r e f o r e , t h a t d r i v e r s a r e q u i t e 
w e l l a b l e t o generate the c o r r e c t (average) s t e e r i n g - w h e e l angle 6 s a f o r a 
p a r t i c u l a r c u r v a t u r e . 
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The a c c u r a c y of the a n t i c i p a t o r y s t e e r i n g - w h e e l a c t i o n S g a can be d e s c r i b e d 
i n terms of i t s s t a n d a r d d e v i a t i o n s , f o r which the c u r v a t u r e dependency i s 
g i v e n i n F i g . 6.5b. The ANOVA on these d a t a r e v e a l e d main e f f e c t s of CU and 
OCC. V a r i a b i l i t y i n c r e a s e s s t r o n g l y and about l i n e a r l y w i t h c u r v a t u r e and 
i s s l i g h t l y l a r g e r w i t h o c c l u s i o n as compared t o the manoeuvres w i t h normal 
v i s u a l feedback. Means and s t a n d a r d d e v i a t i o n s of <5sa a r e pre s e n t e d t o ­
g e t h e r i n F i g . 6.6 on the a b c i s and o r d i n a t e r e s p e c t i v e l y . T h i s f i g u r e a l s o 
shows the amplitude v a r i a b i l i t y d a t a f o r the p u l l - o u t s t e e r i n g a c t i o n i n 
the l a n e change Experiment IV. A comparison between both d a t a s e t s c l e a r l y 
shows t h a t i n a c c u r a c i e s i n the preview t a s k t o be about t w i c e as l a r g e as 
those i n the p r e c o g n i t i v e t a s k ( h y p o t h e s i s 1). A f u r t h e r d i s c u s s i o n of t h i s 
r e s u l t w i l l be g i v e n i n S e c t i o n 6.1). 

F i g . 6.6 Means ( a b c i s ) and stan d a r d d e v i a t i o n s ( o r d i n a t e ) of the a n t i c i ­
p atory s t e e r i n g a c t i o n s « s a (exp. V) and of the p u l l - o u t s t e e r i n g 
a c t i o n 6 s l (exp. I V ) . 
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The q u e s t i o n remains how these c u r v a t u r e and o c c l u s i o n e f f e c t s a r e r e f l e c t ­
ed i n compensatory c o n t r o l d u r i n g the 2-second p e r i o d a f t e r the a n t i c i p a t o ­
r y s t e e r i n g a c t i o n . F i g . 6.7 p r e s e n t s the mean s t e e r i n g - w h e e l v e l o c i t y and 
the f i x a t i o n time T f f o r t h i s p e r i o d and the c u r v a t u r e e f f e c t (p < 0.01) 

comfirms h y p o t h e s i s 2, s a y i n g t h a t l a r g e r s t e e r i n g i n a c c u r a c i e s d u r i n g the 
a n t i c i p a t o r y phase r e s u l t i n more pronounced c o r r e c t i o n s d u r i n g the com­
pensa t o r y phase. I t i s e v i d e n t a l s o t h a t , d e s p i t e a s i g n i f i c a n t o c c l u s i o n 
e f f e c t (p < 0.01), the c u r v a t u r e e f f e c t a l s o h o l d s f o r the manoeuvres w i t h 
normal v i s u a l feedback. T h e r e f o r e , i t can be concluded t h a t the accuracy of 
the a n t i c i p a t o r y s t e e r i n g a c t i o n , as dependent on road c u r v a t u r e ( F i g . 
6.6), l a r g e l y e f f e c t s the nature of the compensatory a c t i o n s both i n 
manoeuvres w i t h and w i t h o u t v i s u a l feedback. A f u r t h e r d i s c u s s i o n of t h i s 
r e s u l t w i l l a l s o be g i v e n i n S e c t i o n 6.4. 

F i g . 6.7 Mean a b s o l u t e s t e e r i n g - w h e e l v e l o c i t y 6 g m and f i x a t i o n time T f as 
a f u n c t i o n of road c u r v a t u r e and o c c l u s i o n . 

6.2.4 C o n c l u s i o n s 

The f o l l o w i n g c o n c l u s i o n s can be drawn as the b a s i s o f the r e s u l t s of 
Experiment V. 
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1. D r i v e r s a r e q u i t e w e l l a b l e t o gen e r a t e the c o r r e c t (average) a n t i ­
c i p a t o r y s t e e r i n g a c t i o n f o r a p a r t i c u l a r c u r v a t u r e . 

2. I n a c c u r a c y of the a n t i c i p a t o r y s t e e r i n g a c t i o n 6 s a i n c r e a s e s about 
l i n e a r l y w i t h road c u r v a t u r e , the l a t t e r parameter b e i n g p r o p o r t i o n a l 
t o the e x t e n t of 6 g a . 

3. S t e e r i n g i n a c c u r a c i e s f o r preview, curve entrance t a s k s a r e l a r g e r as 
those found i n the p r e c o g n i t i v e , l a n e change task, d e s c r i b e d i n 
Experiment IV. 

4. S t e e r i n g a c t i v i t y d u r i n g the compensatory phase l a r g e l y depends on the 
accuracy of the p r e c e d i n g a n t i c i p a t o r y a c t i o n 6 g a , thus r e s u l t i n g i n 
s t r o n g e r c o r r e c t i o n s f o r the sh a r p e r c u r v e s ; t h i s e f f e c t b e i n g of 
importance f o r manoeuvres, both w i t h and w i t h o u t v i s u a l feedback. 

5. S t e e r i n g f o r c e does not i n f l u e n c e s t e e r i n g a c c u r a c y i n the curve 
entrance t a s k . 

6.3 Experiment V I : E f f e c t s o f d r i v i n g speed and road c u r v a t u r e 

6.3.1 Background 

As argued i n the i n t r o d u c t i o n of t h i s c h a p t e r s t e e r i n g through a curve can 
be regarded as a pr o c e s s i n which the a n t i c i p a t o r y and compensatory c o n t r o l 
mode a c t i n s e r i a l o r d e r r a t h e r than i n p a r a l l e l . I t was i n d i c a t e d a l s o 
t h a t , p a r t i c u l a r l y a f t e r the i n i t i a l , a n t i c i p a t o r y s t e e r i n g a c t i o n 6 g a a t 
curve entrance, the n e c e s s i t y t o s w i t c h over t o compensatory c o n t r o l w i l l 
s t r o n g l y depend on the i n a c c u r a c i e s i n 6 g a . Experiment V i l l u s t r a t e d t h i s 
i n a c c u r a c y t o i n c r e a s e about l i n e a r l y w i t h the amplitude of & s & and thus 
w i t h road c u r v a t u r e . A referejice_cjin_jK>w be made t o the TLC c a l c u l a t i o n s 
g i v e n i n C h a p t e r _ j j ^ which i n d i c a t e d t h a t T L C 1 evp.1« w i l l be about equal f o r 
d i f f e r e n t T-oad curvature^ 1__assjjffli.ng__a c o n s t a n t s t e e r i n g a c c u r a c y , The 
f i n 3 i n g s of Experiment V, i . e . l a r g e r s t e e r i n g i n a c c u r a c i e s f o r sharper 
curves, thus l e a d t o the h y p o t h e s i s t h a t TLC j u s t a f t e r the a n t i c i p a t o r y 
s t e e r i n g - w h e e l a c t i o n w i l l be s h o r t e r the sharper the cu r v e s . Experiment VI 
was performed t o v e r i f y t h i s h y p o t h e s i s by way of d e t e r m i n i n g t he TLC 
v a l u e s a t the end of the a n t i c i p a t o r y s t e e r i n g a c t i o n . T h i s a n a l y s i s c o u l d 
not be made f o r the data of Experiment V, because of the absence of the 
l a t e r a l p o s i t i o n s i g n a l . P r i n c i p a l l y Experiment VI, which was conducted as 
a f i e l d experiment, d i d not d i f f e r from Experiment V. D r i v i n g speed was 
i n t r o d u c e d as independent v a r i a b l e i n order, a) t o q u a n t i f y d r i v e r ' s 
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a b i l i t y t o take account of speed e f f e c t s i n the r e q u i r e d a n t i c i p a t o r y 
s t e e r i n g a c t i o n (see F i g . 6.2), and b) t o a n a l y s e the TLC-speed r e l a t i o n ­
s h i p . 

6.3.2 Method 

Instrumented c a r 

T h i s experiment was conducted w i t h the i n s t r u m e n t e d c a r as d e s c r i b e d i n 
S e c t i o n 3.2.1 and Appendix A. 

Roadway 

The w i n d i n g roadway c o n s i s t e d o f a s e r i e s o f s t r a i g h t and curved road 
s e c t i o n w i t h a t o t a l l e n g t h o f 1.30 km. Roadway geometry was t h a t of a 
two-lane r u r a l road w i t h o u t paved s h o u l d e r , l a n e w i d t h b e i n g 4.00 m and 
w i t h o u t o t h e r t r a f f i c . F i g . 6.8 g i v e s the sequence, l e n g t h and d i r e c t i o n of 
the curves, each h a v i n g a c o n s t a n t c u r v a t u r e . C u r v a t u r e s were c r = 3.85, 5 
and 10 km"^, r e p r e s e n t i n g curve r a d i i of 260 m, 200 m and 100 m r e s p e c t i v e -

F i g . 6.8 Sequence, l e n g t h and d i r e c t i o n of the s t r a i g h t and curved road 
s e c t i o n s of the w i n d i n g road i n the f i e l d study. 
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l y . I n the e x p e r i m e n t a l d e s i g n , the procedure and the u l t i m a t e d a t a a n a l ­
y s i s , the s t r a i g h t road s e c t i o n ( c r = 0) between the curves c r = 10 km"'and 
c r = 3.85 km~^ was a l s o t r e a t e d as a "curve", thus g i v i n g f o u r curves i n 
t h i s experiment. 

S u b j e c t s 

S i x male s u b j e c t s , r a n g i n g i n age from 25-34 p a r t i c i p a t e d i n the e x p e r i ­
ment. A l l had a t l e a s t t h r e e y e a r s and 30,000 km d r i v i n g e x p e r i e n c e . They 
were p a i d f o r t h e i r p a r t i c i p a t i o n . 

Procedure 

Each S p a r t i c i p a t e d on one day, d u r i n g which he made 3 s e t s of runs, which 
w i l l be noted as s e t I , I I and I I I . Each s e t l a s t e d about 60 min and 
c o n s i s t e d of 20 runs from A to B (see F i g . 6.8). A f t e r a r r i v a l a t B, S 
turned the c a r and drove back t o the s t a r t i n g p o s i t i o n a t A. Time between 
s e t s was at l e a s t 30 min. Speed l e v e l s (40 km/h and 60 km/h) and o c c l u s i o n 
( w i t h / w i t h o u t ) were randomly d i s t r i b u t e d over a s e t g i v i n g 5 runs f o r each 
s p e e d - o c c l u s i o n c o m b i n a t i o n i n a s e t . I n a run w i t h o c c l u s i o n the v i s u a l 
f i e l d of the d r i v e r was o c c l u d e d a t 0.5 s b e f o r e the b e g i n n i n g of each o f 
the curves d u r i n g a p e r i o d of 1.5 s (60 km/h) or 1.8 s (40 km/h). Each of 
these o c c l u s i o n p e r i o d s covered about the time needed f o r the a n t i c i p a t o r y 
s t e e r i n g a c t i o n , <5sa, as t h i s r e s u l t e d from a p i l o t study. I n s t r u c t i o n s 
were the same as i n Experiment V. B e f o r e the f i r s t s e t was s t a r t e d S made a 
s e r i e s of f o u r t r a i n i n g runs, one a t each of the s p e e d - o c c l u s i o n combina­
t i o n s . Speed was a u t o m a t i c a l l y kept c o n s t a n t w i t h the d e v i c e , d e s c r i b e d i n 
S e c t i o n 3.2.1. 

Data a n a l y s i s 

Data s t o r a g e s t a r t e d a t about 40 m b e f o r e the f i r s t curve and c o n t i n u e d 
t i l l about 40 m a f t e r the end of the l a s t curve. Sampling r a t e was 10 Hz. 
The f o l l o w i n g s i g n a l s were r e g i s t r a t e d : 
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6 s t e e r i n g - w h e e l angle 
s 

r yaw-rate 

y l a t e r a l p o s i t i o n 

OCC o c c l u s i o n 

v e h i c l e p o s i t i o n on the t r a c k 

The v e h i c l e p o s i t i o n on the t r a c k was i d e n t i f i e d by way of a p u l s e - s i g n a l 
from a p h o t o c e l l which t r i g g e r e d a w h i t e s t r i p e as t h i s was t r a n s v e r s a l l y 
p l a c e d on the roadway a t 25 m b e f o r e and a f t e r each curv e . A c t u a l l y t h i s 
t r i g g e r s i g n a l was a l s o used as a t i m i n g a i d f o r the s t a r t of the o c c l u s i o n 
p e r i o d . S t e e r i n g - w h e e l angle and v e l o c i t y a n a l y s i s was done s i m i l a r as i n 
Experiment V, g i v i n g the a n t i c i p a t o r y s t e e r i n g - w h e e l a ngle 6 s a, the mean 
a b s o l u t e s t e e r i n g - w h e e l v e l o c i t y 6 s m and the f i x a t i o n time T f. Furthermore. 
TLC's were c a l c u l a t e d a t t g a ( T L C s a ) and d u r i n g the 2 second p e r i o d a f t e r 
t s a ( T L C s a > s a + 2 ) . For a s u b j e c t the median T L C s a l e v e l was determined f o r 
each c u r v e and f o r each s p e e d - o c c l u s i o n combination, whereas the median 
T L C g a > s a + 2 l e v e l was determined f o r each manoeuvre. D i f f e r e n c e s between 
c o n d i t i o n s were t e s t e d by way of an ANOVA. which c o n t a i n e d the f o l l o w i n g 
main f a c t o r s : s u b j e c t s ( S s ) , o c c l u s i o n (OCC), road c u r v a t u r e (CU) and 
speed. 

6.3.3 R e s u l t s _ a n d _ d i s c u s s i o n 

F i g . 6.9a p r e s e n t s means of 6 g a f o r the d i f f e r e n t s p e e d - o c c l u s i o n combina­
t i o n s . The ANOVA r e v e a l e d main e f f e c t s of CU, OCC and speed ( a l l p < 0.01). 
Both the CU and the speed e f f e c t correspond q u i t e w e l l w i t h p r e d i c t i o n s as 
these can be made on the b a s i s of the t h e o r e t i c a l f o r m u l a ( 4 ) , f o r which 
the g r a p h i c a l r e p r e s e n t a t i o n i s a l s o g i v e n i n F i g . 6.9a. A comparison 
between r e q u i r e d and a c t u a l b e h a v i o r shows - j u s t as i n Experiment V - a 
tendency f o r 6 g a t o be s l i g h t l y s m a l l e r than the t h e o r e t i c a l l y r e q u i r e d 
l e v e l , t h i s tendency being s t r o n g e s t f o r the manoeuvres w i t h o c c l u s i o n . 
However, i t i s a l s o e v i d e n t from these d a t a t h a t Ss are very w e l l a b l e t o 
take account of both c u r v a t u r e and speed e f f e c t s . The f i r s t p a r t of t h i s 
c o n c l u s i o n i s s i m i l a r t o the f i n d i n g s of Experiment V. S u b j e c t s ' a b i l i t y t o 
take account of speed d i f f e r e n c e s i l l u s t r a t e s t h a t d r i v e r s a l s o have a 
r a t h e r good i n t e r n a l r e p r e s e n t a t i o n of the e f f e c t of speed on the r e l a ­
t i o n s h i p g i v e n i n f o r m u l a ( 4 ) . 
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road curvature (km - 1) r o a Q l curvature (km - 1) 

F i g . 6.9 Means and s t a n d a r d d e v i a t i o n s of 6 „ as a f u n c t i o n of road 
c u r v a t u r e and f o r each of the s p e e d - o c c l u s i o n combinations. 

F i g . 6.9b g i v e s the c5 s a s t a n d a r d d e v i a t i o n s f o r the d i f f e r e n t s p e e d - o c c l u ­
s i o n c o m b i n a t i o n s . The ANOVA f o r these d a t a i n d i c a t e d main e f f e c t s of CU 
(p < 0.01) and speed (p < 0.05), whereas no e f f e c t of OCC was found. 
F i g . 6.10 shows the same d a t a as a f u n c t i o n of the s t e e r i n g - w h e e l movement 
amplitude t o g e t h e r w i t h the r e s u l t s of Experiment V and the p u l l - o u t 
s t e e r i n g d a t a o f Experiment IV. A comparison between the Experiment V and 
VI d a t a shows t h a t the & s a v a r i a b i l i t y i s lower i n case of the f i e l d study 
as compared t o the s i m u l a t o r study on curve e n t r a n c e . T h i s d i f f e r e n c e i s i n 
agreement w i t h f i n d i n g s o f Blaauw (1984), who i n d i c a t e d t h a t v a r i a b i l i t y i n 
d r i v i n g performance measures i s l a r g e r i n the f i x e d base d r i v i n g s i m u l a t o r 
than i n the i n s t r u m e n t e d c a r . 

However, d e s p i t e the d i f f e r e n c e s i n r e s u l t s between Experiment V and VI, 
the p r e s e n t d a t a a g a i n f u l l y c o n f i r m the h y p o t h e s i s t h a t s t e e r i n g - w h e e l 
a n g l e v a r i a b i l i t y i n a preview, curve entrance t a s k i s l a r g e r as compared 
to t h i s v a r i a b i l i t y i n a p r e c o g n i t i v e , l a n e change t a s k (Experiment I V ) . 

Experiment V I was designed p a r t i c u l a r l y t o be a b l e t o i n t e r p r e t d r i v e r ' s 
a n t i c i p a t o r y s t e e r i n g performance i n terms of i t s e f f i c i e n c y i n time. The 
T L C g a r e s u l t s g i v e n i n F i g . 6.11a d e f i n i t e l y c o n f i r m the h y p o t h e s i s t h a t 
s h a r p e r curves and thus l a r g e r 6 s a v a r i a b i l i t y w i l l l e a d t o r e l a t i v e l y 
s h o r t TLC's. The ANOVA on the T L C s a r e s u l t s r e v e a l e d main e f f e c t s of CU, 
OCC and speed ( a l l w i t h p < 0.01). An OCC x speed i n t e r a c t i o n (p < 0.05) 
shows the OCC e f f e c t t o be most pronounced a t the lo w e s t speed c o n d i t i o n . 
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F i g . 6.10 Means ( a b c i s ) and s t a n d a r d d e v i a t i o n s ( o r d i n a t e ) of the a n t i ­
c i p a t o r y s t e e r i n g a c t i o n « s a (exp. V + VI) and of the p u l l - o u t 
s t e e r i n g a c t i o n 6 s l (exp. I V ) . 

The e f f i c i e n c y of 6 g a i n terms of time c a r i ^ a l s o be i l l u s t r a t e d by TLC t, 
i . e . the sum of t g a and T L C s a . As sueh (ffLC^j r e p r e s e n t s the time d u r i n g 
which the d r i v e r may r e l y on the a n t i c i p a t o r y c o n t r o l mode, s t a r t i n g from 
the b e g i n of the curve and l a s t i n g t i l l the moment i n time the l a n e bound­
ary would have been reached. F i g . 6.11b g i v e s the TLC f c r e s u l t s and i l l u s ­
t r a t e s t h a t these curves a r e about s i m i l a r t o those f o r T L C s a w i t h an about 
1 second h i g h e r l e v e l f o r the TLC t data. 

Performance d u r i n g the 2 second p e r i o d a f t e r t s a i s i l l u s t r a t e d i n the 
F i g s . 6.12 and 6.13, and these r e s u l t s are l a r g e l y i n l i n e w i t h our pre­
v i o u s f i n d i n g s . S t e e r i n g - w h e e l v e l o c i t y 6 s m i n c r e a s e s w i t h sharper curves, 
whereas the f i x a t i o n time T^ decreas e s . I n the same sense, the median TLC 
d u r i n g the 2 second p e r i o d a f t e r t g a ( F i g . 6.13) decreases w i t h s h a r p e r 
curves, thus i l l u s t r a t i n g the consequences of l a r g e r 6 s a v a r i a b i l i t y . 
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F i g . 6.11 T L C g a and TLC t l e v e l s f o r d i f f e r e n t c u r v a t u r e s . 

0 2 4 6 
road curvature I km - 1 ) 

0 2 4 6 8 10 
road curvature ( km _ 1 | 

F i g . 6.12 Mean a b s o l u t e s t e e r i n g - w h e e l v e l o c i t y 6 s m and f i x a t i o n time T f 

( f o r the 2 second p e r i o d a f t e r t ) as a f u n c t i o n of road 
c u r v a t u r e and f o r d i f f e r e n t s p e e d - o c c l u s i o n combination. 
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F o r each of these s e t s of d a t a the ANOVA r e v e a l e d a main e f f e c t of CU 
(p < 0.01), whereas main e f f e c t s of speed and OCC were o n l y found f o r the 
mean s t e e r i n g - w h e e l v e l o c i t y and the median TLC (both p < 0.01). For the 
F i g . 6.12 d a t a a CU x speed and a CU x OCC i n t e r a c t i o n (p < 0.05), f u r t h e r ­
more, shows t h a t the speed and o c c l u s i o n e f f e c t s may d i f f e r s l i g h t l y 
between c u r v a t u r e s . 

2 -
40 k m / h 6 0 k m / h 
v • A A w i t h o c c l u s i o n 

v ^ ¿3 a w i t h o u t o c c l u s i o n 

0 I 1 1 1 1 1 1 1 
0 2 U 6 8 10 

r o a d c u r v a t u r e ( k m - ^ ) 

F i g . 6.13 Median TLC f o r the 2 second p e r i o d a f t e r t as a f u n c t i o n of 
road c u r v a t u r e and f o r d i f f e r e n t s p e e d - o c c l u s i o n combinations. 

6 . 3 . t C o n c l u s i o n s 

The f o l l o w i n g c o n c l u s i o n s can be drawn on the b a s i s of the r e s u l t s of 
Experiment VI. 

1. The f i n d i n g (Experiment V) t h a t d r i v e r s a r e a b l e t o generate the 
c o r r e c t (average) a n t i c i p a t o r y s t e e r i n g a c t i o n 6 s a f o r a p a r t i c u l a r 
c u r v a t u r e i s confirmed i n the present experiment. With r e s p e c t t o t h i s 
a b i l i t y i t can be concluded a l s o t h a t d r i v e r s a r e very w e l l a b l e t o 
take account of the speed dependency of the r e q u i r e d a n t i c i p a t o r y 
s t e e r i n g a c t i o n . 
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2. The f i n d i n g (Experiment V) t h a t v a r i a b i l i t y of the a n t i c i p a t o r y 
s t e e r i n g a c t i o n « s a i n c r e a s e s about l i n e a r l y w i t h the e x t e n t of 6 s a i s 
l a r g e l y c o n f i r m e d i n the pre s e n t experiment. 

