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SUMMARY 

In the l i t e r a t u r e automobile d r i v i n g has almost e x c l u s i v e l y been 
modeled on the ba s i s of the l a t e r a l p o s i t i o n of the car i n s i d e the t r a f f i c 
l a n e i i . e . l a t e r a l v e h i c l e c o n t r o l , and, t o a l e s s e r extent, on the ba s i s 
of the v e l o c i t y of the ca r , i . e . 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 . Thereto, i t 
i s assumed that the d r i v e r s are continuously f u l l y a t t e n t i v e i n order to 
minimize a l l path d e v i a t i o n s . However, t h i s assumption i s i n c o n t r a d i c t i o n 
with a c t u a l d r i v i n g , i n which d r i v e r s normally do not attempt to compensate 
f o r a l l path d e v i a t i o n s because, f o r in s t a n c e , d r i v e r s are confronted with 
more tasks to perform simultaneously. The models developed f o r v e h i c l e 
c o n t r o l are valuable f o r d r i v i n g s i t u a t i o n s i n which l a t e r a l c o n t r o l 
r e q u i r e s a l l the d r i v e r ' s a t t e n t i o n , f o r example during the compensation of 
heavy sidewind disturbances or during d r i v i n g a s t r o n g l y curved road. 
Normally, however, these s i t u a t i o n s are not f r e q u e n t l y met. Therefore, a 
d e s c r i p t i o n of d r i v i n g should take i t s s t a r t i n g point d i f f e r e n t l y . 

In t h i s t h e s i s new approaches are discussed by c o n s i d e r i n g d r i v i n g 
w i t h i n the context of supervisory c o n t r o l . This means that the d r i v e r i s 
assumed to supervise the s i n g u l a r tasks l i k e 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 , each of which i s assumed to be autonomously c o n t r o l l e d to 
a c e r t a i n extent. The d r i v e r only intervenes when the c o n d i t i o n s of a 
s i n g u l a r task are f o r c i n g him to do so. In t h i s approach an i n t e g r a l 
d e s c r i p t i o n of m u l t i t a s k performance i n d r i v i n g becomes p o s s i b l e . 

In the s o - c a l l e d Supervisory D r i v e r Model a d i s t i n c t i o n i s made 
between an o b s e r v a t i o n / p r e d i c t i o n block, a c o n t r o l block and a d e c i s i o n ­
making block. As c r i t e r i a f o r the e v a l u a t i o n of d r i v i n g are taken 1) 
d r i v i n g performance i n terms of the v a r i a t i o n s i n the l a t e r a l p o s i t i o n and 
yaw r a t e of the v e h i c l e on the road, 2) d r i v e r ' s observation s t r a t e g y i n 
terms of a " f r e e time'' when i t i s not necessary to observe l a t e r a l v e h i c l e 
c o n t r o l , and 3) d r i v e r ' s c o n t r o l s t r a t e g y i n terms of the amplitudes and 
frequencies of the steering-wheel movements. 

In t h i s t h e s i s a d e s c r i p t i o n i s given of supervisory d r i v i n g f o r 
l a t e r a l v e h i c l e c o n t r o l i n a r e l a t i v e l y simple d r i v i n g s i t u a t i o n , i . e . 
d r i v i n g on a s t r a i g h t motorway, without sidewind disturbances and without 
other t r a f f i c . Preceding these experiments, a d e s c r i p t i o n i s given of the 
v e h i c l e dynamics and the perceptual cues a v a i l a b l e f o r the d r i v e r . 