3. D e s p i t e the f a c t t h a t v a r i a b i l i t y i n the a n t i c i p a t o r y s t e e r i n g a c t i o n 
5 s a as found i n Experiment V I i s s m a l l e r as compared t o the E x p e r i ­
ment V data, i t can s t i l l be concluded t h a t s t e e r i n g i n a c c u r a c i e s f o r 
a previewi curve entrance t a s k a r e l a r g e r as those found i n a pre-
c o g n i t i v e , l a n e change t a s k (Experiment I V ) . 

4. J u s t as i n Experiment V i t can be concluded t h a t s t e e r i n g a c t i t i v i t y 
d u r i n g the compensatory phase l a r g e l y depends on the accuracy of the 
p r e c e d i n g a n t i c i p a t o r y a c t i o n Ssa, thus l e a d i n g t o s t r o n g e r c o r r e c ­
t i o n s f o r the sharper c u r v e s , t h i s e f f e c t b e i n g i m p o r t a n t f o r manoeu­
v r e s both w i t h and w i t h o u t o c c l u s i o n . I n the same sense the median TLC 
f o r the 2 second p e r i o d a f t e r the a n t i c i p a t o r y a c t i o n d e c r e a s e s w i t h 
s harper c u r v e s . 

6.4 G e n e r a l d i s c u s s i o n 

D r i v e r s appear t o be v e r y w e l l a b l e t o take account of c u r v a t u r e and speed 
e f f e c t s when g e n e r a t i n g the a n t i c i p a t o r y s t e e r i n g a c t i o n a t curve e n t r a n c e . 
T h i s i m p o r t a n t f i n d i n g i l l u s t r a t e s t h a t e x p e r i e n c e d d r i v e r s have a r a t h e r 
good i n t e r n a l r e p r e s e n t a t i o n of the v e h i c l e c h a r a c t e r i s t i c s . By conse­
quence, i t can be expected t h a t d r i v e r s may use t h i s knowledge d u r i n g curve 
n e g o t i a t i o n t o a l l o w a temporary l o s s of v i s u a l feedback. The l i m i t a t i o n s 
o f t h i s p r o c e s s appear t o be s t r o n g l y r e l a t e d t o the i n a c c u r a c i e s of the 
a n t i c i p a t o r y s t e e r i n g a c t i o n . For both the c o n d i t i o n s w i t h and w i t h o u t 
o c c l u s i o n these i n a c c u r a c i e s i n c r e a s e w i t h the e x t e n t of the a n t i c i p a t o r y 
s t e e r i n g - w h e e l angle and thus w i t h road c u r v a t u r e . P r i n c i p a l l y t h i s r e s u l t 
i s i n correspondence w i t h the f i n d i n g s on preprogrammed l a n e change s t e e r ­
i n g as found i n Experiment IV, al t h o u g h the a b s o l u t e l e v e l of the i n a c ­
c u r a c i e s i s h i g h e r i n case of the pre s e n t preview t a s k as compared t o the 
p r e c o g n i t i v e t a s k . T h i s l a t t e r r e s u l t i s i n correspondence w i t h h y p o t h e s i s 
1. I n the pre s e n t a n a l y s i s on curve d r i v i n g t h i s f i n d i n g h e l p s us t o 
e x p l a i n the r e l a t i o n between road c u r v a t u r e and the n e c e s s i t y f o r compens­
a t o r y c o n t r o l . The l a r g e r i n a c c u r a c i e s of the a n t i c i p a t o r y s t e e r i n g a c t i o n 
a t sharper c u r v e s are c l e a r l y r e f l e c t e d i n the s t r o n g e r c o r r e c t i o n s d u r i n g 
the compensatory phase, as t h i s was p r e d i c t e d by h y p o t h e s i s 2. Furthermore, 
the f a c t t h a t t h i s r e s u l t i s a l s o found f o r the manoeuvres w i t h normal 
v i s u a l feedback s u p p o r t s the assumption t h a t the a n t i c i p a t o r y s t e e r i n g mode 
p l a y s a dominant r o l e d u r i n g the curve e n t r a n c e phase. 
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The d a t a f o r s t e e r i n g i n a c c u r a c i e s a r e a l s o r e f l e c t e d i n the TLC a n a l y s i s . 
T h i s a n a l y s i s c l e a r l y shows t h a t the l a r g e r a n t i c i p a t o r y s t e e r i n g - w h e e l 
e r r o r s f o r the sharper c urves r e s u l t i n s h o r t e r TLC's, thus i n d i c a t i n g t h a t 
i n s harper c u r v e s d r i v e r s w i l l have t o s w i t c h over t o the e r r o r - c o r r e c t i o n 
mode a t an e a r l i e r moment i n time. A c t u a l l y t h i s r e a s o n i n g g i v e s us an 
e x p l a n a t i o n f o r the f a c t t h a t sharp c u r v e s r e q u i r e most a t t e n t i o n . 

A f i n a l c o n c l u s i o n may be drawn r e g a r d i n g t he use of the TLC a n a l y s i s . 
C o n v e n t i o n a l measures t o q u a n t i f y d r i v i n g performance, such as l a t e r a l 
p o s i t i o n , l a t e r a l speed and s t e e r i n g - w h e e l a n g l e s t a n d a r d d e v i a t i o n s , a r e 
most f r e q u e n t l y used t o c h a r a c t e r i z e s t r a i g h t l a n e keeping. However, most 
of these measures a r e h i g h l y i n e f f i c i e n t t o d e s c r i b e curve n e g o t i a t i o n . The 
p r e v i e w - p r e d i c t o r approach, as p r e s e n t l y used t o c a l c u l a t e TLC's, seems 
p a r t i c u l a r l y s u i t e d t o s o l v e t h i s problem and may s e r v e as a v a l u a b l e 
method t o q u a n t i f y curve d r i v i n g performance. 



94 

C H A P T E R 7 

7. COMPENSATORY CONTROL: OPEN AND CLOSED LOOP DRIVING IN STRAIGHT LANE 
KEEPING 

7.1 I n t r o d u c t i o n 

I n t he p r e v i o u s c h a p t e r s i t was shown t h a t i n p r e c o g n i t i v e and preview 
s t e e r i n g t a s k s , d r i v e r s a r e q u i t e w e l l a b l e t o c o n t r o l t h e i r v e h i c l e 
w i t h o u t immediate v i s u a l feedback, d u r i n g a c e r t a i n p e r i o d o f time. How­
ever, i t a l s o became e v i d e n t t h a t the e r r o r - c o r r e c t i o n or compensatory 
c o n t r o l mode i s u l t i m a t e l y needed t o keep the v e h i c l e path w i t h i n the l a n e 
boundaries. Furthermore, i t was argued t h a t the time a c t u a l l y a v a i l a b l e f o r 
open l o o p c o n t r o l w i l l l a r g e l y depend on a) the open l o o p s t e e r i n g a c c u r a c y 
and b) the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n , as t h i s may depend on 
f a c t o r s l i k e l a n e w i d t h and speed. With r e g a r d t o open l o o p d r i v i n g and 
e r r o r - n e g l e c t i o n s t r a t e g i e s , two fundamental q u e s t i o n s remain: F i r s t , f o r 
how l o n g i s a d r i v e r a c t u a l l y w i l l i n g t o c o n t r o l h i s v e h i c l e w i t h o u t 
immediate v i s u a l feedback and second, how l o n g i s a d r i v e r u l t i m a t e l y 
a l l o w e d t o w a i t b e f o r e s w i t c h i n g over t o the e r r o r - c o r r e c t i o n mode. These 
two q u e s t i o n s w i l l be answered i n Chapters 7 and 8 r e s p e c t i v e l y . 

The q u e s t i o n how l o n g a d r i v e r i s a c t u a l l y w i l l i n g t o c o n t r o l h i s v e h i c l e 
i n an open l o o p mode was i n v e s t i g a t e d by measuring S s 1 s e l f chosen o c c l u ­
s i o n times i n a s t r a i g h t l a n e keeping t a s k (Godthelp e t a l , 1983; Godthelp 
e t a l i 1984a en b ) . E a r l i e r s t u d i e s (Senders e t a l . i 1966; Zwahlen and 
Balasubramania, 1974; Milgram e t a l . , 1982) t r i e d t o e x p l a i n the (average) 
d u r a t i o n of a d r i v e r s ' s e l f - c h o s e n o c c l u s i o n p e r i o d s from u n c e r t a i n t y 
models, i n which i t i s assumed t h a t the d r i v e r uses an e s t i m a t e of the 
v e h i c l e path d u r i n g the open l o o p p e r i o d t o choose the l e n g t h of the 
o c c l u s i o n p e r i o d . T h i s e s t i m a t e i s thought t o be the r e s u l t of the i n t e g r a ­
t i o n of one or more v e h i c l e output v a r i a b l e s , w i t h the amplitude and 
s p e c t r a l c h a r a c t e r i s t i c s of which the d r i v e r i s presumed t o be f a m i l i a r . 
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I n the pres e n t a n a l y s i s a l l of these assumptions a r e transformed t o one 
g e n e r a l h y p o t h e s i s , which p r e d i c t s t h a t d r i v e r s w i l l choose the l e n g t h of 
the o c c l u s i o n p e r i o d somehow i n r e l a t i o n w i t h the time a c t u a l l y a v a i l a b l e , 
as i t can be q u a n t i f i e d i n terms of the TLC a n a l y s i s g i v e n i n S e c t i o n 
3.4.Fig. 7.1 g i v e s a r e p r e s e n t a t i v e example of the time h i s t o r i e s of the 
s t e e r i n g - w h e e l angle, l a t e r a l p o s i t i o n , and TLC s i g n a l s as these may occur 
i n a s t r a i g h t l a n e k e e p i n g t a s k , d u r i n g which d r i v e r s may requ e s t f o r 0.5 s 
l o o k i n g p e r i o d s . The time between l o o k i n g r e q u e s t s r e p r e s e n t s the v o l u n t a r y 
o c c l u s i o n time T o 0 0 . The s t e e r i n g - w h e e l time h i s t o r y i l l u s t r a t e s t h a t most 

t i m e 

F i g . 7.1 Time h i s t o r i e s of the s t e e r i n g - w h e e l , l a t e r a l p o s i t i o n and TLC 
s i g n a l as measured i n a s t r a i g h t l a n e keeping t a s k , i n which 
d r i v e r s can r e q u e s t f o r 0.5 s l o o k i n g p e r i o d s . 
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of the path e r r o r c o r r e c t i o n s a r e made i n the p e r i o d j u s t a f t e r the 0.5 s 
l o o k . A f t e r t h i s c o r r e c t i o n , of which the i n i t i a l a m p l i t u d e i s noted as 
*s c , t' l e s t e e r i n g - w h e e l i s kept more or l e s s f i x e d u n t i l the moment i n time 
the d r i v e r r e q u e s t s a new l o o k . D u r i n g the f i x e d s t e e r i n g - w h e e l p e r i o d T L C 

i s d e c r e a s i n g about p r o p o r t i o n a l l y w i t h time. Hence, the T L C G v a l u e a t the 
end of the o c c l u s i o n p e r i o d g i v e s an e s t i m a t e of the time which was a c t u a l ­
l y l e f t a t the moment of a new r e q u e s t . From t h i s r e a s o n i n g i t can be 
understood t h a t f o r each o c c l u s i o n i n t e r v a l the sum (T L C ^ q^) o f T o o c and 
T L C E r e p r e s e n t s the time which was a c t u a l l y a v a i l a b l e from the b e g i n n i n g o f 
the o c c l u s i o n p e r i o d u n t i l the moment i n time the la n e boundary would have 
been reached. 

I t can be h y p o t h e s i s e d now t h a t the d u r a t i o n of d r i v e r ' s s e l f chosen 
o c c l u s i o n t i m es w i l l be r e l a t e d t o T L C f c o t ( h y p o t h e s i s 1 ) . F u r t h e r , i t i s 
im p o r t a n t t o n o t i c e t h a t i n case of s h o r t l o o k i n g p e r i o d s d r i v e r s a r e 
f o r c e d t o generate the e r r o r c o r r e c t i n g s t e e r i n g - w h e e l movements l a r g e l y 
d u r i n g the o c c l u s i o n p e r i o d . From the s t e e r i n g a c c u r a c y d a t a as found i n 
the former c h a p t e r s i t can be expected, t h e r e f o r e , t h a t l a r g e r a m p l i t u d e s 
<SSC and thus l a r g e r i n a c c u r a c i e s , w i l l r e s u l t i n a s h o r t e r T L C t o t . As a 
consequence, i t can be p r e d i c t e d t h a t r e l a t i v e l y l a r g e s t e e r i n g - w h e e l 
c o r r e c t i o n s w i l l r e s u l t i n s h o r t e r o c c l u s i o n p e r i o d s ( h y p o t h e s i s 2 ) . Two 
experiments w i l l be pres e n t e d now i n which the v a l i d i t y of the hypotheses 
d e s c r i b e d i n t h i s paragraph was i n v e s t i g a t e d f o r d i f f e r e n t speed l e v e l s . 

7.2 Experiment V I I : E f f e c t s o f d r i v i n g speed 

7.2.1 Background 

The purpose of the experiment r e p o r t e d i n t h i s s e c t i o n i s t w o f o l d : 
1. t o e v a l u a t e TLC^as^a_ d r i v i n g performance measure which c h a r a c t e r i s e s 

lane k eeping not on l y by l a t e r a l p o s i t i o n d a t a but a l s o i n terms of 
time; 

2. to v e r i f y whether TLC might se r v e as a p r e d i c t o r of a d r i v e r s ' s e l f 
chosen o c c l u s i o n times. 

Speed was chosen as the major independent v a r i a b l e i n t h i s experiment, 
because t h i s v a r i a b l e seems of p a r t i c u l a r i n t e r e s t when d e v e l o p i n g a 
t i m e - r e l a t e d d r i v i n g performance measure. Furthermore, Ss made runs w i t h 
normal v i s i o n ("without o c c l u s i o n " ) and w i t h a v o l u n t a r y o c c l u s i o n t a s k 
("with o c c l u s i o n " ) . In t h i s l a t t e r task t he d u r a t i o n of the l o o k i n g p e r i o d s 
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was 0.5 s.^The 0.5 .s d u r a t i o n was chosen a f t e r a p i l o t study which i n d i c a t ­
ed t h i s p e r i o d t o be l o n g enough t o g i v e S an i m p r e s s i o n of the path e r r o r , 
but a l s o s h o r t enough t o f o r c e d r i v e r s t o generate the c o r r e c t i n g s t e e r i n g -
wheel " a c t i o n l a r g e l y d u r i n g the o c c l u s i o n p e r i o d . The s u g g e s t i o n t h a t 
l a r g e r a m p l i t u d e s 6 S C w i l l r e s u l t i n s h o r t e r o c c l u s i o n p e r i o d s i n such a 
t a s k w i l l a l s o be t e s t e d i n the p r e s e n t a n a l y s i s . E f f e c t s o f l o o k i n g p e r i o d 
d u r a t i o n w i l l be a n a l y s e d i n d e t a i l i n Experiment V I I I . 

7.2.2 Method 

Instrumented c a r 

The experiment was conducted w i t h the i n s t r u m e n t e d c a r as d e s c r i b e d i n 
S e c t i o n 3.2.1 and Appendix A. 

Roadway 

The experiment took p l a c e on an a p p r o x i m a t e l y 2 km l o n g s t r a i g h t s e c t i o n of 
an unused f o u r - l a n e , d i v i d e d motorway. S u b j e c t s drove i n o n l y one d i r e c t i o n 
a l o n g the 3.5 m wide r i g h t l a n e , w i t h a broken c e n t r e s t r i p e on t h e i r l e f t 
and a s o l i d s t r i p e on t h e i r r i g h t , s h o u l d e r w i d t h being 2.5 m. 

S u b j e c t s 

S i x male s u b j e c t s , r a n g i n g i n age from 24 t o 29 p a r t i c i p a t e d i n the e x p e r i ­
ment. A l l had a t l e a s t t h r e e y e a r s and 30,000 km d r i v i n g e x p e r i e n c e . They 
were p a i d f o r p a r t i c i p a t i n g i n the experiment. 

Procedure 

Each S p a r t i c i p a t e d i n the experiment on one day, d u r i n g which he made f i v e 
s e t s of runs, which w i l l be noted as s e t I t o V. A s e t c o n s i s t e d of s i x 
runs, each a t one of the f o l l o w i n g speeds: 20, 40, 60, 80, 100 and 120 
km/h. Se t s I and V were performed w i t h normal v i s i o n ("without o c c l u s i o n " ) , 
whereas the v i s o r was c l o s e d i n the ru n s of s e t s I I , I I I and IV ("with 
o c c l u s i o n " ) . I n the l a t t e r runs S was i n s t r u c t e d t o r e q u e s t (0.5 s) l o o k s 
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by p r e s s i n g the horn l e v e r whenever he f e l t i t was necessary. Speeds were 
randomly o r d e r e d w i t h i n each s e t . S e t s l a s t e d about 45 minutes w i t h r e s t 
p e r i o d s of 15 minutes i n between. 

B e f o r e the b e g i n n i n g o f s e t I , S was g i v e n s i x p r a c t i c e r u n s w i t h normal 
v i s i o n (one a t each of the speeds mentioned) i n o r d e r t o become f a m i l i a r 
w i t h the v e h i c l e . A f t e r s e t I , i . e . b e f o r e the b e g i n n i n g of the runs w i t h 
o c c l u s i o n , S made t h r e e p r a c t i c e runs (60, 80 and 100 km/h) w i t h the v i s o r 
c l o s e d i n o r d e r t o become f a m i l i a r w i t h the o c c l u s i o n t a s k . 

The g e n e r a l i n s t r u c t i o n was t o d r i v e s a f e l y a t a p r e s c r i b e d speed, which 
c o u l d be h e l d f i x e d w i t h t he speed c o n t r o l u n i t (see S e c t i o n 3.2.1). No 
e x p l i c i t l a n e - k e e p i n g i n s t r u c t i o n s were g i v e n ; however, d u r i n g the p r a c t i c e 
s e s s i o n s i t was i m p l i e d t h a t e x c e s s i v e wandering beyond the l a n e markings 
was u n a c c e p t a b l e . I t was a l s o made i m p l i c i t l y understood to S t h a t t h i s was 
not an experiment i n r i s k t a k i n g . D u r i n g the experiments the experimenter 
was p r e s e n t i n the f r o n t passenger's s e a t . I n no case t h e r e was a need f o r 
the experimenter t o take over the c o n t r o l of the c a r . 

Data a n a l y s i s 

Sampled measurements were made on: 

6 s t e e r i n g - w h e e l angle s 

r yaw r a t e 

y l a t e r a l p o s i t i o n 

OCC o c c l u s i o n 

Sample times were 140, 130, 85, 80, 65 and 50 seconds f o r runs w i t h a speed 
of 20, 40, 60, 80, 100 and 120 km/h, r e s p e c t i v e l y . T h i s s p e c i f i c r e l a t i o n 
between sample time and speed was chosen i n order t o get an about equal 
number of l o o k i n g r e q u e s t s f o r runs a t d i f f e r e n t speeds. The sample r a t e 
was 10 Hz, t h i s r a t e b e i n g h i g h enough t o a n a l y s e s t r a i g h t d r i v i n g s t e e r ­
ing-wheel s i g n a l s o f which s i g n a l frequency i s below 1 Hz. 

Heading angle was d e r i v e d from the l a t e r a l speed s i g n a l which on i t s t u r n 
was c a l c u l a t e d by way of d i f f e r e n t i a t i n g the l a t e r a l p o s i t i o n s i g n a l . 
Furthermore, TLC v a l u e s were c a l c u l a t e d f o r each sampled p o i n t i n time. 
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For each run, means and s t a n d a r d d e v i a t i o n s were determined o f s t e e r i n g -
wheel angl e , l a t e r a l p o s i t i o n , l a t e r a l speed and o c c l u s i o n times. I n 
a d d i t i o n , the medians and 15% TLC l e v e l were d e r i v e d from the h i s t o g r a m of 
the a b s o l u t e TLC v a l u e s i n a r u n (15* of the TLC v a l u e s was below the "15* 
TLC l e v e l " ) . 

I n a f u r t h e r a n a l y s i s TLC e, T L C t o t and <5SC were determined f o r each o c c l u ­
s i o n i n t e r v a l , see F i g . 7.1. The maximum s t e e r i n g - w h e e l a ngle i n the 
1.5 second p e r i o d a f t e r a l o o k i n g r e q u e s t was ta k e n as & s c f o r a p a r t i c u l a r 
o c c l u s i o n i n t e r v a l . Medians f o r TLC g and T L C t o t were d e r i v e d f o r each run, 
w h i l e the 6 S C d a t a were used t o i l l u s t r a t e t h e i r r e l a t i o n w i t h the d u r a t i o n 
of the subsequent o c c l u s i o n p e r i o d s . 

D i f f e r e n c e s between c o n d i t i o n s (speed, o c c l u s i o n ) were t e s t e d on t h e i r 
s t a t i s t i c a l s i g n i f i c a n c e by ANOVA. A p r e l i m i n a r y ANOVA i n d i c a t e d no l e a r n ­
i n g e f f e c t s i n the s e t s I and V ( w i t h o u t o c c l u s i o n ) and s e t s I I , I I I and IV 
( w i t h o c c l u s i o n ) . Hence, i t was d e c i d e d f o r the ANOVA's c o n t a i n i n g the 
f a c t o r OCC t o compare the s e t s I and V w i t h the s e t s I I I and IV, thus 
g i v i n g two equ a l d a t a b l o c k s (6 s u b j e c t s , 6 speeds, w i t h / w i t h o u t o c c l u s i o n , 
2 r e p l i c a ) . F o r the ANOVA on the runs " w i t h o c c l u s i o n " t he s e t s I I , I I I and 
IV were taken t o g e t h e r as one d a t a b l o c k (6 s u b j e c t s , 6 speeds, 3 r e p l i c a ) . 

7.2.3 R g s u l t s _ a n d _ d i s c u s s i o n 

The mean l a t e r a l p o s i t i o n data ( F i g . 7.2a) show t h a t Ss choose the c e n t r e 
of the l a n e (1.8 m) as t h e i r p r e f e r r e d p o s i t i o n both f o r the runs w i t h and 
w i t h o u t o c c l u s i o n . A s l i g h t but s i g n i f i c a n t (p < 0.01) e f f e c t of speed 
i n d i c a t e s a s h i f t t o the l e f t f o r the h i g h e r speed l e v e l s . F i g . 7.2b 
i l l u s t r a t e s t h a t d e v i a t i o n s i n l a t e r a l p o s i t i o n were q u i t e l a r g e i n run s 
w i t h o c c l u s i o n as compared t o runs w i t h normal v i s i o n (p < 0.01). I t i s r e ­
markable here t h a t speed h a r d l y a f f e c t s these d e v i a t i o n s , which i n d i c a t e s 
t h a t the path w i d t h used f o r the d i f f e r e n t speed c o n d i t i o n s was about 
c o n s t a n t . The e f f e c t of d r i v i n g speed i s more pronounced i n the l a t e r a l 
speed data ( F i g . 7.2c). F i n a l l y , a s i g n i f i c a n t i n t e r a c t i o n (p < 0.01) 
between speed and o c c l u s i o n f o r the s t e e r i n g - w h e e l a n g l e d e v i a t i o n s 
( F i g . 7.2d) i n d i c a t e s t h a t , p a r t i c u l a r l y a t low speeds, the l a r g e path 
d e v i a t i o n s i n the runs w i t h o c c l u s i o n r e s u l t e d i n r e l a t i v e l y l a r g e s t e e r ­
ing-wheel a n g l e s . 
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F i g . 7.2 Speed dependency of the c o n v e n t i o n a l d r i v i n g performance measures 
f o r runs w i t h and w i t h o u t o c c l u s i o n , a) Mean l a t e r a l p o s i t i o n ; b) 
stand a r d d e v i a t i o n o f l a t e r a l p o s i t i o n ; c) stan d a r d d e v i a t i o n o f 
l a t e r a l speed; d) stan d a r d d e v i a t i o n of s t e e r i n g - w h e e l a n g l e . 

An i m p o r t a n t q u e s t i o n i n the present a n a l y s i s concerns the r e l a t i o n s h i p 
between the da t a i n F i g . 7.2 and the TLC measure which has been proposed i n 
order t o c l a r i f y t h e l a t e r a l p o s i t i o n and s t e e r i n g d a t a i n an i n t e g r a t e d 
and q u a n t i t a t i v e way. F i g . 7.3 p r e s e n t s the median and 15* TLC v a l u e s . 
These d a t a i l l u s t r a t e t h a t TLC i s r e l a t i v e l y l o n g a t low speeds, and t h a t 
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the speed dependency i s becoming s m a l l e r a t the h i g h e r speeds. The l a r g e r 
path d e v i a t i o n s i n the runs w i t h o c c l u s i o n ( F i g . 7.2b) a r e r e f l e c t e d here 
i n t he s m a l l e r TLC v a l u e s . 

The major reason f o r d e v e l o p i n g a t i m e - r e l a t e d measure l i k e TLC was our 
i n t e r e s t i n the r e l a t i o n between t h i s measure and d r i v e r s open l o o p per­
formance, i . e . the d u r a t i o n of the s e l f chosen o c c l u s i o n i n t e r v a l s . The 
r e l a t i o n s h i p between the 1 556 TLC l e v e l and the mean of the o c c l u s i o n times, 
T o c c , i s shown i n F i g . 7.4. The correspondence between T o c c and TLC c l e a r l y 
shows t h a t the TLC d e s c r i p t o r has p r e d i c t i v e power w i t h r e s p e c t t o the 
d r i v e r ' s o c c l u s i o n s t r a t e g y . 

speed (km/h) speed (km/h) 

F i g . 7.3 Speed dependency of the median and 15$ TLC l e v e l f o r the runs 
w i t h and w i t h o u t o c c l u s i o n . 

I n a f u r t h e r a n a l y s i s TLC e v a l u e s were determined, r e p r e s e n t i n g the spare 
time a t the end of the o c c l u s i o n i n t e r v a l (see F i g . 7.1). For each o c c l u ­
s i o n i n t e r v a l , t h e r e f o r e , the sum of T o c c and TLC e r e p r e s e n t s the t o t a l 
time T L C t o t which was a v a i l a b l e from the b e g i n n i n g of the o c c l u s i o n p e r i o d 
u n t i l the moment the la n e boundary would have been reached. I n F i g . 7.5 
median v a l u e s of T o o c , TLC e, and T L C t o t are pres e n t e d . The f a c t t h a t TLC e 

i s l a r g e r than T o o c i m p l i e s t h a t the median time which was s t i l l a v a i l a b l e 
a t the moments of r e q u e s t i n g new l o o k s was l o n g compared t o the o c c l u s i o n 
time. 
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F i g . 7.4 Mean o c c l u s i o n time and mean 15% TLC v a l u e f o r the o c c l u s i o n 
r u n s . 
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F i g . 7.5 Speed dependency of the median v a l u e s of T o c c , TLC and of t h e i r 
sum. 
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Table 7.1 g i v e s a d d i t i o n a l i n f o r m a t i o n about the r e l a t i o n between T 0 C Q , 
TLC e and T L C t o t . F o r each o c c l u s i o n i n t e r v a l the r a t i o between T O 0 0 and 
T L C t Q t was c a l c u l a t e d . The median of t h i s r a t i o was determined f o r each run 
and the f o u r t h column i n Table 7.1 g i v e s the mean of these medians. The 
r e s u l t i s q u i t e c l e a r : The r a t i o i s c o n s t a n t over speed l e v e l s (p > 0.20). 

Table 7.1 Median of 1) the o c c l u s i o n time, T Q e c ; 2) the TLC l e v e l a t the 
end of the o c c l u s i o n p e r i o d , TLC g; 3 ) 
T L C t o f 

speed (km/h) TLC TLC t o t 

20 5.32 
t0 4.23 
60 3.45 
80 3.15 

100 2.67 
120 2.38 

8.88 0.37 
6.33 0.40 
5.32 0.40 
4.77 0.41 
4.35 0.39 
3.74 0.40 

A f i n a l a n a l y s i s was performed t o i l l u s t r a t e the r e l a t i o n between the 
amplitude of d r i v e r ' s s t e e r i n g - w h e e l c o r r e c t i o n 6 S C and the d u r a t i o n of the 
subsequent o c c l u s i o n p e r i o d . For the sake of t h i s a n a l y s i s the s e t of 
(a b s o l u t e ) « s c v a l u e s f o r each s p e e d / s u b j e c t c o m b i n a t i o n was s u b d i v i d e d i n 
f o u r q u a r t i l e s , Q1 to Q4, w i t h the 25J l a r g e s t v a l u e s of 6 S C i n Q4. 
F i g . 7.6 g i v e s the median T o c o v a l u e s as a f u n c t i o n of speed f o r the 
o c c l u s i o n i n t e r v a l s b e l o n g i n g t o each of the f o u r « s c q u a r t i l e s . A t h r e e -
l e v e l ANOVA (6 s u b j e c t s , 6 speeds and 4 q u a r t i l e s ) r e v e a l e d a main e f f e c t 
of q u a r t i l e (p < 0.05), thus i n d i c a t i n g the s h o r t e s t o c c l u s i o n times a f t e r 
the r e l a t i v e l y l a r g e s t e e r i n g - w h e e l c o r r e c t i o n s . Furthermore, a speed x 
q u a r t i l e i n t e r a c t i o n (p < 0.05) shows t h i s e f f e c t t o be s t r o n g e s t f o r the 
low speed c o n d i t i o n s . 



101 

e 2 

20 ¿0 60 80 100 120 
speed (km/h) 

F i g . 7.6 Median o c c l u s i o n times as a f u n c t i o n of speed f o r the f o u r d c 

q u a r t i l e s Q1 t o Q4. 

7.2.4 C o n c l u s i o n s 

The f o l l o w i n g c o n c l u s i o n s can be drawn on the b a s i s of the r e s u l t s of 
Experiment V I I . 

1. The h y p o t h e s i s t h a t d r i v e r s w i l l choose the l e n g t h of o c c l u s i o n 
p e r i o d s somehow i n r e l a t i o n w i t h the a c t u a l l y a v a i l a b l e time was f u l l y 
c o nfirmed i n the p r e s e n t a n a l y s i s . 

2. The correspondence between the TLC measures and the s e l f chosen 
o c c l u s i o n t i m es i m p l i e s t h a t TLC s h o u l d be of use not o n l y as a 
q u a n t i t a t i v e measure of d r i v i n g performance but a l s o as a more be­
h a v i o r a l d e s c r i p t o r , and thus p r e d i c t o r , of d r i v e r s ' o c c l u s i o n s t r a t e ­
gy and i t s dependency on speed. 

3. The constancy over speed of the r a t i o between o c c l u s i o n times and 
t o t a l l y a v a i l a b l e time, shows t h a t d r i v e r s use a c o n s t a n t p o r t i o n , 
i . e . about 40{, of the a v a i l a b l e time, r a t h e r than l e a v e a c o n s t a n t 
amount o f time a t the end of the o c c l u s i o n i n t e r v a l . 
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4. The h y p o t h e s i s t h a t d r i v e r s w i l l choose s h o r t e r o c c l u s i o n times a f t e r 
a r e l a t i v e l y l a r g e s t e e r i n g - w h e e l c o r r e c t i o n was a l s o confirmed i n the 
pres e n t a n a l y s i s . T h i s r e s u l t i s i n l i n e w i t h the c o n c l u s i o n s of the 
e a r l i e r experiments, which i n d i c a t e t h a t open l o o p s t e e r i n g i n a c c u r a n -
c i e s i n c r e a s e w i t h s t e e r i n g - w h e e l movement ampl i t u d e . 

7.3 Experiment V I I I : E f f e c t o f l o o k i n g time d u r a t i o n and d r i v i n g speed 

7.3.1 Background 

When p e r f o r m i n g an o c c l u s i o n t a s k as i n Experiment V I I , the d r i v e r i s g i v e n 
o n l y a s m a l l amount of time t o observe the v e h i c l e p o s i t i o n e r r o r and, 
consequently, a l a r g e p a r t of the subsequent e r r o r - c o r r e c t i n g s t e e r i n g -
wheel a c t i o n has t o be c a r r i e d out d u r i n g o c c l u s i o n . W i t h r e s p e c t t o t h i s 
p o i n t i t can be argued, however, t h a t a t h i g h speeds the 0.5 s l o o k i n g 
p e r i o d can be more e f f i c i e n t l y used as compared t o low speed runs. F i g . 7.7 
may serv e as an i l l u s t r a t i o n of t h i s p o i n t , showing ( r e p r e s e n t a t i v e ) 
examples of s t e e r i n g - w h e e l c o r r e c t i o n s d u r i n g and j u s t a f t e r a l o o k i n g 
r e q u e s t f o r runs a t 20 km/h and 120 km/h. The d i f f e r e n c e s i n movement 
amplitude and t i m i n g a r e q u i t e o b v i o u s : In case of the low speed c o n d i t i o n 
the d u r a t i o n of the s t e e r i n g - w h e e l movement may l a s t up t o 5 seconds, 
whereas t h i s d u r a t i o n i s f a r l e s s i n h i g h speed d r i v i n g . I t can a l s o be 
seen t h a t i n case of the h i g h speed runs the i n i t i a l s t e e r i n g - w h e e l a c t i o n 
6 s e can l a r g e l y be made d u r i n g t he 0.5 s l o o k i n g p e r i o d , whereas t h i s i s 
c e r t a i n l y not p o s s i b l e w i t h low speeds. As a consequence, i t can be expec t ­
ed t h a t a l o o k i n g time l i m i t a t i o n t o 0.5 s w i l l most s t r o n g l y a f f e c t the 
low speed runs. Experiment V I I I was designed t o v e r i f y t h i s e f f e c t : The 
p o s s i b i l i t y t o c a r r y out the e r r o r - c o r r e c t i n g s t e e r i n g - w h e e l movement 
d u r i n g the l o o k i n g p e r i o d was manipulated by v a r y i n g the l o o k i n g time 
d u r a t i o n f o r which f i v e v a l u e s were c o n s i d e r e d : 0.25, 0.50, 1.00, 2.00 and 
4.00 seconds. The consequence of the aforementioned speed e f f e c t s s h ould be 
t h a t , p a r t i c u l a r l y , the low speed c o n d i t i o n may take advantage of the 
i n c r e a s e d l o o k i n g time. Furthermore i t can be expected t h a t f o r l o n g e r 
l o o k i n g times, the v e h i c l e p o s i t i o n e r r o r a t the end of the pre c e e d i n g 
o c c l u s i o n p e r i o d as a l s o r e f l e c t e d i n the s t e e r i n g - w h e e l a ngle amplitude 
6 S C, w i l l o n l y s l i g h t l y e f f e c t the d u r a t i o n of the subsequent o c c l u s i o n 
p e r i o d . I n o t h e r words: the r e l a t i o n between <5 and T o c c as shown i n 
F i g . 7.6 should be l e s s pronounced w i t h l o n g e r l o o k i n g times. 
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F i g . 7 . 7 R e p r e s e n t a t i v e e x a m p l e s o f t h e s t e e r i n g - w h e e l a n g l e t i m e h i s t o ­
r i e s a s o o o u r i n g a f t e r a n o c c l u s i o n p e r i o d a n d i l l u s t r a t i n g t h e 
e f f e c t o f s p e e d o n m o v e m e n t t i m i n g a n d a m p l i t u d e . 

7 . 3 . 2 M e t h o d 

I n s t r u m e n t e d c a r , r o a d w a y a n d s u b j e c t s w e r e t h e same a s i n E x p e r i m e n t V I I . 

T h e p r o c e d u r e d i f f e r e d s l i g h t l y . A g a i n , e a c h S p a r t i c i p a t e d o n o n e d a y . O n 

t h i s d a y S made f o u r c o n s e c u t i v e s e t s o f r u n s w h i c h w i l l be n o t e d a s s e t I 

t o I V . B o t h s e t s I a n d I V c o n s i s t e d o f t h r e e r u n s w i t h n o r m a l v i s i o n e a c h 

a t o n e o f t h e f o l l o w i n g s p e e d s : 2 0 , 6 0 a n d 100 k m / h . S e t s I I a n d I I I 

c o n t a i n e d 15 r u n s w i t h f i v e l o o k i n g t i m e s ( 0 . 2 5 , 0 . 5 0 , 1 . 0 0 , 2 . 0 0 a n d 1 . 0 0 

s e c o n d s ) a n d t h r e e s p e e d s ( 2 0 , 6 0 , 100 k m / h ) r a n d o m l y d i s t r i b u t e d i n a s e t . 

B e f o r e s e t I a n d s e t I I , S made t h r e e p r a c t i c e r u n s a t e a c h o f t h e s p e e d s 

m e n t i o n e d a n d r e s p e c t i v e l y w i t h o u t a n d w i t h o c c l u s i o n ( l o o k i n g t i m e 0 . 5 s ) . 

D a t a a n a l y s i s w a s a l s o l a r g e l y t h e same a s i n E x p e r i m e n t V I I . T h e ANOVA 

c o n t a i n e d t h r e e m a i n f a c t o r s i . e . ( 6 ) S u b j e c t s , ( 3 ) S p e e d s a n d ( 5 ) L o o k i n g 

T i m e s ( L T ) a n d t w o r e p l i c a . I n a p a r t o f t h i s a n a l y s i s t h e d a t a o f t h e r u n s 

w i t h n o r m a l v i s i o n w e r e a d d e d a s a s i x t h l e v e l t o t h e f a c t o r L T ( L T = » ) . 
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7.3.3 R e s u l t s _ a n d _ d i s o u s s i o n 

Table 7 . I I p r e s e n t s means and s t a n d a r d d e v i a t i o n s of the v e h i c l e motion and 
s t e e r i n g - w h e e l angle d a t a . Regarding the i n f l u e n c e s of speed, these d a t a 
a r e f u l l y i n correspondance w i t h the r e s u l t s of Experiment V I I , i . e . a 
tendency t o d r i v e ( s l i g h t l y ) more t o the l e f t w i t h h i g h e r speeds (p < 0.01) 
and no e f f e c t s o f speed on the l a t e r a l p o s i t i o n s t a n d a r d d e v i a t i o n s . 
Furthermore, the s t a n d a r d d e v i a t i o n s of the l a t e r a l speed a g a i n i n c r e a s e 
q u i t e s t r o n g l y w i t h speed (p < 0.01), whereas the s t e e r i n g - w h e e l angle 
s t a n d a r d d e v i a t i o n s become s m a l l e r (p < 0.01). L o o k i n g time does not 

Table 7 . I I Mean l a t e r a l p o s i t i o n , s t a n d a r d d e v i a t i o n l a t e r a l p o s i t i o n , 
s t a n d a r d d e v i a t i o n l a t e r a l speed and s t a n d a r d d e v i a t i o n s 
s t e e r i n g - w h e e l angle as a f u n c t i o n of l o o k i n g time and speed. 

speed 
(km/h) 

l o o k i n g time (s ) speed 
(km/h) 

0.25 0.50 1.00 2.00 4.00 CO 

mean 20 1.74 1.81 1.81 1.74 1.77 1.78 
l a t e r a l 
p o s i t i o n 60 1.79 1.84 1.83 1.77 1.83 1.78 

(m) 100 1.91 1.82 1.90 1.90 1.85 1.81 

SD 20 0.26 0.25 0.21 0.19 0.18 0.17 
l a t e r a l 
p o s i t i o n 60 0.32 0.21 0.24 0.22 0.20 0.15 

(m) 100 0.21 0.23 0.22 0.19 0.19 0.16 

SD 20 0.057 0.054 0.047 0.038 0.041 0.021 
l a t e r a l 
speed 60 0.088 0.078 0.083 0.078 0.074 0.047 

(m/s) 100 0.104 0.106 0.096 0.085 0.084 0.063 

SD 20 3.0 2.9 2.5 2.2 2.7 1.2 
s t e e r i n g -
wheel angle 60 1.8 1.5 1.7 1.6 1.5 0.9 

(deg) 100 1.5 1.6 1.4 1.3 1.3 1.1 
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i n f l u e n c e the mean l a t e r a l p o s i t i o n , but improves the l a t e r a l p o s i t i o n 
s t a n d a r d d e v i a t i o n s s i g n i f i c a n t l y (p < 0.01). S i m i l a r e f f e c t s o f LT are 
found f o r the stan d a r d d e v i a t i o n of l a t e r a l speed (p < 0.01) and s t e e r i n g -
wheel angle (p < 0.05). For the s e t of da t a g i v e n i n Table 7 . I I the AN OVA 
r e v e a l e d not any Speed x LT i n t e r a c t i o n , which suggests t h a t the b e n e f i t s 
of a l o n g e r l o o k i n g time a r e about equal f o r each of the speeds. T h i s 
s u g g e s t i o n i s c o n t r a r y t o the e x p e c t a t i o n s as f o r m u l a t e d i n S e c t i o n 7.3.1, 
where i t was argued t h a t p a r t i c u l a r l y a t low speed the d r i v e r may take 
advantage of the l o n g e r LT. However, these e x p e c t a t i o n s a r e confirmed i n 
the TLC a n a l y s i s . F i g . 7.8 shows the median TLC f o r which the AN0VA i n ­
d i c a t e d main e f f e c t s of LT (p < 0.01) and Speed (p < 0.01) as w e l l as a 
Speed x LT i n t e r a c t i o n (p < 0.01). The l a t t e r r e s u l t i l l u s t r a t e s c l e a r l y 
t h a t the LT e f f e c t i s most pronounced f o r the low speed c o n d i t i o n s . 

0.25 0 50 100 2 00 4.00 
l ook ing t ime (s) 

F i g . 7.8 Median TLC f o r the d i f f e r e n t l o o k i n g times and speeds. 

An i m p o r t a n t q u e s t i o n t o answer i s how these TLC r e s u l t s a r e r e l a t e d t o the 
d r i v e r ' s l o o k i n g s t r a t e g y , i . e . the o c c l u s i o n times. On the one hand t h i s 
s t r a t e g y may have been t o use about equal o c c l u s i o n times f o r each of the 
LT c o n d i t i o n s . Such a s t r a t e g y e f f e c t i v e l y may have r e s u l t e d i n t o l o n g e r 
TLC's w i t h l o n g l o o k i n g t i m es j u s t because of the i n c r e a s e d l o o k i n g time. 
Another s t r a t e g y may be to "use" the l o n g e r TLC's as these occur w i t h l o n g 
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LT and thus take l o n g e r o c c l u s i o n times when more time i s a v a i l a b l e . The 
T o c c and 15? TLC d a t a shown i n F i g . 7.9 suggest t h i s l a t t e r s t r a t e g y t o be 
most l i k e l y : The l o n g e r TLC's w i t h l o n g l o o k i n g times a r e r e s u l t i n g i n 
l o n g e r o c c l u s i o n t i m e s. Here a l s o the correspondance w i t h the Experiment 
V I I r e s u l t s i s q u i t e good, showing t h a t d r i v e r s choose o c c l u s i o n times 
which a r e s l i g h t l y below the 15? TLC l e v e l . T h i s r e a s o n i n g i s a l s o c o n f i r m ­
ed i n the ANOVA on the r a t i o ' s of T 0 0 0 and T L C t o t (see a l s o S e c t i o n 7.2.3) 
which i n d i c a t e d t h i s r a t i o t o be independent on LT. The mean r a t i o was 
0.37, 0.41 and 0.42 f o r the speeds of 20, 60 and 100 km/h, r e s p e c t i v e l y . 
Although these v a l u e s a r e almost the same as those found i n Experiment V I I 
(see Table 7.1), the pre s e n t ANOVA r e v e a l e d a main e f f e c t of speed (p < 
0.05) f o r which an a d d i t i o n a l Newman-Keuls t e s t showed t h a t the 20 km/h 
runs d i f f e r e d from the two o t h e r speeds. However, d e s p i t e t h i s e f f e c t i t 
seems j u s t i f i e d t o c o n s i d e r these f i n d i n g s as l a r g e l y i n l i n e w i t h the 
Experiment V I I r e s u l t s , which i n d i c a t e d t h a t d r i v e r s choose (average) 
o c c l u s i o n times of about 40% of the a v a i l a b l e time. 
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F i g . 7.9 Mean o c c l u s i o n time and 15$ TLC f o r the d i f f e r e n t l o o k i n g times 
and speeds. 
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The f i n a l a n a l y s i s of the present d a t a was concerned w i t h the r e l a t i o n 

and the d u r a t i o n of the subsequent o c c l u s i o n p e r i o d . For the sake of t h i s 
a n a l y s i s the s e t of ( a b s o l u t e ) 6 3 C v a l u e s f o r each s p e e d / l o o k i n g t i m e / 
s u b j e c t c o m b i n a t i o n was a l s o s u b d i v i d e d i n t o f o u r q u a r t i l e s Q1 t o Q4, w i t h 
the 25* l a r g e s t v a l u e s o f & s c i n Q4. F i g . 7.10 g i v e s the median T o o c v a l u e s 
as a f u n c t i o n of l o o k i n g time f o r the d i f f e r e n t speeds and w i t h the quar-
t i l e as parameter. A f o u r - l e v e l ANOVA (6 S u b j e c t s , 3 Speeds, 5 Loo k i n g 
Times and 4 Q u a r t i l e s ) i n d i c a t e d e f f e c t s of speed (p < 0.01), l o o k i n g time 
(p < 0.01) and q u a r t i l e (p < 0.01) as w e l l as a Speed x LT i n t e r a c t i o n (p < 
0.01). The q u a r t i l e e f f e c t c o n f i r m s the i d e a t h a t l a r g e s t e e r i n g - w h e e l 
a m p l i t u d e s a r e succeeded by r e l a t i v e l y s h o r t o c c l u s i o n t i m es. V i s u a l 
i n s p e c t i o n of F i g . 7.10, f u r t h e r m o r e , c o n f i r m s our s u g g e s t i o n t h a t p a r t i c ­
u l a r l y a t low speeds the q u a r t i l e - e f f e c t w i l l d i m i n i s h w i t h the l o n g e r 
l o o k i n g times. The absence of a Q u a r t i l e x LT i n t e r a c t i o n , however, i n ­
d i c a t e s t h a t f o r now such a c o n c l u s i o n i s not j u s t i f i e d . The r e l a t i v e l y 
s m a l l number of o c c l u s i o n i n t e r v a l s f o r the l o n g e r l o o k i n g times may have 
p l a y e d a r o l e here. 

between the amplitude 6 s c of d r i v e r s e r r o r - c o r r e c t i n g s t e e r i n g - w h e e l a c t i o n 

8 2 0 k m / h 60 km/h 100 k m / h 

o 5 S C -quartile 
0, •5 2 
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F i g . 7.10 Median o c c l u s i o n times as a f u n c t i o n of l o o k i n g time f o r the 
f o u r 6 g c q u a r t i l e s Q1 to Q4 and f o r t h r e e speeds. 
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7.3.4 C o n c l u s i o n s 

The f o l l o w i n g c o n c l u s i o n s can now be added t o those of Experiment V I I : 
1. The e f f e c t s o f l i m i t i n g the d u r a t i o n o f d r i v e r s ' v i s u a l samples - as 

i n the present o c c l u s i o n experiments - are dependent on speed. Par­
t i c u l a r l y a t low speeds d r i v e r s take advantage of l o n g e r l o o k i n g 
times. 