The f i r s t experiment shows that by an a l y z i n g eye movements, d r i v e r s 
f i x a t e s p e c i f i c road o b j e c t s , l i k e markings and pavement, only q u i t e 
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i n f r e q u e n t l y , and a l s o that they are o f t e n l o o k i n g above the h o r i z o n . These 
r e s u l t s already suggest that l a t e r a l c o n t r o l does not ask f o r continuous 
f o v e a l v i s u a l i n f o r m a t i o n . In a second experiment, v i s u a l i n f o r m a t i o n on 
l a t e r a l v e h i c l e c o n t r o l i s experimentally reduced by i n s t r u c t i n g d r i v e r s 
"to scan the o f f - r o a d environment and to r e p o r t on what i s seen". D r i v i n g 
of s k i l l e d and u n s k i l l e d d r i v e r s was s t u d i e d because i t was assumed that 
both groups would considerably d i f f e r i n the use of the perceptual cues. 
Moreover, task demands were v a r i e d by i n t r o d u c i n g i n a d d i t i o n the l o n g i t u ­
d i n a l i n s t r u c t i o n to d r i v e w i t h a constant v e l o c i t y of 100 km/h. I t i s 
shown that i n c o n d i t i o n s c r e a t i n g a minimum l e v e l of a t t e n t i o n f o r l a t e r a l 
v e h i c l e c o n t r o l , both s k i l l e d and u n s k i l l e d d r i v e r s show an acceptable 
l a t e r a l c o n t r o l performance, i . e . d r i v e r s stay w i t h i n t h e i r l a n e , although 
v a r i a t i o n s i n l a t e r a l c o n t r o l were l a r g e r than i n other c o n d i t i o n s . D i f f e r ­
ences i n the amplitudes and frequencies of the steering-wheel movements 
indeed i n d i c a t e that the inexperienced d r i v e r s are l e s s s k i l l e d than the 
experienced d r i v e r s i n combining the demands of the various t a s k s . 

The Supervisory D r i v e r Model approach has i n a d d i t i o n been used i n a 
s e r i e s of experiments to i n v e s t i g a t e the r e l a t i o n between l a t e r a l v e h i c l e 
c o n t r o l and the a v a i l a b l e perceptual cues, as a f u n c t i o n of task demands 
and d r i v i n g s k i l l . The r e s u l t s show that experienced d r i v e r s have learned 
to perform b e t t e r when observing and p r e d i c t i n g the l a t e r a l speed cue. 
Moreover, i t i s i n d i c a t e d that the yaw r a t e cue and/or both l a t e r a l a c c e l ­
e r a t i o n and yaw a c c e l e r a t i o n cues are already used i n an e a r l y stage of 
d r i v i n g p r a c t i c e . When the d r i v e r has to perform more tasks simultaneously 
("multitask d r i v i n g " ) , f o r instance when he has to d r i v e w i t h a p a r t i c u l a r 
speed or when he d r i v e s under d e t e r i o r a t e d c o n d i t i o n s ( f o g , n i g h t - d r i v i n g ) , 
the r e s u l t s show improved l a t e r a l c o n t r o l f o r experienced d r i v e r s , being a 
r e s u l t of self-paced higher task demands. In g e n e r a l , the inexperienced 
d r i v e r s then have a s i m i l a r or worse l a t e r a l c o n t r o l performance. Larger 
steering-wheel movements, i n combination w i t h a s h i f t i n the steering-wheel 
frequencies, again r e f l e c t l e s s s k i l l s to combine the various tasks of 
d r i v i n g . 

In another s e r i e s of experiments the timing aspects of d r i v e r ' s 
observations are i n v e s t i g a t e d with respect to l a t e r a l v e h i c l e c o n t r o l , i n 
order to e s t a b l i s h when and how long, d r i v e r s allow themselves to observe 
aspects beyond l a t e r a l c o n t r o l . To do so, the Supervisory D r i v e r Model i s 
used f i r s t , to p r e d i c t t h i s f r e e time i n r e l a t i o n to the use of the per­
ceptual cues, and second, to measure t h i s f r e e time, or o c c l u s i o n time, 
when d r i v e r s drove w i t h the v i s u a l o c c l u s i o n technique. Thereto, d r i v e r s 
can obtain v i s u a l i n f o r m a t i o n on l a t e r a l v e h i c l e c o n t r o l only on request. 
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In general, i t i s found that d r i v i n g performance during o c c l u s i o n i s not 
very much a f f e c t e d i n r e l a t i o n to m u l t i t a s k or d e t e r i o r a t e d d r i v i n g condi­
t i o n s . However, d r i v e r s ' observation s t r a t e g y shows that the s k i l l e d 
d r i v e r s choose longer o c c l u s i o n times than the u n s k i l l e d d r i v e r s f o r 
comparable l e v e l s of d r i v i n g performance. I t i s a l s o found that the s k i l l e d 
d r i v e r s adapt w i t h t h e i r observation s t r a t e g y b e t t e r than the u n s k i l l e d 
d r i v e r s , by having more observation t r a n s f e r s during m u l t i t a s k d r i v i n g and 
d e t e r i o r a t e d d r i v i n g c o n d i t i o n s . 