2. The speed dependency of the l o o k i n g time e f f e c t as d e s c r i b e d i n the 
f i r s t c o n c l u s i o n was shown by the TLC a n a l y s i s and d i d not appear from 
the i s o l a t e d l a t e r a l p o s i t i o n and s t e e r i n g - w h e e l angle data, thus 
i l l u s t r a t i n g the u s e f u l n e s s of TLC as an i n t e g r a l q u a n t i f i c a t i o n of 
d r i v i n g performance. 

3. The s i m i l a r i t y between the TLC d a t a and d r i v e r ' s s e l f - c h o s e n o c c l u s i o n 
times, as a l s o found i n Experiment V I I , shows a g a i n t h a t TLC may serve 

^ y l as a v a l u a b l e p r e d i c t o r of d r i v e r s l o o k i n g s t r a t e g y and i t s dependency 
on l o o k i n g time and speed. 

7.4 G e n e r a l d i s c u s s i o n 

The major q u e s t i o n t o answer i n the p r e s e n t experiments was f o r how l o n g a 
d r i v e r i s a c t u a l l y w i l l i n g to c o n t r o l h i s v e h i c l e w i t h o u t immediate v i s u a l 
feedback. Regarding t h i s p o i n t i t was h y p o t h e s i s e d t h a t d r i v e r s w i l l choose 
the d u r a t i o n of o c c l u s i o n p e r i o d s i n r e l a t i o n w i t h 1) the time a v a i l a b l e 
f o r e r r o r - n e g l e c t i o n and 2) the amplitude of the c o r r e c t i n g s t e e r i n g - w h e e l 
a c t i o n s made d u r i n g o c c l u s i o n . I n order t o d e a l w i t h these q u e s t i o n s a 
time-domain a n a l y s i s o f d r i v i n g was developed as a method t o c h a r a c t e r i z e 
l a n e keeping not o n l y by l a t e r a l p o s i t i o n data but a l s o i n terms of time. 
Two o c c l u s i o n experiments were conducted which a l l o w e d us t o compare 
d r i v e r s s e l f - c h o s e n o c c l u s i o n p e r i o d s w i t h the r e s u l t s of t h i s time-domain 
a n a l y s i s , as these are d e s c r i b e d by way of the T i m e - t o - L i n e - C r o s s i n g 
concept. The r e s u l t s of these experiments f u l l y c o n f i r m the hypotheses: 
O c c l u s i o n times correspond c l o s e l y w i t h TLC and a r e s h o r t e r w i t h l a r g e r 
s t e e r i n g - w h e e l c o r r e c t i o n s . 

Speed was chosen as the major independent v a r i a b l e i n these experiments, 
because t h i s f a c t o r seems of p a r t i c u l a r i n t e r e s t when d e v e l o p i n g a d r i v i n g 
performance measure i n terms of time. The r e s u l t s i n F i g . 7.2 and Table 
7. I I i l l u s t r a t e how c o n v e n t i o n a l measures such as s t a n d a r d d e v i a t i o n s i n 
l a t e r a l p o s i t i o n and l a t e r a l speed are a f f e c t e d by speed. A c t u a l l y , the 
l a t e r a l p o s i t i o n s t a n d a r d d e v i a t i o n appears t o be independent of speed, 
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whereas l a t e r a l speed s t a n d a r d d e v i a t i o n i n c r e a s e s a p p r o x i m a t e l y l i n e a r l y 
w i t h speed. F i g . 7.3 and 7.8 d e s c r i b e the same d a t a i n terms of TLC and i t 
c o u l d be i l l u s t r a t e d c l e a r l y t h a t TLC o f f e r s an o p p o r t u n i t y t o i n t e g r a t e 
l a t e r a l p o s i t i o n and s t e e r i n g - w h e e l d a t a . Furthermore, the correspondence 
between the 15$ TLC and the o c c l u s i o n ..times as shown i n F i g . 7.4 and 7.9 
i m j p l l e s t h a t the TLC measure should be o f use not o n l y as a u n i f i e d q u a n t i ­
t a t i v e measure of d r i v i n g performance but a l s o as a more b e h a v i o r a l de­
s c r i p t o r , and thus p r e d i c t o r , of d r i v e r s ' o c c l u s i o n s t r a t e g y and i t s 
dependency on f a c t o r s l i k e speed and l o o k i n g time. I n t h i s way, TLC may 
a l s o p r o v i d e i n s i g h t i n t o the p r o b a b i l i t y of l a n e exceedance d u r i n g a 
p a r t i c u l a r run. A l l e n and O'Hanlon (1979) proposed an i n d e x f o r t h i s 
p r o b a b i l i t y . They s t a r t e d from the assumption of a G a u s s i a n d i s t r i b u t e d 
l a t e r a l p o s i t i o n and used the s t a n d a r d d e v i a t i o n t o c a l c u l a t e the a p o s t e ­
r i o r i p r o b a b i l i t y o f l a n e exceedance. One of the l i m i t a t i o n s o f t h i s i n d e x 
i s i l l u s t r a t e d i n the p r e s e n t d a t a : The absence o f a speed e f f e c t i n 
F i g . 7.2b would r e s u l t i n a c o n s t a n t p r o b a b i l i t y o f l a n e exceedance over 
the range of speeds shown here. T h i s c o n c l u s i o n i s c o n t r a r y not o n l y t o 
i n t u i t i o n but a l s o t o the a c t u a l TLC r e s u l t s g i v e n i n F i g . 7.3, which a r e a 
summary of the a c t u a l times t o l a n e exceedance. 

The median and 15$ TLC l e v e l i n F i g s . 7.3 and 7.8 a r e r e p r e s e n t a t i v e v a l u e s 
which c h a r a c t e r i z e the t o t a l TLC d i s t r i b u t i o n of a p a r t i c u l a r run or 
c o n d i t i o n . However, i n our f u r t h e r a n a l y s e s we used the TLC g v a l u e s , which 
d e s c r i b e the d r i v i n g s i t u a t i o n a t those p a r t i c u l a r moments a t which the 
d r i v e r decided t o r e q u e s t a new l o o k . A major advantage of the p r e s e n t 
e x p e r i m e n t a l approach thus becomes c l e a r : The o p p o r t u n i t y t o compare and 
combine d r i v e r s ' s e l f chosen o c c l u s i o n times w i t h the TLC g v a l u e s , thereby 
a l l o w i n g us t o determine the open l o o p times which were a c t u a l l y a v a i l a b l e . 
I n t h i s way i t becomes p o s s i b l e , 1) t o q u a n t i f y the e f f i c i e n c y of d r i v e r s ' 
s t e e r i n g b e h a v i o r d u r i n g the o c c l u s i o n i n t e r v a l , and 2) to d e s c r i b e the 
r e l a t i o n s h i p between o c c l u s i o n time and a c t u a l a v a i l a b l e time. The con­
s t a n c y over speed of the l a t t e r r e l a t i o n s h i p (Table 7.1) i s a remarkable 
r e s u l t , which shows t h a t d r i v e r s tend t o use a c o n s t a n t p o r t i o n , i . e . about 
40$, o f the a v a i l a b l e time, r a t h e r than l e a v e a c o n s t a n t a b s o l u t e amount of 
time a t the end of the o c c l u s i o n i n t e r v a l . 

T h i s r e s u l t i s a l s o c o n s i s t e n t w i t h Milgram e t a l . ' s (1982) open l o o p 
a n a l y s i s of the same data which showed t h a t d r i v e r s base t h e i r d e c i s i o n s t o 
sample t h e i r v i s u a l s u r r o u n d i n g s on a s t r a t e g y of m a i n t a i n i n g a c o n s t a n t 
l e v e l of redundancy i n t h e i r e s t i m a t e of the v e h i c l e ' s s t a t e i n f o r m a t i o n . 
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C H A P T E R 8 

8. THE LIMITS OF ERROR-NEGLECTION IN STRAIGHT LANE KEEPING 

8.1 I n t r o d u c t i o n 

As i n d i c a t e d i n S e c t i o n 2.2.2 the a c t u a l l i t e r a t u r e does not p r e s e n t any 
e r r o r - n e g l e c t i o n d e s c r i p t i o n of d r i v i n g . I t was argued t h a t such a d e s c r i p ­
t i o n s h o u l d f u l f i l l two major r e q u i r e m e n t s : 1) i t should g i v e i n s i g h t i n t o 
the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n a t each moment of a r u n and 2) i t 
should p r o v i d e a d e s c r i p t i o n of the a c t u a l l i m i t a t i o n s of e r r o r - n e g l e c t i o n . 
The f i r s t o f these r e q u i r e m e n t s has been d e a l t w i t h through the development 
of the TLC concept as i t i s based on a p r e v i e w - p r e d i c t o r approach. Regard­
i n g the second requirement i t i s i m p o r t a n t t o note t h a t , up t o now, the TLC 
concept has been used as a measure, r e p r e s e n t i n g the time u n t i l the l a n e 
boundary w i l l be reached. An e r r o r - n e g l e c t i o n d r i v e r model, however, s h o u l d 
c o n t a i n d e c i s i o n r u l e s d e s c r i b i n g how d r i v e r s s w i t c h from an e r r o r - n e g l e c ­
t i o n t o an e r r o r - c o r r e c t i o n s t r a t e g y . 

The experiment t o be presented i n t h i s c h a p t e r was designed t o p r o v i d e 
these r u l e s f o r a s t r a i g h t l a n e keeping t a s k . D r i v e r s were i n s t r u c t e d t o 
n e g l e c t the v e h i c l e path e r r o r and t o s w i t c h over t o e r r o r - c o r r e c t i o n o n l y 
a t t h a t moment i n time, the v e h i c l e motion s t i l l c o u l d c o m f o r t a b l y be 
c o r r e c t e d t o prevent a c r o s s i n g of the l a n e boundary. 

F i g . 8.1 g i v e s an i l l u s t r a t i o n of such an event. At t = t Q the d r i v e r was 
i n s t r u c t e d t o n e g l e c t f u r t h e r path e r r o r s and thus t o behave i n a f i x e d 
s t e e r i n g mode. The time h i s t o r y shows how TLC decreases t o TLC S, i . e . u n t i l 
the moment t s , at which the d r i v e r d e c i d e s t o generate a compensatory 
s t e e r i n g a c t i o n f o r which the i n i t i a l a mplitude i s noted as 6 S 0 . At t s the 
l a t e r a l d i s t a n c e from the l a n e boundary i s y , w h i l e the l a t e r a l speed w i t h 
which the v e h i c l e i s approaching the l a n e boundary i s y g . 
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The s t r a t e g y adopted by d r i v e r s i n t h i s d e c i s i o n making process can now be 
c h a r a c t e r i s e d i n terms of the v e h i c l e motion and p o s i t i o n d a t a a t t g . 
F i g . 8.2 g i v e s an i l l u s t r a t i o n o f two h y p o t h e t i c a l s t r a t e g i e s . I n case of 
s t r a t e g y A d r i v e r s use a co n s t a n t l a t e r a l d i s t a n c e y g f o r t h e i r d e c i s i o n t o 
s w i t c h over t o e r r o r - c o r r e c t i o n . A consequence of such a s t r a t e g y would be 
t h a t TLC s's a r e s h o r t e r w i t h h i g h e r l a t e r a l speeds y s . Example B r e p r e s e n t s 
a s t r a t e g y where d r i v e r s compensate f o r a h i g h e r l a t e r a l approach speed by 
t a k i n g a l o n g e r d i s t a n c e y s . A c^nseauejic£ o f the l a t t e r s t r a t e g y might be 
t h a t T L C g i s a r e a D 0 U t c o n s t a n t f o r d i f f e r e n t y s l e v e l s . Both s t r a t e g i e s 
assume a more or l e s s l i n e a r r e l a t i o n between the v a r i o u s v a r i a b l e s . I t i s 
e v i d e n t t h a t , i r . p r a c t i c e , n o n - l i n e a r i t i e s may a f f e c t these c o n t r o l s t r a t e -
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g i e s . Another i m p o r t a n t q u e s t i o n i s how v e h i c l e speed w i l l i n f l u e n c e t h i s 
s t r a t e g y . T h e r e f o r e the experiment t o be presented now was performed a t 
v a r i o u s speed l e v e l s . 

A B 

l a t e r a l s p e e d y s l a t e r a l s p e e d y s 

F i g . 8.2 Schematic r e p r e s e n t a t i o n of d i f f e r e n t s t r a t e g i e s as may be 
adopted by d r i v e r s when s w i t c h i n g from e r r o r - n e g l e e t i o n t o 
e r r o r - c o r r e c t i o n a t t g . 

8.2 Experiment IX: The l i m i t s o f e r r o r - n e g l e c t i o n i n s t r a i g h t l a n e keeping 

8.2.1 Method 

Instrumented c a r 

The experiment was c a r r i e d out w i t h the in s t r u m e n t e d c a r as d e s c r i b e d i n 
S e c t i o n 3.2.1 and Appendix A. 
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Roadway 

The roadway used f o r t h i s experiment, was the same as i n the Experiments 
V I I and V I I I . i . e . a 2 km l o n g , s t r a i g h t , d i v i d e d highway, w i t h two l a n e s 
i n each d i r e c t i o n , no o t h e r t r a f f i c and l a n e w i d t h 3.5 m. Ss drove i n o n l y 
one d i r e c t i o n w i t h a broken c e n t r e l i n e on t h e i r l e f t and a s o l i d e d g e l i n e 
on t h e i r r i g h t , s h o u l d e r w i d t h b e i n g 2.5 m. C e n t r e l i n e c o n f i g u r a t i o n was 
3-9-3, i . e . 3 m s t r i p i n g , 9 m n o - s t r i p i n g , 3 m s t r i p i n g , e t c . 

S i x male s u b j e c t s , r a n g i n g i n age from 22 t o 31 p a r t i c i p a t e d i n the e x p e r i ­
ment. A l l had a t l e a s t t h r e e y e a r s and 30.000 km d r i v i n g e x p e r i e n c e . They 
were p a i d f o r p a r t i c i p a t i n g i n the experiment. 

Each S p a r t i c i p a t e d i n the experiment on h a l f a day, d u r i n g which he made 
18 runs i . e . H runs a t 20 km/h, 6 runs a t 60 km/h and 8 runs a t 100 km/h. 
The number of runs f o r a speed was chosen t o get an about equal number of 
d e c i s i o n events f o r each speed. The sequence of the speeds was randomised. 
B e f o r e the f i r s t a c t u a l run S made t h r e e p r a c t i c e runs, one a t each of the 
speeds mentioned. The t o t a l time of d r i v i n g f o r a s u b j e c t was about 2 
hours, w i t h a 15 min pause a f t e r run 9. 

S was i n s t r u c t e d t o n e g l e c t path e r r o r s i m m ediately a f t e r the p r e s e n t a t i o n 
of a tone and t o s w i t c h over t o e r r o r - c o r r e c t i o n o n l y then when the v e h i c l e 
motion c o u l d s t i l l c o m f o r t a b l y be c o r r e c t e d t o prevent a c r o s s i n g of the 
l a n e boundary. I t was made understood t o S t h a t i n the case of t h i s e x p e r i ­
ment e r r o r - n e g l e c t i o n s h ould be i n t e r p r e t e d as a f i x a t i o n of the s t e e r i n g -
wheel immediately a f t e r the tone. The experimenter, who was seated i n the 
f r o n t - p a s s e n g e r s e a t , - i n i t i a t e d the tone by p r e s s i n g a b u t t o n a t t h a t 
moment t Q , which he c o n s i d e r e d as u s e f u l f o r the next event. I n t h i s way 
the e x perimenter was a b l e to a c c o m p l i s h a c e r t a i n v a r i a t i o n i n l a t e r a l 
approach speeds and t o guarantee an about equal number of approaches t o the 
l e f t ( c e n t r e l i n e ) and the r i g h t ( e d g e l i n e ) . Speed was a u t o m a t i c a l l y h e l d 
c o n s t a n t w i t h the d e v i c e d e s c r i b e d i n S e c t i o n 3.2.1. 

S u b j e c t s 

Procedure 
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Data a n a l y s i s 

Sampled measurements (4 Hz) were made on: 

S s t e e r i n g - w h e e l a ngle 
s 

r yaw r a t e 

y l a t e r a l p o s i t i o n 

The p o s i t i o n of the push butto n , as i t was used by the experimenter t o 
i n i t i a t e a p e r i o d of e r r o r - n e g l e e t i o n , was r e c o r d e d as a f o u r t h c hannel, 
which a l l o w e d us t o mark the moment t Q a f t e r which the d r i v e r f i x a t e d t he 
s t e e r i n g - w h e e l . Sample times were 300 s, 105 s and 65 s f o r runs w i t h a 
speed of 20, 60 and 100 km/h, r e s p e c t i v e l y . 

Heading angle was d e r i v e d from the l a t e r a l speed s i g n a l , which on i t s t u r n 
was c a l c u l a t e d by way of d i f f e r e n t i a t i n g the l a t e r a l p o s i t i o n s i g n a l . 
Furthermore TLC v a l u e s were c a l c u l a t e d f o r each sampled p o i n t i n time. 

D r i v e r s ' d e c i s i o n p o i n t s t g were determined by way of l o c a l i s i n g the f i r s t 
sample a f t e r t 0 , a t which the s t e e r i n g - w h e e l a n g l e d i f f e r e d more than 0.1 
6 S C from i t s o r i g i n a l v a l u e (0.1 Ssc = 10? of the amplitude of the subse­
quent s t e e r i n g - w h e e l a c t i o n ) . 

For each d e c i s i o n p o i n t y s , y m i n , y s , TLC S and TLC,,,^ v a l u e s were d e r i v e d 
(see F i g . 8.1). The t o t a l number of d e c i s i o n s as a n a l y s e d i n t h i s way was 
486, 306 and 263 f o r speeds of 20, 60 and 100 km/h, r e s p e c t i v e l y , w i t h an 
about equal number of approaches t o the l e f t and the r i g h t . The d i f f e r e n c e 
i n the number of d e c i s i o n s a n a l y s e d f o r the t h r e e speeds i l l u s t r a t e s t h a t 
the s t r a t e g y t o e q u a l i z e t h i s number by t a k i n g d i f f e r e n t number of runs and 
sample times f o r the v a r i o u s speeds was not c o m p l e t e l y s u c c e s s f u l . 

For the t o t a l s e t of da t a an AN0VA was performed t o t e s t the s i g n i f i c a n c e 
of d i f f e r e n c e s between the c o n d i t i o n s speed and l e f t - / r i g h t w a r d approach 
(LR). The number of r e p l i c a f o r t h i s a n a l y s i s was taken as 50, r e s u l t i n g 
i n t o an i n c o m p l e t e d a t a b l o c k , f o r which the u n a v a i l a b l e c e l l s were coded as 
m i s s i n g data. 
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I n a f u r t h e r a n a l y s i s t he y g data f o r each speed/subject c o m b i n a t i o n were 
d i v i d e d i n t o f o u r y g q u a r t i l e s i . e . Q-| t o Qi, w i t h the 25% h i g h e s t l a t e r a l 
speed v a l u e s i n Qjj. Mean TLC S, y s and y s v a l u e s were d e r i v e d f o r each y s 

q u a r t i l e . thus a l l o w i n g an a n a l y s i s of d r i v e r ' s s t r a t e g y i n choosing y s and 
TLC S f o r d i f f e r e n t y s l e v e l s . 

8.2.2 R e s u l t s 

F i g . 8.3 p r e s e n t s mean v a l u e s f o r y s , y m l n and y s as a f u n c t i o n of speed. 
The ANOVA i n d i c a t e d no e f f e c t o f LR and t h e r e f o r e the d a t a were averaged 
over l e f t - and r i g h t w a r d approaches. These r e s u l t s i l l u s t r a t e t h a t d r i v e r s 
take l a r g e r v a l u e s of y s and y s f o r the h i g h e r speeds, whereas the minimum 
d i s t a n c e t o the l a n e boundary i s about c o n s t a n t , i . e . 15 cm. 

010 

0 20 60 100 0 20 60 100 
speed I km /h ) s p e e d l k m / h ) 

F i g . 8.3 Mean v a l u e s of y„, y . and y_ as a f u n c t i o n of d r i v i n g speed. 
£3 D1J.I1 ¡3 

The q u e s t i o n now i s how these l a t e r a l p o s i t i o n and l a t e r a l speed r e s u l t s 
a r e r e f l e c t e d i n the TLC dat a . F i g . 8.4 g i v e s mean v a l u e s of TLC g and 
T L C m i n f o r which the ANOVA i n d i c a t e d no e f f e c t s of speed and LR, thus 
i l l u s t r a t i n g t h a t d r i v e r s take about c o n s t a n t TLC g ( 1 . 3 s ) and T L C m i n (1.1 
s) l e v e l s f o r a broad range of speeds. 

http://D1J.I1
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2.0 -

1/1 

0 5 

0 20 60 100 
speed (km/h) 

F i g . 8.4 Means of TLC and T L C _ i n as a f u n c t i o n of d r i v i n g speed. 

The c o n s i s t e n c y of d r i v e r s d e c i s i o n r u l e s can be t e s t e d f u r t h e r by way o f 
a n a l y s i n g the SD's of the d i f f e r e n t v a r i a b l e s . The SD_qf TLC S appears t o be. 
independent o f speed and LR w i t h a mean v a l u e o f 0.43 s. F i g . 8.5 g i v e s the 

2 0.10 • 
o 

° 0.05-

0 20 60 100 
speed Ikm/h) 

F i g . 8.5 Standard d e v i a t i o n of y E as a f u n c t i o n of speed and f o r l e f t -
w a r d / r i g h t w a r d approaches of the l a n e boundary. 
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SD of y s f o r which the ANOVA r e v e a l e d a main e f f e c t of speed (p < 0.01) and 
a tendency (p < 0.06) towards s m a l l e r v a r i a b i l i t y f o r l e f t w a r d approaches. 
T h i s l a t t e r tendency i s most p r o b a b l y caused by the f a c t t h a t d r i v e r ' s 
p o s i t i o n i n the c a r a l l o w s f o r a b e t t e r o b s e r v a t i o n 0 f the d i s t a n c e Jt£^the 
l e f t c e n t r e l i n e as t o the r i g h t e d g e l i n e . 

The s t r a t e g y adopted by d r i v e r s i n d e c i d i n g t o s w i t c h from e r r o r - n e g l e c t i o n 
t o e r r o r - c o r r e c t i o n can be c h a r a c t e r i z e d i n more d e t a i l by c o n s i d e r i n g the 
r e l a t i o n between y s , TLC S and y s , i n t h e way as suggested i n F i g . 8.2. T h i s 
type o f p r e s e n t a t i o n i s g i v e n i n F i g . 8.6i which p r e s e n t s the means of y s 

and TLC g as a f u n c t i o n of the mean l a t e r a l speed f o r the q u a r t i l e s Q-j t o Qj) 
(see S e c t i o n 8.2.1). F i g . 8.6a shows an about l i n e a r r e l a t i o n s h i p between 
y s and y s , thus i l l u s t r a t i n g how d r i v e r s choose l a r g e r d i s t a n c e s y s w i t h 
h i g h e r approach speeds y g . A c t u a l l y , t h i s mechanism corresponds c l o s e l y 
w i t h s t r a t e g y B ( F i g . 8.2), the o n l y d i f f e r e n c e b e i n g t h a t , i n case o f L t h e 
a c t u a l data, the l i n e a r i t y between y g and y s does not pass the o r i g i n . As a 
conseqTience, the TLC g d a t a i n F i g . 8.6b show a s l i g h t decrease w i t h h i g h e r 
approach speeds y s . N e v e r t h e l e s s , i t seems j u s t i f i e d t o conclude on the 

100 km/h 2 n 

010 0 20 030 040 0 50 0 010 020 030 040 050 
mean lateral speed y s(m/s) mean lateral speed y s lm/s ) 

F i g . 8.6 L a t e r a l d i s t a n c e y and TLC S as a f u n c t i o n of mean l a t e r a l speed 
f o r the q u a r t i l e s Q 1 t o Qjj, ( w i t h the 25* h i g h e s t l a t e r a l speed 
v a l u e s i n Qjj). 
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b a s i s of the complete s e t of da t a t h a t d r i v e r s ' s t r a t e g y t o s w i t c h from 
e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n can be c h a r a c t e r i z e d by the y s - y s 

r e l a t i o n s h i p g i v e n i n F i g . 8.6a and t h a t TLC S l e v e l s change o n l y m i n o r l y as 
a f u n c t i o n o f l a t e r a l and forward speed. 

8.3 D i s c u s s i o n and c o n c l u s i o n s 

I n the i n t r o d u c t i o n of t h i s c h a p t e r a d i s t i n c t i o n was made between two 
h y p o t h e t i c a l s t r a t e g i e s , A and B, as these may be adopted by d r i v e r s when 
d e c i d i n g t o s w i t c h from e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n . I n case of 
s t r a t e g y A d r i v e r s were assumed t o use a c o n s t a n t l a t e r a l d i s t a n c e t o the 
la n e boundary f o r t h e i r d e c i s i o n t o s w i t c h over to e r r o r - c o r r e c t i o n . A 
consequence o f t h i s s t r a t e g y would be t h a t TLC s's, i . e . TLC at the moment 
of s w i t c h i n g t o e r r o r - c o r r e c t i o n , are s h o r t e r w i t h h i g h e r l a t e r a l speed. 
With s t r a t e g y B d r i v e r s are assumed t o compensate f o r h i g h e r l a t e r a l 
approach speeds by way of s w i t c h i n g t o e r r o r - c o r r e c t i o n a t a l a r g e r l a t e r a l 
d i s t a n c e from the l a n e boundary. A consequence of the l a t t e r s t r a t e g y might 
be t h a t TLC's a r e about c o n s t a n t f o r d i f f e r e n t l a t e r a l speed l e v e l s . The 
a c t u a l r e s u l t s i n d i c a t e t h a t d r i v e r s choose a s t r a t e g y which corresponds 
c l o s e l y w i t h s t r a t e g y B: L a t e r a l d i s t a n c e from the l a n e boundary a t which 
d r i v e r s s w i t c h from e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n i n c r e a s e s about 
l i n e a r l y w i t h l a t e r a l speed, whereas the TLC g v a l u e s decrease o n l y s l i g h t l y 
w i t h h i g h e r l a t e r a l approach speeds. 

Regarding the e f f e c t s of d r i v i n g speed i t i s found t h a t the l a t e r a l d i s ­
t ance from the l a n e boundary a t which d r i v e r s s w i t c h from e r r o r - n e g l e c t i o n 
t o e r r o r - c o r r e c t i o n i n c r e a s e s w i t h d r i v i n g speed. T h i s mechanism r e s u l t s i n 
an about c o n s t a n t TLC g l e v e l f o r the range of speeds c o n s i d e r e d (20-100 
km/h). The r e l a t i o n of t h i s remarkable f i n d i n g w i t h the r e s u l t s o f E x p e r i ­
ments V I I w i l l be d i s c u s s e d i n Chapter 9. 

In summary the f o l l o w i n g c o n c l u s i o n s can be drawn on the b a s i s of E x p e r i ­
ment IX: 

1. The l a t e r a l d i s t a n c e from the l a n e boundary a t which d r i v e r s s w i t c h 
from an e r r o r - n e g l e c t i o n t o an e r r o r - c o r r e c t i o n s t r a t e g y i n c r e a s e s 
w i t h d r i v i n g speed. 

2 . C o n c l u s i o n (1) can l a r g e l y be e x p l a i n e d by the f a c t t h a t the l a t e r a l 
d i s t a n c e from the l a n e boundary, a t which d r i v e r s s w i t c h from e r r o r -
n e g l e c t i o n t o e r r o r - c o r r e c t i o n , i n c r e a s e s about l i n e a r l y w i t h l a t e r a l 
speed. 
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3. The mechanism d e s c r i b e d i n c o n c l u s i o n s (1) and (2) r e s u l t s i n an about 
c o n s t a n t TLC g l e v e l a t the moments d r i v e r s s w i t c h from e r r o r - n e g l e c -
t i o n t o e r r o r - c o r r e c t i o n f o r a broad range of d r i v i n g speeds. 

4. The l a t e r a l d i s t a n c e from the l a n e boundary a t which d r i v e r s s w i t c h 
from e r r o r - n e g l e e t i o n t o e r r o r - c o r r e c t i o n shows a s m a l l e r v a r i a b i l i t y 
f o r l e f t w a r d approaches. T h i s tendency i s most pr o b a b l y the r e s u l t of 
the f a c t t h a t d r i v e r ' s p o s i t i o n i n the c a r a l l o w s f o r a b e t t e r o bserv­
a t i o n of the d i s t a n c e t o the ( l e f t ) c e n t r e l i n e as t o the ( r i g h t ) edge-
l i n e . 
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C H A P T E R 9 

9. GENERAL DISCUSSION AND APPLICATIONS 

9.1 D i s c u s s i o n 

The purpose of t h i s study was t o i n c r e a s e our i n s i g h t i n t o the p o t e n t i a l 
r o l e of e r r o r - n e g l e c t i o n and v i s u a l l y open l o o p s t r a t e g i e s i n v e h i c l e 
c o n t r o l . Apart from a more fundamental u n d e r s t a n d i n g o f t h i s d r i v i n g 
subtask t h i s i n s i g h t a l s o may l e a d t o a p p l i c a t i o n s i n v e h i c l e d e s i g n and 
t r a f f i c e n g i n e e r i n g . 

The b a s i c assumption of the study was t h a t the time a v a i l a b l e f o r a d r i v e r 
t o c o n t r o l h i s v e h i c l e i n an open l o o p mode. i . e . w i t h o u t immediate v i s u a l 
feedback, l a r g e l y depends on two f a c t o r s : 

(1) The a c c u r a c y of the open l o o p generated s t e e r i n g - w h e e l a c t i o n s , 
(2) the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n . 

(1) With r e g a r d t o the a c c u r a c y o f manual c o n t r o l a c t i o n s , i t was argued 
t h a t a n t i c i p a t i o n based on preprogramming and/or preview may g i v e the 
d r i v e r an almost p e r f e c t knowledge of the s t e e r i n g a c t i o n s needed f o r a 
s p e c i f i c manoeuvre, even d u r i n g p e r i o d s w i t h o u t immediate v i s u a l feedback. 
The u l t i m a t e a c c u r a c y of open l o o p s t e e r i n g a c t i o n s , however, w i l l be 
l i m i t e d because of i n a c c u r a c i e s i n the motor system, i . e . a d r i v e r ' s 
l i m i t a t i o n s t o t r a n s f o r m d e s i r e d i n t o a c t u a l s t e e r i n g - w h e e l movements. So, 
the f i r s t q u e s t i o n r a i s e d was whether the l i n e a r speed/accuracy t r a d e - o f f 
as known f o r c l o s e d l o o p , s t e p movements ( F i t t s , 1951; Schmidt e t a l . , 
1978) would a l s o be v a l i d f o r open lo o p , c o n t i n u o u s c o n t r o l a c t i o n s . The 
r e s u l t s of a r e p r o d u c t i o n experiment, i n which s u b j e c t s t r a c k e d movement 
p a t t e r n s of a s i n g l e sine-wave under open as w e l l as c l o s e d l o o p c o n d i ­
t i o n s , i n d i c a t e d t h a t t h i s was not the case. For c l o s e d l o o p t r a c k i n g , 
amplitude accuracy indeed appeared t o be l i n e a r l y dependent on movement 
v e l o c i t y , thus i l l u s t r a t i n g the v a l i d i t y o f F i t t s ' law f o r c o n t i n u o u s 
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c l o s e d l o o p movements. However, f o r open l o o p c o n d i t i o n s t h i s r e l a t i o n was 
not found: I n t h a t case the r e s u l t s i n d i c a t e d the amplitude a c c u r a c y t o be 
o n l y dependent on movement ampl i t u d e . T h i s r e s u l t suggests that_movement 
v e l o c i t y m ainly i n f l u e n c e s the r e l a t i v e importance of the v i s u a l feedback 
procej3sesj_,0therwise s t a t e d : With v i s u a l l y g uided movements, h i g h e r v e l o c i ­
t i e s l e a d t o a s u p p r e s s i o n of the v i s u a l feedback p r o c e s s , r e s u l t i n g i n 
l e s s a c c u r a t e movements. Hence, i t i s c l e a r t h a t v e l o c i t y e f f e c t s w i l l not 
be found i n case of open l o o p movements i n which v i s u a l feedback p r o c e s s e s 
are absent anyway. 

The f i n d i n g t h a t open l o o p s t e e r i n g accuracy p r i m a r i l y depends on the 
amplitude or e x t e n t of the s t e e r i n g - w h e e l a c t i o n was v e r i f i e d and t e s t e d 
f o r i t s i m p l i c a t i o n s f o r a c t u a l d r i v i n g i n two v e h i c l e c o n t r o l t a s k s , i . e . 
a l a n e change and a curve e n t r a n c e t a s k . I n a c t u a l d r i v i n g the open l o o p 
s t e e r i n g a c t i o n can be c o n s i d e r e d as the outcome of an i n f o r m a t i o n p r o c e s ­
s i n g c h a i n which c o n t a i n s t h r e e major s t a g e s : 

a. P e r c e p t i o n of the d e s i r e d path, 
b. t r a n s l a t i o n from the e s t i m a t e d path i n t o a d e s i r e d s t e e r i n g - w h e e l ac­

t i o n , 
c. motor c o n t r o l process t h a t t r a n s f o r m s the d e s i r e d s t e e r i n g - w h e e l 

a c t i o n i n t o a manual a c t i o n . 

The r e s u l t s of the r e p r o d u c t i o n experiment can be c o n s i d e r e d as a q u a n t i f i ­
c a t i o n o f stage c. The degree t o which the i n a c c u r a c i e s o f the s t a g e s a and 
b w i l l be "added" t o those of stage c i s assumed t o depend on the l e v e l of 
p r e d i c t a b i l i t y of a p a r t i c u l a r d r i v i n g t a s k . 

I n view of t h i s , i t was h y p o t h e s i s e d t h a t s t e e r i n g i n a c c u r a c y i n a precog-
n i t i v e t a s k w i l l s t i l l m a i n l y o r i g i n a t e from stage c, and t h a t i n a c c u r a c i e s 
w i l l be l a r g e r i n case of a preview t a s k . The e x p e r i m e n t a l r e s u l t s c o n f i r m 
t h i s h y p o t h e s i s r a t h e r w e l l : A p r e c o g n i t i v e , lane change task r e q u i r i n g a 
s i n g l e sine-wave shaped s t e e r i n g - w h e e l movement ( s i m i l a r to the reproduc­
t i o n e x p e r i m e n t ) , r e s u l t e d i n s t e e r i n g - w h e e l amplitude i n a c c u r a c i e s of the 
same a b s o l u t e l e v e l as those found i n the r e p r o d u c t i o n experiment. In 
comparison, a preview curve e n t r a n c e t a s k r e s u l t e d i n l a r g e r amplitude 
i n a c c u r a c i e s . These d a t a a l s o c o n f i r m the h y p o t h e s i s t h a t i n a c c u r a c i e s 
i n c r e a s e about l i n e a r l y w i t h movement amplitude. 

(2) B e f o r e d i s c u s s i n g the r e s u l t s of (1) i n terms of t h e i r i m p l i c a t i o n s f o r 
d r i v i n g performance we a l s o w i l l have to c o n s i d e r the second f a c t o r i n ­
f l u e n c i n g the p o s s i b i l i t y f o r open l o o p c o n t r o l , i . e . the time a v a i l a b l e 
f o r e r r o r - n e g l e c t i o n . The l i t e r a t u r e r e v i e w i n d i c a t e d an absence of de-
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s c r i p t i v e models t h a t i n c l u d e a q u a n t i f i c a t i o n of the p o t e n t i a l r o l e of 
e r r o r - n e g l e c t i o n . i . e . n o - s t e e r i n g p e r i o d s . I n t h i s s t u d y a d e s c r i p t i o n 
l i k e t h i s was developed by a p p l i c a t i o n of the path p r e d i c t i o n t e c h n i q u e s as 
commonly used i n p r e v i e w - p r e d i c t o r models. For each moment the f u t u r e 
v e h i c l e path i s p r e d i c t e d w i t h the assumption t h a t the s t e e r i n g - w h e e l w i l l 
remain i n i t s momentary p o s i t i o n d u r i n g the time span of the p r e d i c t i o n 
p r o c e s s . From such p r e d i c t i o n s the T i m e - t o - L i n e - C r o s s i n g (TLC) can be 
c a l c u l a t e d , r e p r e s e n t i n g the time the d r i v e r has a v a i l a b l e t o n e g l e c t path 
e r r o r s , u n t i l the moment a t which any p a r t of the v e h i c l e reaches one of 
the l a n e boundaries. TLC's can be c a l c u l a t e d on the b a s i s of sampled d a t a : 
For each sample the momentary l a t e r a l p o s i t i o n , heading a n g l e and s t e e r ­
ing-wheel p o s i t i o n i s used t o p r e d i c t TLC. V e h i c l e and roadway charac­
t e r i s t i c s a r e implemented i n the TLC s o f t w a r e package and can be changed 
o p t i o n a l l y . Hence, the TLC concept answers d i r e c t l y t o one of the main 
purposes of t h i s study, i . e . the q u a n t i f i c a t i o n of the p o t e n t i a l r o l e of 
path e r r o r - n e g l e c t i o n i n d r i v i n g . A f i r s t i l l u s t r a t i o n can be found i n the 
TLC d a t a from Experiment V I I on s t r a i g h t road d r i v i n g w i t h c o n s t a n t speeds 
v a r y i n g between 20 and 120 km/h: A c l a s s i c a l d e s c r i p t i o n o f d r i v i n g per­
formance i n terms of l a t e r a l p o s i t i o n s t a n d a r d d e v i a t i o n s gave no speed 
e f f e c t s , whereas TLC c l e a r l y showed how the time a v a i l a b l e f o r path e r r o r -

Now, we w i l l r e t u r n t o the r e s u l t s of the s t e e r i n g a c c u r a c y experiments, 
which i n d i c a t e d s t e e r i n g i n a c c u r a c i e s t o i n c r e a s e about l i n e a r l y w i t h the 
ampl i t u d e or e x t e n t of the s t e e r i n g - w h e e l movement. I n case of curve 
d r i v i n g t h i s r e l a t i o n i m p l i e s t h a t i n a c c u r a c y of the i n i t i a l , a n t i c i p a t o r y 
s t e e r i n g - w h e e l a c t i o n made a t curve e n t r a n c e , i n c r e a s e s about l i n e a r l y w i t h 
road c u r v a t u r e . Based on t h i s f i n d i n g i t was h y p o t h e s i s e d t h a t , f o r sharper 
c u r v e s , 1) s t e e r i n g c o r r e c t i o n s made a f t e r the a n t i c i p a t o r y s t e e r i n g a c t i o n 
w i l l be s t r o n g e r , and 2) TLC j u s t a f t e r the a n t i c i p a t o r y s t e e r i n g a c t i o n 
w i l l be s h o r t e r . Both p r e d i c t i o n s were confirmed by the e m p i r i c a l f i n d i n g s . 
The TLC d a t a , i n p a r t i c u l a r , i l l u s t r a t e d the p o s s i b i l i t y f o r e r r o r - n e g l e c ­
t i o n t o be s m a l l e s t f o r sharp c u r v e s . For these curves d r i v e r s w i l l have t o 
s w i t c h over t o e r r o r - c o r r e c t i o n a t a r e l a t i v e l y e a r l y moment i n time, which 
c l a r i f i e s why sharper c urves r e q u i r e more a t t e n t i o n . 

The r e s u l t s d i s c u s s e d thus f a r i l l u s t r a t e t h a t i n p r e c o g n i t i v e and preview 
s t e e r i n g t a s k s , d r i v e r s are q u i t e w e l l a b l e t o c o n t r o l t h e i r v e h i c l e 
w i t h o u t immediate v i s u a l feedback d u r i n g a c e r t a i n time p e r i o d . However, i t 
a l s o became e v i d e n t t h a t the e r r o r - c o r r e c t i o n or compensatory c o n t r o l mode 

n e g l e c t i o n decreases w i t h h i g h e r speeds. |_£°r curve d r i v i n g and s t r a i g h t 
l a n e keeping the TLC concept a l l o w s the development of new views on the 
r o l e of e r r o r - n e g l e c t i o n and open l o o p c o n t r o l i n d r i v i n g . 
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u l t i m a t e l y i s needed t o keep the v e h i c l e path w i t h i n the l a n e boundaries. 
W i t h r e s p e c t t o open l o o p c o n t r o l and e r r o r - n e g l e c t i o n , t h e r e f o r e , two 
fundamental q u e s t i o n s remained: F i r s t , f o r how l o n g i s a d r i v e r a c t u a l l y 
w i l l i n g t o c o n t r o l h i s v e h i c l e w i t h o u t immediate v i s u a l feedback and 
second, how l o n g i s a d r i v e r u l t i m a t e l y a l l o w e d t o w a i t b e f o r e s w i t c h i n g 
over t o the e r r o r - c o r r e c t i o n mode. 

The f i r s t o f these q u e s t i o n s was i n v e s t i g a t e d by measuring d r i v e r s ' s e l f -
chosen o c c l u s i o n times i n a s t r a i g h t l a n e k eeping t a s k w i t h c o n s t a n t speeds 
v a r y i n g between 20 and 120 km/h. The f o l l o w i n g hypotheses were f o r m u l a t e d : 
1) O c c l u s i o n t i m es w i l l be r e l a t e d t o the a c t u a l time a v a i l a b l e as i t can 
be d e s c r i b e d i n terms of the TLC, and 2) R e l a t i v e l y l a r g e s t e e r i n g - w h e e l 
c o r r e c t i o n s made d u r i n g o c c l u s i o n , and thus l a r g e i n a c c u r a c i e s , w i l l r e s u l t 
i n r e l a t i v e l y s h o r t o c c l u s i o n t i m es. Both hypotheses were conf i r m e d . 
O c c l u s i o n times corresponded c l o s e l y w i t h TLC and are s h o r t e r w i t h l a r g e r 
s t e e r i n g - w h e e l c o r r e c t i o n s . The u s e f u l n e s s of the TLC concept c o u l d be 
f u r t h e r i l l u s t r a t e d by combining the o c c l u s i o n time and the TLC a t the end 
of the o c c l u s i o n i n t e r v a l , the sum of which can be c o n s i d e r e d as the t o t a l 
time a v a i l a b l e . I n t h i s way d r i v e r s ' o c c l u s i o n s t r a t e g y can be c l a r i f i e d i n 
more d e t a i l by c a l c u l a t i n g t he r a t i o between o c c l u s i o n time and t o t a l time 
a v a i l a b l e . The constancy over speed of t h i s r a t i o i s a remarkable r e s u l t , 
which shows t h a t d r i v e r s tend t o use a c o n s t a n t f r a c t i o n , i . e . about H0%, 
of the time a v a i l a b l e , r a t h e r than l e a v e a c o n s t a n t amount of time a t the 
end of the o c c l u s i o n p e r i o d . T h i s r e s u l t can be compared w i t h the f i n d i n g s 
of the l a s t experiment of t h i s t h e s i s , i n which d r i v e r s were i n s t r u c t e d t o 
n e g l e c t path e r r o r s and t o s w i t c h over t o e r r o r - c o r r e c t i o n o n l y a t t h a t 
moment i n time, the v e h i c l e motion s t i l l c o u l d c o m f o r t a b l y be c o r r e c t e d t o 
prevent a c r o s s i n g o f the l a n e boundary. The s t r a t e g y adopted by d r i v e r s i n 
t h i s t a s k , was t o s w i t c h over t o e r r o r - n e g l e c t i o n a t an about c o n s t a n t TLC 
d i s t a n c e from the l a n e boundary. T h i s r e s u l t a l s o appeared t o be c o n s i s t e n t 
f o r a l a r g e range o f speeds (20 t o 100 km/h). 

Together, the f i n d i n g s on open l o o p c o n t r o l and e r r o r - n e g l e c t i o n i n d i c a t e 
t h a t the t i m i n g p rocesses i n v o l v e d may d i f f e r f u n d a m e n t a l l y . D u r i n g open 
l o o p c o n t r o l d r i v e r s have t o r e l y on t h e i r e s t i m a t e of the v e h i c l e t r a j e c ­
t o r y and t h i s u n c e r t a i n t y r e s u l t s i n the s t r a t e g y t o l e a v e a f r a c t i o n of 
the time a v a i l a b l e a t the end of the o c c l u s i o n i n t e r v a l . I n an e r r o r - n e ­
g l e c t i o n t a s k w i t h d e l i b e r a t e n e g l e c t i o n of path e r r o r s , d r i v e r s w i l l be 
q u i t e c e r t a i n about the v e h i c l e motion i n r e l a t i o n t o the la n e boundary and 
t h i s c e r t a i n t y r e s u l t s i n the s t r a t e g y t o l e a v e a c o n s t a n t amount of time 
b e f o r e the la n e boundary would have been reached. These f i n d i n g s i n d i c a t e 
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t h a t d r i v e r s ' way o f t i m i n g , i . e . l e a v i n g a f r a c t i o n of time or a c o n s t a n t 
amount of time, i s s t r o n g l y r e l a t e d t o the degree of u n c e r t a i n t y about the 
v e h i c l e t r a j e c t o r y . 