In a f i n a l chapter, the value of the c r i t e r i a f o r the d e s c r i p t i o n of 
supe r v i s o r y car d r i v i n g , i s s t u d i e d during the e v a l u a t i o n of vari o u s 
d e l i n e a t i o n systems i n p r a c t i c e . This study i s presented as a general 
example f o r the study of road and car designs. The recommendations f o r the 
a p p l i c a t i o n of the d e l i n e a t i o n systems c l e a r l y show that d r i v e r s ' observa­
t i o n s t r a t e g y i n terms of the f r e e times, and d r i v e r s ' c o n t r o l s t r a t e g y i n 
terms of the amplitudes and frequencies of the steering-wheel movements, 
form e s s e n t i a l c r i t e r i a i n a d d i t i o n to the d e s c r i p t i o n of l a t e r a l c o n t r o l 
performance during everyday, m u l t i t a s k d r i v i n g . 



H E T A U T O R I J D E N A L S S U P E R V I S I E T A A K 

SAMENVATTING 

B i j het k w a n t i t a t i e f b e s c h r i j v e n en v o o r s p e l l e n van het r i j g e d r a g van 
automobilisten wordt i n de l i t e r a t u u r de nadruk gelegd op een analyse van 
de p o s i t i e r e g e l i n g op de weg ( l a t e r a l e regeltaak) en, i n v e e l mindere mate, 
op de s n e l h e i d s r e g e l i n g ( l o n g i t u d i n a l e r e g e l t a a k ) . H i e r b i j wordt er v r i j w e l 
u i t s l u i t e n d van uitgegaan dat de bestuurder zo'n deeltaak met maximale 
aandacht u i t v o e r t om a l l e optredende a f w i j k i n g e n t e minimaliseren. D i t 
uitgangspunt i s echter d u i d e l i j k s t r i j d i g met de f e i t e l i j k e r i j t a a k u i t v o e -
r i n g waarbij er n i e t naar wordt ge s t r e e f d om a l l e fouten weg te regelen en 
waarbij bovendien vaak meer dan één deeltaak uitgevoerd moet worden. De i n 
het verleden ontwikkelde b e s c h r i j v i n g e n voor het koershouden hebben hun 
waarde bewezen voor s i t u a t i e s waarbij de l a t e r a l e regeltaak inderdaad 
v r i j w e l a l l e aandacht van de bestuurder o p e i s t , b i j v o o r b e e l d a l s gevolg van 
forse z i j w i n d v e r s t o r i n g e n en/of een s n e l l e opeenvolging van bogen i n de te 
volgen weg. B i j de r i j p r a k t i j k van a l l e d a g komen d e r g e l i j k e s i t u a t i e s 
echter n i e t steeds voor en d i e n t het bestuurdersgedrag op een andere w i j z e 
beschreven te worden. 

In het p r o e f s c h r i f t worden nieuwe mogelijkheden aangegeven door het 
bestuurdersgedrag op te v a t t e n a l s supervisorgedrag. H i e r b i j t r e e d t de 
bestuurder op a l s supervisor van min of meer autonoom verlopende deeltaken, 
zo a l s de l a t e r a l e en l o n g i t u d i n a l e r e g e l t a a k , en g r i j p t h i j s l e c h t s i n 
i n d i e n de omstandigheden vanuit een deeltaak daartoe a a n l e i d i n g geven. 
Binnen een d e r g e l i j k kader kunnen meer deeltaken i n t e g r a a l worden beschre­
ven. 

B i j de b e s c h r i j v i n g van het bestuurdersgedrag wordt uitgegaan van het 
zgn. Supervisory D r i v e r Model, waarin een onderscheid wordt gemaakt tussen 
een waarnemend/voorspellend, een regelend en een b e s l i s s e n d gedeelte. De 
c r i t e r i a voor het b e s c h r i j v e n van het superviserend bestuurdersgedrag 
r i c h t e n z i c h op 1) de r i j p r e s t a t i e i n termen van spreidingen van de l a t e ­
r a l e v o e r t u i g p o s i t i e op de weg en van de g i e r h o e k s n e l h e i d , 2) de waarneem-
s t r a t e g i e i n termen van een ' v r i j e t i j d ' wanneer het n i e t nodig i s om de 
l a t e r a l e r e g e l t a a k te observeren, en 3) de r e g e l s t r a t e g i e i n termen van 
amplituden en f r e q u e n t i e s van de corrigerende stuurbewegingen. 