I n summary the f o l l o w i n g c o n c l u s i o n s can be drawn from the e n t i r e s e t o f 9 
e x p e r i m e n t s : 

1. The i n a c c u r a c y of open l o o p s t e e r i n g - w h e e l movements, i n terms o f 
amplitude s t a n d a r d d e v i a t i o n s , i n c r e a s e s about l i n e a r l y w i t h movement 
ampli t u d e . The r e l a t i o n between movement i n a c c u r a c y and movement 
v e l o c i t y , as known f o r c l o s e d l o o p movements, does not h o l d f o r open 
loop movements. 

2. With p r e c o g n i t i v e s t e e r i n g t a s k s s t e e r i n g f o r c e h e l p s t o improve 
s t e e r i n g - w h e e l movement ac c u r a c y . 

3. The amplitude i n a c c u r a c i e s of open l o o p s t e e r i n g - w h e e l movements i n a 
preview, curve e n t r a n c e t a s k are l a r g e r compared t o those i n a p r e ­
c o g n i t i v e , l a n e change t a s k . 

4. D r i v e r s a r e a b l e t o take i n t o account both speed and c u r v a t u r e e f f e c t s 
when g e n e r a t i n g a n t i c i p a t o r y s t e e r i n g - w h e e l a c t i o n s a t curve e n t r a n ­
ces. 

5. I n a c c u r a c i e s o f the a n t i c i p a t o r y s t e e r i n g a c t i o n a t curve e n t r a n c e 
i n c r e a s e w i t h road c u r v a t u r e , thus l e a d i n g t o more f r e q u e n t s t e e r i n g 
c o r r e c t i o n s and s h o r t e r TLC's d u r i n g the p e r i o d i m m e d i a t e l y f o l l o w i n g 
the a n t i c i p a t o r y a c t i o n . 

6. The o c c l u s i o n times chosen by d r i v e r s i n a s t r a i g h t l a n e keeping t a s k , 
c l o s e l y correspond w i t h TLC. 

7. When cho o s i n g the d u r a t i o n of o c c l u s i o n p e r i o d s i n a s t r a i g h t l a n e 
keeping t a s k , d r i v e r s tend t o use a f r a c t i o n , i . e . 40?, of the a v a i l ­
a b l e time, r a t h e r than l e a v e a c o n s t a n t amount of time a t the end of 
the o c c l u s i o n p e r i o d . T h i s e f f e c t i s c o n s i s t e n t over a l a r g e range of 
speeds. 

8. A f t e r d e l i b e r a t e l y n e g l e c t i n g path e r r o r s i n a s t r a i g h t l a n e keeping 
tas k , d r i v e r s s w i t c h over t o e r r o r - c o r r e c t i o n a t a r a t h e r c o n s t a n t TLC 
d i s t a n c e (1.3 s) b e f o r e the l a n e boundary i s reached. A l s o t h i s e f f e c t 
i s c o n s i s t e n t over a l a r g e range of speeds. 

9. Combining c o n c l u s i o n s 7 and 8 l e a d s t o the c o n c l u s i o n t h a t d r i v e r s 
t i m i n g s t r a t e g y i n open l o o p c o n t r o l and/or e r r o r - n e g l e c t i o n , i . e . 
l e a v i n g a c o n s t a n t f r a c t i o n of time or a c o n s t a n t a b s o l u t e amount of 
time, s t r o n g l y depends on the degree of u n c e r t a i n t y about the v e h i c l e 
t r a j e c t o r y . 

10. TLC p r o v i d e s a q u a n t i t a t i v e measure of d r i v i n g performance, which 
c h a r a c t e r i z e s d r i v i n g not o n l y by i n t e g r a t i n g v e h i c l e motion and 
s t e e r i n g b e h a v i o r but a l s o by implementing roadway and v e h i c l e c h a r a c -
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t e r i s t i c s . As such, TLC may be f r u i t f u l l y a p p l i e d t o d e s c r i b e d r i v i n g 
on s t r a i g h t roads and i n cu r v e s , and t o o p t i m i z e roadway and v e h i c l e 
c h a r a c t e r i s t i c s . 

9.2 A p p l i c a t i o n s and f u t u r e r e s e a r c h 

The r e s u l t s of the r e s e a r c h d i s c u s s e d i n t h i s t h e s i s may f i n d t h e i r way i n 
v a r i o u s areas of a p p l i c a t i o n , some of which a r e d i s c u s s e d here. 

D r i v i n g performance a n a l y s i s 

I t was i l l u s t r a t e d i n t h i s t h e s i s t h a t TLC can be used as a d e s c r i p t o r of 
d r i v i n g performance, t h a t c h a r a c t e r i z e s l a n e keeping on the b a s i s o f an 
i n t e g r a t i o n of speed, l a t e r a l p o s i t i o n , heading a n g l e and s t e e r i n g - w h e e l 
angle d a t a . As such, TLC has proven t o be not o n l y a u n i f i e d q u a n t i t a t i v e 
measure of d r i v i n g performance, but a l s o a more b e h a v i o r a l d e s c r i p t o r , and 
thus p r e d i c t o r , o f d r i v e r s ' o c c l u s i o n and e r r o r - n e g l e c t i o n s t r a t e g y . I n 
t h i s way, TLC may a l s o p r o v i d e i n s i g h t i n t o the p r o b a b i l i t y o f l a n e exceed-
ance d u r i n g a p a r t i c u l a r run. Furthermore, TLC may be p a r t i c u l a r l y u s e f u l 
i n curve d r i v i n g a n a l y s i s . C o n v e n t i o n a l measures such as l a t e r a l p o s i t i o n , 
l a t e r a l speed and s t e e r i n g - w h e e l angle s t a n d a r d d e v i a t i o n s a r e h i g h l y 
i n e f f i c i e n t f o r the d e s c r i p t i o n of curve n e g o t a t i o n . The p r e v i e w - p r e d i c t o r 
approach, as p r e s e n t l y used t o c a l c u l a t e TLC's, seems s u i t e d t o s o l v e t h i s 
problem and may s e r v e as a v a l u a b l e method f o r the q u a n t i f i c a t i o n of curve 
d r i v i n g . 

V e h i c l e h a n d l i n g 

The t e c h n i q u e s which are p r e s e n t l y used t o q u a l i f y the h a n d l i n g c h a r a c ­
t e r i s t i c s of v e h i c l e s a r e mo s t l y based on the assumption t h a t d r i v e r s 
behave i n an e r r o r - c o r r e c t i o n mode w i t h permanent a t t e n t i o n a l l o c a t e d t o 
v e h i c l e c o n t r o l . An i m p o r t a n t f i n d i n g i n t h i s type of s t u d i e s i s t h a t 
d r i v e r s v e r y e a s i l y adapt t o d i f f e r e n c e s i n v e h i c l e c h a r a c t e r i s t i c s . T h i s 
a b i l i t y can be used t o perform about e q u a l l y w e l l w i t h v e h i c l e s o f bad and 
good h a n d l i n g p r o p e r t i e s . D e s p i t e i t s a t t r a c t i v e n e s s , t h i s mechanism makes 
i t r a t h e r d i f f i c u l t t o e v a l u a t e v e h i c l e p r o p e r t i e s i n terms of the a t t e n ­
t i o n needed f o r v e h i c l e c o n t r o l and t o develop o b j e c t i v e c r i t e r i a f o r t h i s . 
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The methods developed i n t h i s study can be used t o d e s c r i b e v e h i c l e c h a r a c ­
t e r i s t i c s i n terms of TLC. I n a r e c e n t study f o r the Dutch Army, Godthelp 
and Kàppler ( i n prep.) r e p e a t e d Experiment V I I of t h i s t h e s i s w i t h v e h i c l e s 
o f bad, moderate and good h a n d l i n g c h a r a c t e r i s t i c s . D u r i n g s t r a i g h t l a n e 
keeping, measurements were made of d r i v i n g performance and o c c l u s i o n t i m es. 
The r e s u l t s c o n f i r m e d the a d a p t a t i o n e f f e c t d e s c r i b e d p r e v i o u s l y : U l t i m a t e 
performance i n terms o f l a t e r a l p o s i t i o n s t a n d a r d d e v i a t i o n s was e q u a l f o r 
each v e h i c l e . Howeve.ni TLC's and o c c l u s i o n times d i f f e r e d s i g n i f i c a n t l y 
between v e h i c l e s , thus q u a l i f y i n g the a c t u a l d i f f e r e n c e s between the 
v e h i c l e s . T h i s f i n d i n g s uggests t h a t the TLC a n a l y s i s may be f r u i t f u l l y 
a p p l i e d t o develop o b j e c t i v e v e h i c l e h a n d l i n g c r i t e r i a . 

Lane w i d t h and a d v i s o r y speeds 

Lane w i d t h s o f roads may d i f f e r c o n s i d e r a b l y between road c a t e g o r i e s . 
Furthermore, temporary narrowing o f l a n e s i s needed i n c o n s t r u c t i o n zones. 
I n many of these s i t u a t i o n s speed l i m i t s a r e r e l a t e d t o road w i d t h , i . e . 
the narrower the road the lower the t o l e r a t e d speed. However, u n t i l now, 

F i g . 9 . 1 TLC as a f u n c t i o n of speed f o r two l e v e l s of l a n e w i d t h as 
c a l c u l a t e d w i t h f o r m u l a ( 3 ) w i t h w y = 1 . 7 3 m and 6 S E = 1 * . 

http://Howeve.ni
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the r u l e s d e s c r i b i n g the r e l a t i o n s h i p between l a n e w i d t h and a c c e p t a b l e 
speed c o u l d not be based on an i n t e g r a t e d q u a n t i f i c a t i o n of v e h i c l e l a t e r a l 
and l o n g i t u d i n a l (speed) c o n t r o l . The TLC a n a l y s i s enables such a quan­
t i f i c a t i o n as i l l u s t r a t e d i n F i g . 9.1. The two c u r v e s i n t h i s f i g u r e a r e 
based on the TLC f o r m u l a (3) g i v e n i n S e c t i o n 3.3. They show how TLC's f o r 
a s p e c i f i c l a n e w i d t h v a r i e s w i t h speed: A l a n e w i d t h o f 3.60 m l e a d s t o a 
TLC of 4.25 s a t 100 km/h, assuming a c a r w i d t h of 1.73 m. A f t e r narrowing 
the l a n e t o 2.75 m, TLC can be h e l d c o n s t a n t w i t h a speed o f 62 km/h. F i e l d 
experiments are needed t o v a l i d a t e t h i s t e c h n i q u e by which speed l i m i t s a r e 
r e l a t e d t o a v a i l a b l e l a n e w i d t h . As such, t h i s method can be used t o 
i n c r e a s e our u n d e r s t a n d i n g of speed-space r e l a t i o n s h i p s and t o e v a l u a t e 
present g u i d e l i n e s on speed l i m i t s . 

R e l a t i o n w i t h TTC 

A d e s c r i p t i o n of c o n f l i c t s between two c r o s s i n g v e h i c l e s can be g i v e n i n 
terms of the T i m e - T o - C o l l i s i o n (TTC) concept (Van der H o r s t and Riemers-
ma,1981). T h i s approach i s s i m i l a r t o the TLC a n a l y s i s i n t h a t i t uses path 
p r e d i c t i o n s o f v e h i c l e s which, i n case o f TTC, are used to c a l c u l a t e the 
time t o a p o t e n t i a l c o l l i s i o n . However, a p r i n c i p l e d i f f e r e n c e between both 
methods i s t h a t the path p r e d i c t i o n s made i n the TTC a n a l y s i s are based on 
the assumption t h a t the f u t u r e v e h i c l e t r a j e c t o r y remains s t r a i g h t . Regard­
i n g the r e s u l t s o f both a n a l y s i s an i n t e r e s t i n g correspondence can be 
n o t i c e d : The constancy over speed of the minimum TLC as found i n the 
e r r o r - n e g l e c t i o n Experiment IX i s analogous t o the constancy of the minimum 
TTC as u s u a l l y found f o r i n t e r a c t i n g v e h i c l e s . A f u r t h e r mutual t u n i n g of 
both methods, t h e r e f o r e , can be c o n s i d e r e d as p r o m i s i n g and may e n l a r g e our 
i n s i g h t i n t o the p rocesses u n d e r l y i n g l a t e r a l and l o n g i t u d i n a l v e h i c l e 
c o n t r o l . As such, the r e s u l t s of t h i s t h e s i s may be h e l p f u l t o r e l a t e 
r e s u l t s of s t u d i e s on t r a f f i c c o n f l i c t s and on v e h i c l e c o n t r o l . 

R i s k h a n d l i n g a n a l y s i s 

The f i n d i n g s t h a t d r i v e r s l e a v e a c o n s t a n t f r a c t i o n of the a v a i l a b l e time 
i n case of open l o o p c o n t r o l and a c o n s t a n t a b s o l u t e amount of time i n case 
of d e l i b e r a t e e r r o r - n e g l e c t i o n both can be c o n s i d e r e d as a q u a n t i f i c a t i o n 
of r i s - t a k i n g b e h a v i o r . Godthelp e t a l . ( i n prep.) r e p e a t e d Experiment V I I I 
of t h i s t h e s i s w i t h i n e x p e r i e n c e d d r i v e r s and found t h a t the o c c l u s i o n 
d u r a t i o n s chosen by these u n s k i l l e d s u b j e c t s can a l s o be d e s c r i b e d as a 
c o n s t a n t f r a c t i o n of the time a v a i l a b l e . However, t h i s f r a c t i o n was con-
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s i d e r a b l y s m a l l e r compared t o e x p e r i e n c e d d r i v e r s , i . e . 30% i n s t e a d of 40?. 
I n the same terms, the i n f l u e n c e of roadway p r o p e r t i e s (e.g. type of s h o u l ­
d e r ) , v i s i b i l i t y (e.g. preview) and v e h i c l e c h a r a c t e r i s t i c s (e.g. c a r 
v e r s u s t r u c k s ) can be an a l y s e d . I n t h i s way TLC and i t s r e l a t e d measures 
may serv e as a u s e f u l q u a n t i f i c a t i o n of r i s k t a k i n g b e h a v i o r . 

D r i v e r modeling 

On the b a s i s of the TLC a n a l y s i s presented i n t h i s t h e s i s , a s e r i a l s t r a t ­
egy model of d r i v i n g can be developed c o n t a i n i n g a " p r e v i e w - p r e d i c t o r " p a r t 
f o r the s i m u l a t i o n of e r r o r - n e g l e c t i o n p e r i o d s , and a c o n v e n t i o n a l , "com­
pe n s a t o r y " p a r t f o r the e r r o r - c o r r e c t i o n i n t e r v a l s . The r u l e s d e f i n i n g a 
d r i v e r ' s s t r a t e g y t o use open l o o p and/or e r r o r - n e g l e c t i o n p e r i o d s should 
form b a s i c elements f o r such a model. On the one hand, these r u l e s s h o u l d 
d e s c r i b e the d r i v e r ' s c r i t e r i a t o req u e s t new l o o k s a f t e r an open l o o p 
p e r i o d , whereas on the o t h e r hand, they s h o u l d r e p r e s e n t d r i v e r ' s d e c i s i o n 
making p r o c e s s i n s w i t c h i n g from e r r o r - n e g l e c t i o n t o e r r o r - c o r r e c t i o n . 
Q u a n t i t a t i v e data f o r each of these a s p e c t s have been presented i n t h i s 
t h e s i s . The u l t i m a t e aim of the type of model proposed here i s t o p r e d i c t 
the e f f e c t s of the v a r i o u s t a s k elements which determine the s e q u e n t i a l 
d i s t r i b u t i o n of the d r i v e r ' s combined use of open and c l o s e d l o o p and/or 
e r r o r - n e g l e c t i o n and e r r o r - c o r r e c t i o n s t r a t e g i e s i n both s t r a i g h t l a n e 
keeping and curve d r i v i n g . 
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A P P E N D I X A 

M a t h e m a t i c a l v e h i c l e model used t o d e s c r i b e i n s t r u m e n t e d c a r and d r i v i n g 
s i m u l a t o r c h a r a c t e r i s t i c s 

A.1 INTRODUCTION 

Ever s i n c e the development of the automobile, r e s e a r c h has been done t o 
d e s c r i b e v e h i c l e motion c h a r a c t e r i s t i c s i n terms of a mathematical model. 
E s p e c i a l l y , S e g e l (1956) made a major c o n t r i b u t i o n . M a t h e m a t i c a l v e h i c l e 
models as they are a v a i l a b l e nowadays can be r o u g h l y d i v i d e d i n t o two 
groups i . e . 1) models w i t h o n l y two o r t h r e e degrees of freedom, which 
d e s c r i b e the most elementary motion c h a r a c t e r i s t i c s o f the c a r i n a l a t e r a l 
a c c e l e r a t i o n a r e a below 0.3 g m/s^ and 2) very comprehensive models, mostly 
w i t h s i x degrees of freedom and a l s o d e s c r i b i n g motions of v e h i c l e compo­
nents such as s u s p e n s i o n elements. The l a t t e r type of model i s p a r t i c u l a r l y 
s u i t e d f o r v e h i c l e d e s i g n purposes, whereas the type 1 model has proven t o 
be most u s e f u l i n v e h i c l e h a n d l i n g and human f a c t o r s r e s e a r c h . F i g . A. 1 
p r e s e n t s an i l l u s t r a t i o n of the l a t t e r model, i n which the v e h i c l e dimen­
s i o n s a r e reduced t o one h o r i z o n t a l plane a t road l e v e l : r o t a t i o n s about 
the l o n g i t u d i n a l and l a t e r a l a x i s , as w e l l as v e r t i c a l t r a n s l a t i o n s a r e 
n e g l e c t e d . Three degrees of freedom remain, i . e . two t r a n s l a t i o n s ( l o n g i t u ­
d i n a l and l a t e r a l ) and the r o t a t i o n around the v e r t i c a l a x i s (yaw). V e h i c l e 
p o s i t i o n i s r e l a t e d t o a non-moving s e t of axes OX'Y*. Fo r c e s a c t i n g upon 
the v e h i c l e and the r e s u l t i n g t r a n s l a t i o n a l and r o t a t i o n a l motions w i l l be 
c o n s i d e r e d i n r e l a t i o n t o a s e t of axes XY coupled t o the v e h i c l e . The 
o r i g i n of t h i s s e t of axes i s s i t u a t e d a t the c e n t r e o f g r a v i t y (e.g.) of 
the v e h i c l e . Axes and r o t a t i o n s a r e presented i n F i g . A. 1 i n a p o s i t i v e 
d i r e c t i o n . 

Because a l l d r i v i n g experiments i n the p r e s e n t study were performed w i t h a 
c o n s t a n t speed, the p r e s e n t a t i o n of the v e h i c l e dynamics w i l l be g i v e n now 
o n l y f o r the l a t e r a l and s t e e r i n g system dynamics. Godthelp, Blaauw and Van 
der H o r s t (1982) gave a more complete overview of the i n s t r u m e n t e d c a r 
v e h i c l e dynamics, not o n l y i n terms of a mathematical model but a l s o on the 
b a s i s of a s e r i e s of f i e l d - and l a b o r a t o r y t e s t s . Some of these t e s t s w i l l 
be s h o r t l y r e f e r r e d t o i n the f o l l o w i n g paragraphs. 
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I f h e nomenclature i s p r e s e n t e d s e p a r a t e l y a t page 146. 
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The l a t e r a l forces and Y2 In the contact area between tyre and road 
surface are affected by wheel load, tyre pressure and momentary side s l i p 
angles. Fig. A.1 i l l u s t r a t e s these s l i p angles as they are dependent on the 
direction of the front and rear wheel speed vectors. After l i n e a r i z i n g , 
these angles can be written as: 

v + ar . 
a = « (10) 

w u 

br — v 

At a l a t e r a l acceleration l e v e l below 0.3fg)m/s2 the l a t e r a l tyre force can 
be calculated from: 

(12) 

Y = C a . (13) 
2 2 2 

The cornering stiffnesses C 1 and C 2 are influenced by tyre type, wheel load 
and tyre pressure. Measurements on the mass, moment of i n e r t i a and tyre 
properties of the instrumented car were made by the Vehicle Research 
Laboratory at Delft University of Technology (Timan, 1980). Table A.I gives 
the results of the tyre measurements. 

Table A. I Wheel load and cornering s t i f f n e s s of the instrumented car 
(Timan, 1980; Godthelp et a l . , 1982). 

pressure wheel load C " cornering s t i f f n e s s 

(bar) (N) trad" 1) (N/rad) 

front tyre 1.9 3602 13.2 1/2 C 1 = 47553 
rear tyre 2.9 5835 9.6 1/2 C 2 = 56028 
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The o t h e r r e s u l t s were: 

a = 1.62 m 

b = 1.00 m 

m = 1924 kg 

I = 3315 kgm 2 . 

Because the model shown i n F i g . A.1 d i d not account f o r the s t e e r i n g system 
e l a s t i c i t y and the r o l l degree o f freedom, these a s p e c t s s h o u l d be i n v o l v e d 
i n t he model by r e p l a c i n g t h e c o r n e r i n g s t i f f n e s s and C 2 by the so-
c a l l e d e f f e c t i v e c o r n e r i n g s t i f f n e s s C| e and C2 e. 

Hence, s t e e r i n g system e l a s t i c i t y can be ta k e n i n t o account as an element 
of the f r o n t wheel e f f e c t i v e c o r n e r i n g s t i f f n e s s C j e : 

6 t C , a 
Y = C a = C ( i - - l i - L l l r ) (14) 1 1 1 1 G 2 u G k 

s 

= C ( — 
1e G 

w i t h : 

C 

C 1 e = J _ c • < 1 5 ) 

+ G 2 k 1 

s 

I n the same way r o l l s t e e r e f f e c t s can be i n v o l v e d i n the e f f e c t i v e r e a r 
wheel c o r n e r i n g s t i f f n e s s C j g : 

br - v 
Y = C a = C ( e + ) (16) 2 2 2 2 u 

br - v 
= C ( 

2e u 
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w i t h : 

C 2 
c . = 77 • ( 1 7 ) 

2e e l h 
" a C 2 

The f o l l o w i n g d a t a were s u p l i e d by the manufacturer: 

C, = 45700 Nm/rad 

G = 19.8 

h = 0.40 m 

k = 1 3 Nm/rad s 

t = 0.034 m 

e = 0.18. 

The e q u a t i o n s of motion i n Y- and ^ - d i r e c t i o n (8) and (9) can now be 
r e w r i t t e n a s : 

c , c , c , a c „ C o b 

1e 1e 1e 2e 2e .... 
m(v + ur) = S - — v - — r - — v + — r (18) 

G s u u u u 

2 2 
C a C a C a C b C b 

I r 1 e
 s l e 1e + 2e 2e 
G s u u u u 

These e q u a t i o n s o f motion can be transf o r m e d i n t o the f o l l o w i n g t r a n s f e r 
f u n c t i o n s : 

G (T s + 1) 
— = (20) 
« , . 2 6 s 1 2 r — s + s + 1 2 u u r r 
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G (T s + 1) 
r r r 
7- = —"Vs • (1) 

s 1 2 r — s + s + 1 2 u u r 

Steady s t a t e c o r n e r i n g t e s t s were performed w i t h the i n s t r u m e n t e d c a r t o 
determine the yaw r a t e g a i n G r. The v e h i c l e s t a b i l i t y f a c t o r K i s an 
i m p o r t a n t element of t h i s g a i n : 

u 

G = ( — ) = G 1 . (21) r 6 ss 2 \ s 1 + Ku 
\ ^/ 

The s t e e r i n g - w h e e l a n g l e f o r steady s t a t e c o r n e r i n g can be d e r i v e d from 
t h i s r e l a t i o n : 

S = L£_i(l + Ku 2) = — ( 1 + Ku 2) . (22) 
s u R 

The s o l i d d o t s i n F i g . A.2 pr e s e n t the r e s u l t s of the s t e e r i n g - w h e e l a n g l e 
measurements i n the steady s t a t e c o r n e r i n g t e s t f o r d i f f e r e n t speeds and 
f o r a c u r v e w i t h r a d i u s R = 200 m. From these d a t a the s t a b i l i t y f a c t o r K 
was determined by c a l c u l a t i n g a l i n e a r r e g r e s s i o n l i n e : 

-4 2 2 K = 19.46 . 1 0 s /m . 

I n a d d i t i o n t o the steady s t a t e c o r n e r i n g t e s t s , a s e r i e s of random s t e e r ­
i n g t e s t s was conducted, which r e s u l t e d i n a t r a n s f e r f u n c t i o n d e s c r i p t i o n 
i n the frequency domain f o r d i f f e r e n t speeds. On the b a s i s o f a t o t a l s e t 
of d a t a i . e . those s u p p l i e d by the c a r manufacturer ( J a k s c h , 1973a) and 
those r e s u l t i n g from the f i e l d and l a b o r a t o r y measurements, the f o l l o w i n g 
e f f e c t i v e c o r n e r i n g s t i f f n e s s e s were d e r i v e d (see Blaauw, 1984): 

C = 58103 N/rad 1e 

C„ = 157774 N/rad 2e 
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Fig. A.2 Relation between steering-wheel angle and vehicle speed for 
steady state corneringi curve radius R = 200 m. 

The combined set of data allowed us to calculate the transfer function 
parameters, which are presented i n Table A.II. 

Table A. II Yaw rate to steering-wheel angle transfer function parameters 
for d i f f e r e n t speeds. 

speed (km/h) G (1/s) T (s) u (rad/s) 6 (-) r r r r 

20 0.100 0.042 18.39 1.01 
40 0.172 0.084 9.96 0.93 
60 0.207 0.126 7.40 0.84 
80 0.216 0.167 6.26 0.74 

100 0.212 0.209 5.66 0.66 
120 0.201 0.251 5.30 0.58 
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A. 3 STEERING SYSTEM DYNAMICS 

The s t e e r i n g system dynamics were not implemented as a s e p a r a t e p a r t of the 
mathematical model as i t was d e s c r i b e d i n the p r e v i o u s paragraph. T h e r e f o r e 
a compensation i n the f r o n t wheel c o r n e r i n g s t i f f n e s s was necessary i n 
o r d e r t o match the model w i t h f i e l d d a t a about the i n s t r u m e n t e d c a r dyna­
mics. However, i n the d r i v i n g s i m u l a t o r , t h i s compensation i s s u p e r f l u o u s , 
because the s t e e r i n g system dynamics were a l s o modelled. I n t h i s submodel 
the r e l a t i o n between f r o n t wheel a n g l e and s t e e r i n g - w h e e l angle as w e l l as 
the s t e e r i n g torque t o be generated by the torque motor were computed by 
means of e q u a t i o n s of motion which d e s c r i b e the dynamics of the s t e e r i n g 
system. A mass-spring r e p r e s e n t a t i o n as i t i s used f o r t h i s purpose i s 
shown i n F i g . A. 3. 

k,o, 

F i g . A.3 The mass-spring r e p r e s e n t a t i o n of the s t e e r i n g system. 
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The e q u a t i o n s o f motion of t h i s system a r e : 

J S = k G(fi - G ( ) t D G(« - G fi ) + (23) w w s s w r s w 

v a r D S - k U ) - J r - D (24) 
hw w 1 w u u w ow 

J S = M - M (25) s s d t 

M = G {k (fi - G fi ) + D fi + D ( 5 - G 6 ) } + D . (26) t t s s w h s s r s w es 

The s t e e r i n g torque t o s t e e r i n g - w h e e l angle t r a n s f e r f u n c t i o n can m a i n l y be 
c h a r a c t e r i s e d by i t s steady s t a t e v a l u e i . e . the s t e e r i n g torque g r a d i e n t : 

i ) = G m b t " 2 . (2) fi ss t 2 2, 2, s S 1 ( 1 + 1 « ) 

S t e e r i n g r a t i o G and s t e e r i n g system s p r i n g c o n s t a n t k g are known from d a t a 
s u p p l i e d by the manufacturer ( J a k s c h , 1973a). E s t i m a t e s o f the s t e e r i n g 
system damping c o e f f i c i e n t s were made on the b a s i s o f J a k s c h (1973b). F r o n t 
wheel t r a i l and s e l f - a l i g n i n g torque were chosen i n correspondence w i t h the 
r e s u l t s o f Par. A.2, i . e . about the r e l a t i o n between the f r o n t t y r e e f f e c ­
t i v e c o r n e r i n g s t i f f n e s s and the t y r e s t i f f n e s s C^. The s t e e r i n g torque 
c o e f f i c i e n t Gfc was used i n the Experiments I I I and V t o v a r y the s t e e r i n g 
t orque g r a d i e n t w i t h o u t e f f e c t i n g the o t h e r s t e e r i n g system dynamics. The 
t o t a l s e t o f d a t a r e s u l t e d i n the f o l l o w i n g v a l u e s f o r the s t e e r i n g system 
parameters: 

G = 19.8 

k = 13.0 Nm/rad s 

2 J = 1.0 kg m w 

k =3246.0 Nm/rad 

t = 0.034 
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D = 0 Nm cw 

D = 0 Nm 
OS 

D = 0.35 Nm s/rad hs 

D = 1.0 Nm s/rad r 

D = 100.0 Nm s/rad hw 

The l a t e r a l and s t e e r i n g system dynamics, i . e . the mathematical models as 
p r e s e n t e d i n the Par. A. 2 and A.3 have been I n t e g r a t e d and transformed i n t o 
an a n a l o g computer model. The c o e f f i c i e n t s of t h i s model were c a l c u l a t e d 
from the i n s t r u m e n t e d c a r and s t e e r i n g system parameters as presented i n 
these paragraphs. 
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N O M E N C L A T U R E 

l a 

1e 

C 
2 

C2e 

C ' 

c 

d 

D 

D 
es 
D 
cw 
D 
hs 
D 
hw 

D 
r 

S 

G 

G 
l a 

Distance between vehicle centre of gravity (e.g.) and 
front axis 

Vehicle l a t e r a l acceleration 

Distance between vehicle e.g. and rear axis 

Road curvature 

Vehicle path curvature 

Cornering s t i f f n e s s front wheel t i r e s 

Effective cornering s t i f f n e s s front wheel t i r e s 

Cornering s t i f f n e s s rear wheel t i r e s 

Effective cornering s t i f f n e s s rear wheel t i r e s 

Cornering c o e f f i c i e n t per unit wheel load 

Vehicle r o l l s t i f f n e s s 

Distance between vehicle c.q. and aimpoint 

Manoeuvre distance i n lane change 

Steering wheel coulomb f r i c t i o n 

Front wheel coulomb f r i c t i o n 

Steering-wheel damping related to S 
s 

Front wheel damping related to 6 
w 

Steering-wheel damping related to (J - 06 ) 
s w 

Gravitational acceleration 

Steering system gear r a t i o 

Lateral acceleration gain 

Yaw rate gain 

m/s 

m 

km 

km"1 

N/rad 

N/rad 

N/rad 

N/rad 

-1 
rad 

Nm/rad 

Nm 

Nm s 

Nm s 

Nm s 

2 
9.81 m/s 

. 2 m/s 

1/s 
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G S t e e r i n g t o r q u e c o e f f i c i e n t 

G L a t e r a l v e l o c i t y g a i n 
v 

h R o l l a x i s h e i g h t 

I V e h i c l e moment o f i n e r t i a around Z - a x i s 

J S t e e r i n g wheel moment of i n e r t i a 
s 

J F r o n t wheel moment of i n e r t i a around k i n g p i n 
w 

k S t e e r i n g system s t i f f n e s s s 

k^ S e l f a l i g n i n g torque 

K S t a b i l i t y f a c t o r 

1 Wheel base 

1 D i s t a n c e between e.g. and v e h i c l e f r o n t 

m V e h i c l e mass 

M D r i v e r s t e e r i n g - w h e e l t o r q u e d 

M S t e e r i n g - w h e e l torque t o be generated w i t h the torque 
motor i n the s i m u l a t o r 

m/s 

kg m 

2 
kg m 

2 

kg m 

Nm/rad 

Nm/rad 2 2 
s /m 

Moment around Z - a x i s due t o Y 

Moment around Z - a x i s due t o Y_ 

kg 

Nm 

Nm 

Nm 

Nm 

Yaw r a t e ( i n - d i r e c t i o n ) 

T i r e e f f e c t i v e r a d i u s 

Radius of the v e h i c l e path 

La P l a c e o p e r a t o r 

F r o n t wheel t r a i l (mechanical + pneumatic) 

Moment of cur v e b e g i n 

Moment of curve end 

ra d / s 

1/s 
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t Moment of s w i t c h i n g from e r r o r - n e g l e c t i o n t o 
s r e c t i o n 

t Moment of & sa sa 

t Moment of 6 sc sc 

t Lane change moment of manoeuvre ending se 

t Moment of 6 s i s i 

t Moment of 6 s r s r 

t Lane change moment of maximum heading a n g l e 

TLC Time-to L i n e - C r o s s i n g 

TLC TLC a t end of o c c l u s i o n p e r i o d e 

TLC TLC a t t s s 

TLC Sum o f TLC and t t sa sa 

TLC TLC a t t sa sa 

TLC Minimum TLC 
min 

TLC Sum o f T and TLC 
t o t occ e 

T Movement time i n r e p r o d u c t i o n experiment I I m 

T O c c l u s i o n time occ 

T Yaw r a t e time c o n s t a n t r 

T S t e e r i n g - w h e e l f i x a t i o n time 

T L a t e r a l speed time c o n s t a n t v 

u V e h i c l e f o r w a r d speed ( i n X - d i r e c t i o n ) 

v V e h i c l e l a t e r a l speed ( i n Y - d i r e c t i o n ) 

w Road w i d t h r 

w V e h i c l e w i d t h 
v 

e r r o r c o r - s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

m/s 

m/s 

m 

m 
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w E f f e c t i v e v e h i c l e w i d t h ve 

y L a t e r a l p o s i t i o n 

y . Minimum l a t e r a l d i s t a n c e min 

y L a t e r a l p o s i t i o n a t t s s 

Y. L a t e r a l t i r e f o r c e , f r o n t wheels 1 

Y„ L a t e r a l t i r e f o r c e , r e a r wheels 

S l i p a n g l e f r o n t wheels 

S l i p a n g l e r e a r wheels 

l a L a t e r a l a c c e l e r a t i o n numerator damping c o e f f i c i e n t 

6 Yaw r a t e damping c o e f f i c i e n t r 

5 S t e e r i n g - w h e e l angle s 

6 Curve e n t r a n c e a n t i c i p a t o r y s t e e r i n g - w h e e l angle sa 

6 Amplitude of the i n i t i a l s t e e r i n g - w h e e l a c t i o n a t the so 
b e g i n of an e r r o r - c o r r e c t i o n p e r i o d 

6 S t e e r i n g - w h e e l angle e r r o r se 

6 , Lane change maximum s t e e r i n g - w h e e l a n g l e t o the l e f t s i 

6 Lane change maximum s t e e r i n g - w h e e l angle t o the r i g h t 

6^ F r o n t wheel s t e e r i n g a n g l e 

e B o l l s t e e r c o e f f i c i e n t r e a r a x i s 

<t> R o l l a ngle 

if) Heading a n g l e 

t Lane change maximum heading angle m 

u L a t e r a l a c c e l e r a t i o n numerator frequency l a 

u Yaw r a t e n a t u r a l frequency r 
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LIST OF ABBREVIATIONS 

ANOVA a n a l y s i s o f v a r i a n c e 

CU road c u r v a t u r e 

DI c u r v a t u r e d i r e c t i o n 

F frequency 

LT l o o k i n g time 

OCC o c c l u s i o n 

Q q u a r t i l e 

R r e p r o d u c t i o n 

S (Chapter 4) s t i m u l u s 

S ( o t h e r s ) s u b j e c t 

Ss s u b j e c t s 

ss steady s t a t e 

SA s t e e r i n g - w h e e l angle a m p l i t u d e 

SD s t a n d a r d d e v i a t i o n 

SF s t e e r i n g f o r c e 

SR s t i m u l u s / r e p r o d u c t i o n 
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S A M E N V A T T I N G 

De meeste b e s c h r i j v i n g e n van v o e r t u i g b e s t u r i n g z i j n gebaseerd op de v e r o n ­
d e r s t e l l i n g dat de b e s t u u r d e r c o n t i n u k o e r s f o u t e n m i n i m a l i s e e r t en d a a r b i j 
s teeds g e b r u i k maakt van v i s u e l e , teruggekoppelde i n f o r m a t i e . M.a.w. de 
b e s t u u r d e r wordt v e r o n d e r s t e l d s t e e d s a l l e aandacht aan de s t u u r t a a k t e 
besteden. D e r g e l i j k e b e s c h r i j v i n g e n van s t u u r g e d r a g z i j n daarom i n p r i n c i p e 
o n g e s c h i k t i e t s t e v e r k l a r e n van de mate w a a r i n de b e s t u u r d e r t i j d kan 
besteden aan andere aspecten van de r i j t a a k , z o a l s b i j v . de s n e l h e i d s r e g e l -
taak, de waarneming van ander v e r k e e r , borden e.d. Toch i s het een bekend 
gegeven dat d e r g e l i j k e , n i e t r e c h t s t r e e k s aan de v o e r t u i g b e s t u r i n g g e r e l a ­
t e e r d e subtaken een e s s e n t i e e l b e s t a n d d e e l vormen van de t o t a l e r i j t a a k , 
z e l f s z o d a n i g dat ze op bepaalde momenten s t e r k kunnen i n t e r f e r e r e n met de 
s t u u r t a a k . Een consequentie kan b i j v . z i j n dat de b e s t u u r d e r gedwongen i s 
optredende k o e r s f o u t e n t i j d e l i j k t e v e r w a a r l o z e n en/of de ogen van de weg 
af t e wenden waardoor de d i r e c t e v i s u e l e t e r u g k o p p e l i n g over de v o e r t u i g b e ­
weging wordt onderbroken. D i t p r o e f s c h r i f t gaat i n op deze l a a t s t e vormen 
van s t u u r g e d r a g . Het beoogt d a a r b i j i n z i c h t t e v e r s c h a f f e n i n de mate 
w a a r i n de b e s t u r i n g s t a a k t o e s t a a t dat k o e r s f o u t e n t i j d e l i j k worden verwaar­
l o o s d en/of de v i s u e l e i n f o r m a t i e wordt onderbroken. 

G e s t e l d wordt dat de p e r i o d e w a a r i n een v o e r t u i g zonder d i r e c t e v i s u e l e 
i n f o r m a t i e b e s t uurd kan worden i n p r i n c i p e afhangt van: 

1. de nauwkeurigheid van de t i j d e n s deze p e r i o d e gegenereerde stuurhande-
l i n g e n ; 

2. de t i j d gedurende welke k o e r s f o u t e n e v e n t u e e l v e r w a a r l o o s d kunnen 
worden, w a a r i n dus t i j d e l i j k n i e t wordt g e s t u u r d . 

Deze beide aspecten werden e x p e r i m e n t e e l onderzocht, w a a r b i j g e b r u i k werd 
gemaakt van een s p e c i a a l d aartoe o n t w i k k e l d e t i j d s d o m e i n - a n a l y s e van het 
r i j g e d r a g . 

De nauwkeurigheid van zonder v i s u e l e t e r u g k o p p e l i n g gegenereerde s t u u r h a n -
d e l i n g e n hangt s t e r k a f van de mate van v o o r s p e l b a a r h e i d van de taak. 
I n d i e n de b e s t u u r d e r b e s c h i k t over a a n z i e n l i j k e e r v a r i n g met een bepaald 
v o e r t u i g en een u i t t e voeren manoeuvre kan de taak een s t e r k gepreprogram-
meerd k a r a k t e r hebben. De v o o r s p e l b a a r h e i d van de taak kan ook minder z i j n 
b i j v . i n d i e n a l l e e n op b a s i s van momentane preview g e a n t i c i p e e r d kan 
worden. I n beide g e v a l l e n kan de b e s t u u r d e r e c h t e r een v r i j goede s c h a t t i n g 
maken van de i n de komende t i j d s p e r i o d e t e genereren stuurhoeken en deze 
s c h a t t i n g kan g e b r u i k t worden t i j d e n s een o n d e r b r e k i n g van de v i s u e l e 
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i n f o r m a t i e . De u i t e i n d e l i j k e nauwkeurigheid van zo'n h a n d e l i n g z a l e c h t e r 
a l t i j d begrensd z i j n vanwege de onnauwkeurigheid van het m o t o r i s c h systeem. 
I n e e r s t e i n s t a n t i e werd daarom ingegaan op de vraag o f de l i n e a i r e r e l a t i e 
t u s s e n h a n d e l i n g s s n e l h e i d en ha n d e l i n g s n a u w k e u r i g h e i d voor stapvormige 
handbewegingen met v i s u e l e t e r u g k o p p e l i n g , bekend a l s F i t t s ' law, eveneens 
g e l d t voor c o n t i n u e bewegingen zonder v i s u e l e t e r u g k o p p e l i n g . H i e r t o e werd 
de nauwkeurigheid van het genereren van en k e l v o u d i g e s i n u s v o r m i g e bewegin­
gen onderzocht i n een z.g. r e p r o d u c t i e - e x p e r i m e n t , w a a r i n b e u r t e l i n g s mét 
en zonder v i s u e l e t e r u g k o p p e l i n g een h a n d e l i n g s p a t r o o n werd u i t g e v o e r d . 
Door v a r i a t i e van bewegingsamplitude en - f r e q u e n t i e kon worden aangetoond 
dat mét v i s u e l e t e r u g k o p p e l i n g de amplitude-onnauwkeurigheid i n d e r d a a d 
l i n e a i r toeneemt met de h a n d e l i n g s s n e l h e i d . B i j a f w e z i g h e i d van v i s u e l e 
t e r u g k o p p e l i n g b l i j k t de onnauwkeurigheid e c h t e r a l l e e n a f h a n k e l i j k t e z i j n 
van de bewegingsamplitude en n i e t van de s n e l h e i d . De bew e g i n g s s n e l h e i d 
l i j k t dus v o o r a l van i n v l o e d op het g e b r u i k van v i s u e l e t e r u g k o p p e l i n g . 
M.a.w. b i j hogere bewegingssnelheden wordt het g e b r u i k van v i s u e l e i n f o r m a ­
t i e a.h.w. onderdrukt, waardoor de nauwkeurigheid afneemt. Het wordt 
hiermee b e g r i j p e l i j k dat s n e l h e i d s e f f e c t e n geen overwegende i n v l o e d z u l l e n 
hebben op bewegingen w a a r i n de v i s u e l e t e r u g k o p p e l i n g v o l l e d i g a f w e z i g i s . 

De r e s u l t a t e n van het r e p r o d u c t i e - e x p e r i m e n t werden op hun b e t e k e n i s voor 
s t u u r g e d r a g i n v o e r t u i g e n onderzocht i n twee v o e r t u i g b e s t u r i n g s t a k e n , t.w. 
het w i s s e l e n van r i j s t r o o k en het i n r i j d e n van bogen. I n een g r o o t a a n t a l 
r i t t e n werd h i e r b i j de v i s u e l e i n f o r m a t i e aan het b e g i n van de manoeuvre 
onderbroken d.m.v. o c c l u s i e - t e c h n i e k e n . De t i j d e n s zo'n o n d e r b r e k i n g 
gegenereerde s t u u r a c t i e kan worden beschouwd a l s het u i t v l o e i s e l van een 
i n f o r m a t i e v e r w e r k i n g s p r o c e s , w a a r i n met name de d r i e volgende f a s e n onder­
s c h e i d e n kunnen worden: 

a. de waarneming van de gewenste k o e r s ; 
b. de t r a n s f o r m a t i e van g e s c h a t t e k o e r s naar gewenste s t u u r a c t i e ; 
c. de t r a n s f o r m a t i e van gewenste s t u u r a c t i e naar f e i t e l i j k e h a n d e l i n g . 

I n h e t r e p r o d u c t i e - e x p e r i m e n t werd met name f a s e c beschreven. Verwacht 
werd dat i n f e i t e l i j k e b e s t u r i n g s t a k e n , a f h a n k e l i j k van de v o o r s p e l b a a r ­
h e i d , de onnauwkeurigheid van de f a s e n a en b z u l l e n worden toegevoegd aan 
d i e van f a s e c. I n d i t verband werd aangenomen dat i n een r i j t a a k met een 
s t e r k gepreprogrammeerd k a r a k t e r de s t u u r f o u t e n nog v n l . een g e v o l g z u l l e n 
z i j n van f a s e c, t e r w i j l i n een preview taak de onnauwkeurigheden z u l l e n 
toenemen. De e x p e r i m e n t e l e r e s u l t a t e n b e v e s t i g e n deze r e d e n e r i n g v o l l e d i g . 
B i j het u i t v o e r e n van de r i j s t r o o k w i s s e l i n g , waarvoor een enk e l v o u d i g e , 
s i n u s v o r m i g e stuurbeweging n o d i g i s ( z o a l s i n het r e p r o d u c t i e - e x p e r i m e n t ) 
en welke door h e r h a l i n g een s t e r k gepreprogrammeerd k a r a k t e r had, t r a d e n 
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amplitude onnauwkeurigheden op welke v o l l e d i g overeenstemden met d i e u i t 
het r e p r o d u c t i e - e x p e r i m e n t . I n de preview-taak, d . i . h et i n r i j d e n van een 
boog, waren de onnauwkeurigheden in d e r d a a d g r o t e r . I n beide taken werd 
o v e r i g e n s b e v e s t i g d dat de amplitude onnauwkeurigheid l i n e a i r toeneemt met 
de benodigde stuurhoek. 

A l v o r e n s de b e t e k e n i s van deze r e s u l t a t e n voor het s t u u r g e d r a g i n v o e r t u i ­
gen t e bespreken, wordt ingegaan op een t i j d s d o m e i n - b e s c h r i j v i n g van 
r i j g e d r a g waarmee de m o g e l i j k h e i d om k o e r s f o u t e n t e v e r w a a r l o z e n kan worden 
g e k w a n t i f i c e e r d . Deze b e s c h r i j v i n g werd o n t w i k k e l d door g e b r u i k t e maken 
van de v o o r s p e l l i n g s t e c h n i e k e n welke worden toegepast i n z.g. p r e v i e w - p r e -
d i c t o r modellen. H i e r b i j wordt op i e d e r moment de toekomstige v o e r t u i g b a a n 
v o o r s p e l d op grond van de v e r o n d e r s t e l l i n g d a t de s t u u r w i e l p o s i t i e n i e t 
v e r a n d e r t t i j d e n s de v o o r s p e l p e r i o d e . Op grond van zo'n v o o r s p e l l i n g kan de 
T i m e - t o - L i n e - C r o s s i n g (TLC) worden berekend, d . i . de t i j d d i e ( f i c t i e f ) 
v e r l o o p t t o t d a t de rand van de r i j s t r o o k wordt b e r e i k t . De TLC berekening 
kan worden u i t g e v o e r d op grond van gegevens welke worden gemeten i n een 
r i j e x p e r i m e n t . Voor i e d e r meetmoment wordt op b a s i s van de momentane 
l a t e r a l e p o s i t i e , koershoek, s n e l h e i d en s t u u r w i e l p o s i t i e de TLC berekend. 
De v o e r t u i g - en wegeigenschappen kunnen i n de TLC programmatuur worden 
i n g e v o e r d . De o n t w i k k e l i n g van het TLC-concept s l u i t d i r e c t aan b i j de 
d o e l s t e l l i n g van d i t p r o e f s c h r i f t , n l . een k w a n t i t a t i e v e b e s c h r i j v i n g t e 
geven van de m o g e l i j k h e i d k o e r s f o u t e n t e v e r w a a r l o z e n . De mog e l i j k h e d e n van 
het TLC-concept b l e k e n o.a. i n een experiment w a a r i n het koershouden op een 
r e c h t e weg werd onderzocht i n r i t t e n met c o n s t a n t e snelheden variërend 
t u s s e n 20 en 120 km/h. Een k l a s s i e k e b e s c h r i j v i n g van de r e s u l t a t e n i n 
s t a n d a a r d - d e v i a t i e van de l a t e r a l e p o s i t i e toonde geen s n e l h e i d s e f f e c t e n , 
t e r w i j l de t i j d s d o m e i n a n a l y s e d u i d e l i j k i l l u s t r e e r d e hoe TLC afneemt b i j 
hogere s n e l h e i d . Z o a l s ook u i t het navolgende z a l b l i j k e n i s het TLC-con­
cept u i t e r m a t e g e s c h i k t om i n z i c h t t e v e r s c h a f f e n i n de mate w a a r i n k o e r s ­
f o u t e n kunnen worden v e r w a a r l o o s d en/of de v i s u e l e i n f o r m a t i e kan worden 
onderbroken. 

Ook de r e s u l t a t e n van het experiment, w a a r i n de s t u u r n a u w k e u r i g h e i d b i j h et 
i n r i j d e n van bogen werd gemeten, kunnen b e t e r worden geïnterpreteerd met 
behulp van TLC. A l s algemeen r e s u l t a a t kwam u i t d i t experiment naar voren 
dat de s t u u r n a u w k e u r i g h e i d afneemt b i j g r o t e r e stuurhoeken. B i j het ing a a n 
van een boog i m p l i c e e r t d i t dat de s t u u r f o u t e n g r o t e r z i j n naarmate de boog 
s c h e r p e r i s . Op grond van deze r e d e n e r i n g werden de volgende hypothesen 
g e f o r m u l e e r d : 1) de noodzaak t o t het u i t v o e r e n van s t u u r c o r r e c t i e s na het 
i n s t u r e n van de boog z a l het s t e r k s t z i j n naarmate de boog s c h e r p e r i s , en 
2) TLC op het moment j u i s t na het i n s t u r e n van de boog i s k o r t e r naarmate 
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de boog s c h e r p e r i s . Beide hypothesen werden b e v e s t i g d , w a a r b i j met name de 
TLC a n a l y s e i l l u s t r e e r d e dat de m o g e l i j k h e i d om k o e r s f o u t e n t i j d e l i j k t e 
ve r w a a r l o z e n het minste i s i n scherpe bogen. Hiermee g e e f t deze a n a l y s e dus 
een v e r k l a r i n g voor het f e i t dat s c h e r p e r e bogen meer aandacht vergen. 

Zowel b i j de r i j s t r o o k w i s s e l i n g a l s b i j het i n r i j d e n van bogen bleek d a t 
b e s t u u r d e r s v r i j goed i n s t a a t z i j n hun v o e r t u i g t i j d e l i j k zonder d i r e c t e 
v i s u e l e t e r u g k o p p e l i n g t e b e s t u r e n . Het werd e c h t e r eveneens d u i d e l i j k d a t 
u i t e i n d e l i j k s t e e d s v i s u e l e i n f o r m a t i e en c o r r e c t i e van k o e r s f o u t e n n o d i g 
z i j n om het v o e r t u i g binnen de b e s c h i k b a r e r u i m t e op de weg t e houden. I n 
d i t verband r e s t e r e n nog twee vragen: 1) hoe l a n g i s een b e s t u u r d e r f e i t e ­
l i j k b e r e i d h et v o e r t u i g zonder v i s u e l e i n f o r m a t i e t e be s t u r e n , en 2) hoe 
l a n g i s de b e s t u u r d e r b e r e i d k o e r s f o u t e n t e negeren, z o d a n i g dat de rand 
van de r i j s t r o o k n e t n i e t wordt overschreden. 

De e e r s t e v r a a g werd beantwoord door het meten van de door b e s t u u r d e r s 
gekozen o c c l u s i e t i j d e n b i j het koershouden op een r e c h t e weg, w a a r b i j 
gereden werd met co n s t a n t e snelheden variërend t u s s e n 20 en 120 km/h. 
M.b.t. de duur van de o c c l u s i e p e r i o d e n werden een t w e e t a l hypothesen 
g e f o r m u l e e r d : 1) de o c c l u s i e t i j d e n z u l l e n l a n g e r z i j n naarmate de TLC 
toeneemt, en 2) naarmate de amplitude van de t i j d e n s de o c c l u s i e p e r i o d e n 
gemaakte s t u u r c o r r e c t i e s g r o t e r i s - en daarmee dus de onnauwkeurigheid -
neemt de o c c l u s i e t i j d a f . Ook deze hypothesen werden beide b e v e s t i g d . De 
o c c l u s i e t i j d e n correspondeerden s t e r k met TLC en waren bovendien k o r t e r 
naarmate de t i j d e n s de b e t r e f f e n d e o c c l u s i e p e r i o d e u i t g e v o e r d e s t u u r c o r r e c ­
t i e s g r o t e r waren. De o c c l u s i e - s t r a t e g i e kon v e r d e r worden beschreven door 
c o m b i n a t i e van de o c c l u s i e t i j d en de TLC aan het e i n d van het b e t r e f f e n d e 
o c c l u s i e - i n t e r v a l . De som van deze twee t i j d e n kan worden beschouwd a l s de 
f e i t e l i j k b e s c h i k b a r e t i j d t o t d a t de rand van de r i j s t r o o k zou z i j n be-

\
r e i k t . Een a n a l y s e van de r a t i o van o c c l u s i e t i j d en b e s c h i k b a r e t i j d g e e f t 
aan dat b e s t u u r d e r s voor a l l e snelheden ongeveer 40ï van de b e s c h i k b a r e 
t i j d aan o c c l u s i e "besteden" en dus n i e t steeds een v a s t e a b s o l u t e h o e v e e l ­
h e i d t i j d overhouden aan het einde van het o c c l u s i e - i n t e r v a l . D i t gegeven 
kan worden v e r g e l e k e n met de r e s u l t a t e n van het l a a t s t e experiment van d i t 
p r o e f s c h r i f t , w a a r b i j b e s t u u r d e r s geïnstrueerd werden o p z e t t e l i j k k o e r s ­
f o u t e n t e negeren en wel z o d a n i g dat de rand van de r i j s t r o o k net n i e t 
wordt overschreden. H i e r b i j b l e e k dat de TLC op het moment van i n g r i j p e n 
c o n s t a n t was over een g r o o t s n e l h e i d s g e b i e d (20-100 km/h). Een v e r g e l i j k i n g 
met de eerdere r e s u l t a t e n l e e r t h i e r dus dat e r een fundamenteel v e r s c h i l 
b e s t a a t t u s s e n de s t r a t e g i e , welke wordt gehanteerd b i j het r i j d e n zonder 
v i s u e l e i n f o r m a t i e en d i e b i j het negeren van k o e r s f o u t e n . I n het e e r s t e 
g e v a l h e e f t de b e s t u u r d e r s l e c h t s b e s c h i k k i n g over een s c h a t t i n g van de 
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v o e r t u i g p o s i t i e en de TLC met a l s g e v o l g d a t gekozen wordt voor de s t r a t e ­
g i e om de i n f o r m a t i e t e vernieuwen nadat een bepaalde f r a c t i e van de 
b e s c h i k b a r e t i j d i s v e r s t r e k e n . I n het tweede g e v a l , d . i . b i j het negeren 
van k o e r s f o u t e n , b e s c h i k t de b e s t u u r d e r c o n t i n u over i n f o r m a t i e m.b.t. de 
v o e r t u i g p o s i t i e t e n o p z i c h t e van de rand van de r i j s t r o o k , hetgeen l e i d t 
t o t een s t r a t e g i e , w a a r b i j e e r s t wordt ingegrepen wanneer TLC een v a s t e 
waarde h e e f t b e r e i k t . 

De c o n c l u s i e s van de i n d i t p r o e f s c h r i f t beschreven experimenten kunnen 
thans a l s v o l g t worden samengevat: 

1. De amplitude-onnauwkeurigheid van stuurbewegingen, welke worden 
gemaakt zonder d i r e c t e v i s u e l e t e r u g k o p p e l i n g , neemt ongeveer l i n e a i r 
toe met de bewegingsamplitude. De l i n e a i r e r e l a t i e t u s s e n bewegings­
s n e l h e i d en bewegingsonnauwkeurigheid, z o a l s bekend voor stuurbewegin­
gen mét v i s u e l e t e r u g k o p p e l i n g , g e l d t n i e t voor bewegingen zonder 
v i s u e l e t e r u g k o p p e l i n g . 

2. I n g e v a l van v o e r t u i g b e s t u r i n g s t a k e n met een s t e r k gepreprogrammeerd 
k a r a k t e r , draagt s t u u r k r a c h t e r toe b i j dat de nauwkeurigheid van de 
stuurbeweging v e r b e t e r t . 

3. De nauwkeurigheid van de stuurbewegingen i n een preview taak (het 
i n r i j d e n van een boog) i s minder dan d i e i n een gepreprogrammeerde 
taak ( r i j s t r o o k w i s s e l i n g ) . 

4. B e s t u u r d e r s z i j n goed i n s t a a t de voor een bepaalde boog benodigde 
stuurhoek t e s c h a t t e n en d a a r b i j r e k e n i n g t e houden met e f f e c t e n van 
boogkromming en r i j s n e l h e i d . 

5. De nauwkeurigheid van de b i j het ingaan van een boog gegenereerde 
stuurbeweging neemt a f naarmate de boog s c h e r p e r i s . A l s g e v o l g 
h i e r v a n i s de noodzaak van s t u u r c o r r e c t i e s t i j d e n s h e t r i j d e n i n de 
boog het s t e r k s t b i j scherpe bogen, t e r w i j l d a a r b i j ook de l a a g s t e TLC 
waarden optreden. 

6. De b i j het r i j d e n op een r e c h t e weg door b e s t u u r d e r s gekozen o c c l u s i e ­
t i j d e n z i j n s t e r k g e r e l a t e e r d aan TLC. 

7. De b i j het r i j d e n op een r e c h t e weg door b e s t u u r d e r s gekozen o c c l u s i e ­
t i j d e n kunnen m.b.v. TLC beschreven worden a l s een c o n s t a n t percentage 
(H0%) van de b e s c h i k b a r e t i j d . D i t r e s u l t a a t i s g e l d i g b i j v e r s c h i l ­
lende snelheden (20-120 km/h). 

8. De s t r a t e g i e d i e b e s t u u r d e r s hanteren b i j het bewust v e r w a a r l o z e n van 
k o e r s f o u t e n kan goed beschreven worden m.b.v. TLC. B i j een TLC van 
ongeveer 1.3 s voor het b e r e i k e n van de rand van de r i j s t r o o k wordt 
overgegaan op k o e r s c o r r e c t i e s ; ook d i t r e s u l t a a t i s g e l d i g over een 
gr o o t s n e l h e i d s g e b i e d (20-100 km/h). 
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9. Combinatie van 7 en 8 l e i d t tot de conclusie dat de strategie om een 
vast percentage van de beschikbare t i j d over te houden, dan wel een 
vaste absolute hoeveelheid t i j d , sterk bepaald wordt door de mate van 
onzekerheid over de voertuigbeweging. 

10. TLC vormt een maat voor rijgedrag waarin de voertuigbeweging en het 
stuurgedrag geïntegreerd worden beschreven en waarbij bovendien 
rekening wordt gehouden met voertuig- en wegkenmerken. Als zodanig i s 
TLC geschikt om rijgedrag op rechte wegen en i n bogen te beschrijven 
en daarbij de voertuig- en/of wegeigenschappen te optimaliseren. 

Aan het eind van d i t proefschrift wordt tenslotte aangegeven hoe de r e s u l ­
taten kunnen worden toegepast. Met name wordt gewezen op de mogelijkheden 
van TLC als beschrijvingsmaat van rijgedrag. Het f e i t dat TLC de voertuig­
beweging en het stuurgedrag i n combinatie met voertuig- en wegkenmerken 
geïntegreerd beschrijft, l i j k t een groot voordeel. Enerzijds biedt d i t de 
gelegenheid om deze methode toe te passen b i j het optimaliseren van voer­
tuigeigenschappen. Daarnaast en i n combinatie daarmee kunnen de effecten 
van wegkenmerken en snelheidsgedrag worden geëvalueerd op een wijze die 
voorheen niet mogelijk was, n l . i n onderlinge samenhang. TLC i s daarnaast 
tevens geschikt om rijgedrag i n termen van risicogedrag te beschrijven. 
Tenslotte geldt dat de TLC methode en de gepresenteerde onderzoekresultaten 
gezamenlijk de voornaamste bouwstenen vormen voor een strategiemodel van 
stuurgedrag waarin de stuurtaak wordt opgevat als een s e r i e e l proces en 
waarmee het rijgedrag op rechte wegen en i n bogen op z i n v o l l e wijze kan 
worden nagebootst. 
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S U M M A R Y 

Most of the a v a i l a b l e v e h i c l e c o n t r o l models a r e based on the fundamental 
assumption t h a t d r i v e r s s t e e r t h e i r v e h i c l e i n a c o n t i n u o u s e r r o r - c o r r e c ­
t i o n mode w i t h permanent v i s u a l feedback, i . e . c l o s e d l o o p . However, as i t 
i s commonly accepted, d r i v i n g cannot be c o n s i d e r e d as such a c o n t i n u o u s 
c l o s e d l o o p t a s k . On the one hand, i t can be argued t h a t under many c i r c u m ­
s t a n c e s d r i v i n g does not r e q u i r e permanent path e r r o r c o n t r o l , whereas on 
the o t h e r hand, the d r i v e r may be f o r c e d , t e m p o r a r i l y , t o pay ( v i s u a l ) 
a t t e n t i o n t o o t h e r d r i v i n g t a s k a s p e c t s which, by d e f i n i t i o n , makes i t 
i m p o s s i b l e t o s t e e r the v e h i c l e under permanent v i s u a l feedback. T h e r e f o r e , 
the purpose of t h i s t h e s i s i s t o e n l a r g e our u n d e r s t a n d i n g about the 
p o t e n t i a l r o l e of v i s u a l l y open l o o p s t r a t e g i e s and e r r o r - n e g l e c t i o n i n 
v e h i c l e c o n t r o l . 

The study s t a r t e d from the assumption t h a t the time a v a i l a b l e f o r a d r i v e r 
t o c o n t r o l h i s v e h i c l e i n an open l o o p mode, i . e . w i t h o u t immediate v i s u a l 
feedback, l a r g e l y depends on two f a c t o r s : 

- The a c c u r a c y of the open l o o p generated s t e e r i n g - w h e e l a c t i o n , 
- the time a v a i l a b l e f o r e r r o r - n e g l e c t i o n . 

Regarding the a c c u r a c y of manual c o n t r o l a c t i o n s i t was argued t h a t a n t i ­
c i p a t i o n s t r a t e g i e s based on preprogramming and/or preview may g i v e t he 
d r i v e r an almost p e r f e c t knowledge of the s t e e r i n g a c t i o n s t o be made i n a 
p a r t i c u l a r manoeuvre, even d u r i n g p e r i o d s w i t h o u t immediate v i s u a l f e e d ­
back. U l t i m a t e a c c u r a c y of open l o o p s t e e r i n g a c t i o n s , however, w i l l be 
l i m i t e d because of i n a c c u r a c i e s i n the motor system./_With r e s p e c t t o t h i s 
p o i n t the f i r s t q u e s t i o n r a i s e d was, whether the l i n e a r speed/accuracy 
t r a d e - o f f as known f o r c l o s e d l o o p , s t e p movements would a l s o be v a l i d f o r 
open lo o p , c o n t i n u o u s c o n t r o l a c t i o n s . The r e s u l t s o f a r e p r o d u c t i o n 
experiment, i n which s u b j e c t s t r a c k e d movement p a t t e r n s c o n s i s t i n g of a 
s i n g l e sine-wave under both open and c l o s e d l o o p c o n d i t i o n s , i n d i c a t e d t h i s 
not t o be t r u e . F or c l o s e d l o o p c o n d i t i o n s , a mplitude a c c u r a c y indeed 
appeared t o be l i n e a r l y dependent on movement v e l o c i t y , thus i l l u s t r a t i n g 
the v a l i d i t y of the e m p i r i c a l r e l a t i o n s h i p , known as F i t t s ' law, f o r 
con t i n u o u s , c l o s e d l o o p movements. However, f o r open l o o p c o n d i t i o n s t h i s 
r e l a t i o n was not found: I n t h a t case the r e s u l t s i n d i c a t e d t he am p l i t u d e 
accuracy t o be o n l y dependent on movement amplitude and not on v e l o c i t y . 
T h i s f i n d i n g was confirmed i n two v e h i c l e c o n t r o l s t u d i e s : A p r e c o g n i t i v e , 
l a n e change t a s k r e q u i r i n g a s t e e r i n g - w h e e l movement s i m i l a r t o t h a t i n the 
r e p r o d u c t i o n experiment, r e s u l t e d i n s t e e r i n g - w h e e l a mplitude i n a c c u r a c i e s 
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of the same a b s o l u t e l e v e l as those found i n the r e p r o d u c t i o n experiment. 
Furthermore, a preview curve e n t r a n c e t a s k r e s u l t e d i n l a r g e r a mplitude 
i n a c c u r a c i e s as compared t o the l a n e change ta3k. Both d a t a s e t s a l s o 
confirmed the s u g g e s t i o n t h a t i n a c c u r a c i e s i n c r e a s e about l i n e a r l y w i t h 
movement a m p l i t u d e . 

The time a v a i l a b l e f o r e r r o r - n e g l e c t i o n was a n a l y s e d by a p p l i c a t i o n of the 
path p r e d i c t i o n t e c h n i q u e s as commonly used i n p r e v i e w - p r e d i c t o r models. 
Based on t h i s t e c h n i q u e the T i m e - t o - L i n e - C r o s s i n g (TLC) can be c a l c u l a t e d , 
r e p r e s e n t i n g the time a v a i l a b l e f o r the d r i v e r t o n e g l e c t path e r r o r s , 
u n t i l the moment i n time a t which any p a r t reaches one of the l a n e bounda­
r i e s . jThe TLC concept answers d i r e c t l y t o one o f the main purposes of t h i s 
studj^, i . e . t o q u a n t i f y the p o t e n t i a l r o l e of path e r r o r - n e g l e c t i o n i n 
d r i v i n g . As such, ||TLC c o u l d v e r y w e l l be used t o answer two i m p o r t a n t 
q u e s t i o n s : F i r s t , how l o n g i s a d r i v e r a c t u a l l y w i l l i n g t o c o n t r o l h i s 
v e h i c l e w i t h o u t immediate v i s u a l feedback and second, how l o n g i s a d r i v e r 
u l t i m a t e l y a l l o w e d t o w a i t b e f o r e s w i t c h i n g over t o the e r r o r - c o r r e c t i o n 
mode. 

The f i r s t o f these q u e s t i o n s was i n v e s t i g a t e d by measuring d r i v e r s ' s e l f -
chosen o c c l u s i o n times i n a s t r a i g h t l a n e keeping t a s k w i t h c o n s t a n t speeds 
v a r y i n g between 20 and 120 km/h. O c c l u s i o n times appeared t o correspond 
c l o s e l y w i t h TLC. I n the same a n a l y s i s i t was shown t h a t d r i v e r s choose 
o c c l u s i o n times, which can be d e s c r i b e d as a c o n s t a n t f r a c t i o n , i . e . 10$, 
o f the a v a i l a b l e time. T h i s r e s u l t was compared w i t h the f i n d i n g s of the 
l a s t experiment of t h i s t h e s i s , i n which d r i v e r s were i n s t r u c t e d t o n e g l e c t 
path e r r o r s and t o s w i t c h over t o path e r r o r - c o r r e c t i o n o n l y a t t h a t moment 
i n time, the v e h i c l e motion c o u l d s t i l l c o m f o r t a b l y be c o r r e c t e d t o prevent 
a c r o s s i n g of the l a n e boundary. The s t r a t e g y adopted by d r i v e r s i n t h i s 
t a s k , i s t o s w i t c h over t o e r r o r - c o r r e c t i o n a t an about c o n s t a n t TLC 
d i s t a n c e from the l a n e boundary. Together the r e s u l t s on open l o o p c o n t r o l 
and e r r o r - n e g l e c t i o n i n d i c a t e t h a t the d r i v e r ' s t i m i n g s t r a t e g y , i . e . 
l e a v i n g a f r a c t i o n of time o r a c o n s t a n t amount of time, i s s t r o n g l y 
r e l a t e d t o the degree of u n c e r t a i n t y about the v e h i c l e t r a j e c t o r y . 

F i n a l l y i t i s shown t h a t the r e s u l t s of t h i s t h e s i s may f i n d t h e i r way i n 
v a r i o u s areas o f a p p l i c a t i o n . The TLC-concept seems p a r t i c u l a r l y s u i t e d t o 
d e s c r i b e d r i v i n g s t r a t e g y i n s t r a i g h t l a n e keeping as w e l l as curve nego­
t i a t i o n . As such t h i s time-domain a n a l y s i s of d r i v i n g may be h e l p f u l t o 
an a l y s e d r i v e r s ' r i s k t a k i n g b e h a v i o r and t o o p t i m i z e v e h i c l e as w e l l as 
roadway c h a r a c t e r i s t i c s . Furthermore, i t i s argued t h a t the TLC a n a l y s i s 
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can be a p p l i e d t o develop a s e r i a l s t r a t e g y model of d r i v i n g , which de­
s c r i b e s the s e q u e n t i a l d i s t r i b u t i o n of a d r i v e r ' s combined use of open and 
c l o s e d l o o p and/or e r r o r - n e g l e c t i o n and e r r o r - c o r r e c t i o n s t r a t e g i e s . 
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