In het onderzoek i s volgens v e r s c h i l l e n d e invalshoeken nader ingegaan 
op het supervisiegedrag b i j het u i t v o e r e n van de l a t e r a l e regeltaak i n een 
r e l a t i e f simpele taakomgeving: r i j d e n op een rechte autosnelweg, zonder 
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i n v l o e d van z i j w i n d v e r s t o r i n g e n of van het overige verkeer. Voorafgaand aan 
de s e r i e experimenten i s echter e e r s t een b e s c h r i j v i n g gegeven van de 
voertuigdynamica en van de perceptieve cues die voor de bestuurder beschik­
baar z i j n . 

In het eerste experiment l e e r t een analyse van de oogbewegingspatronen 
dat bestuurders s l e c h t s i n geringe mate hun ogen f i x e r e n op s p e c i f i e k e 
wegkenmerken, zo a l s b e l i j n i n g , wegdek, e.d., en z e l f s dat z i j v r i j vaak 
boven de horizon k i j k e n . Deze r e s u l t a t e n suggereren reeds dat het voor de 
u i t v o e r i n g van de l a t e r a l e regeltaak n i e t nodig i s om voortdurend f o v e a l e 
v i s u e l e i n f o r m a t i e te verzamelen. Vervolgens i s i n een tweede experiment 
getracht om de v i s u e l e i n f o r m a t i e over de l a t e r a l e regeltaak zoveel moge­
l i j k te beperken door de bestuurders v i a i n s t r u c t i e op te dragen "zoveel 
mogelijk i n de omgeving rond t e k i j k e n en te zeggen wat z i j z i e n " . Ervaren 
zowel a l s onervaren bestuurders z i j n onderzocht vanwege de aanname dat 
beide groepen a a n z i e n l i j k zouden variëren i n het gebruik van de perceptieve 
cues. Bovendien i s i n d i t experiment de inhoud van de s u p e r v i s i e t a a k 
gevarieerd door bestuurders met een toegevoegde l o n g i t u d i n a l e r e g e l t a a k op 
te dragen met een zeer constante s n e l h e i d van 100 km/h t e r i j d e n . Aange­
toond kan worden dat i n die c o n d i t i e s , waarbij met een v r i j w e l minimale 
aandacht voor de l a t e r a l e r e g e l t a a k moet worden gereden, ervaren en oner­
varen bestuurders nog u i t s t e k e n d i n s t a a t z i j n om binnen de r i j s t r o o k m a r ­
keringen te b l i j v e n en zodoende v e i l i g te r i j d e n , alhoewel z i j grotere 
s l i n g e r i n g e n i n de v o e r t u i g p o s i t i e s vertonen dan i n de andere c o n d i t i e s . 
Kenmerkende v e r s c h i l l e n i n de amplituden en f r e q u e n t i e s van de stuurbewe-
gingen w i j z e n erop dat de onervaren bestuurders minder goed dan de ervaren 
bestuurders i n s t a a t z i j n om de v e r s c h i l l e n d e deeltaken te combineren. 

Binnen de context van het Supervisory D r i v e r Model i s vervolgens i n 
een s e r i e experimenten onderzocht hoe het u i t v o e r e n van de l a t e r a l e r e g e l ­
taak afhangt van de aanwezige perceptieve cues; e.e.a. a f h a n k e l i j k van de 
r i j e r v a r i n g en de t a a k e i s e n . Het b l i j k t d a a r b i j dat de ervaren bestuurders 
hebben geleerd om v i a het waarnemen/voorspellen van de l a t e r a l e v o e r t u i g ­
s n e l h e i d een betere p r e s t a t i e te behalen. Eveneens z i j n aanwijzingen 
gevonden dat de gierhoeksnelheid en/of de l a t e r a l e - en g i e r h o e k v e r s n e l l i n g 
reeds i n een vroeg stadium van de r i j p r a k t i j k g ebruikt worden. Een meervou­
dige r i j t a a k (toegevoegde l o n g i t u d i n a l e taak) of een v e r s l e c h t e r d e r i j s i -
t u a t i e (nacht) b l i j k t b i j de ervaren bestuurders te l e i d e n t o t een betere 
p r e s t a t i e b i j het koershouden a l s gevolg van zelfopgelegde, hogere taak­
e i s e n . B i j onervaren bestuurders b l i j k t dan over het algemeen een g e l i j k ­
waardige of s l e c h t e r e p r e s t a t i e op te treden. Grotere stuurbewegingen, i n 
combinatie met een v e r s c h u i v i n g i n de s t u u r f r e q u e n t i e s , w i j z e n wederom op 
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minder vaardigheden om de v e r s c h i l l e n d e deeltaken t e combineren. 
Vervolgens i s binnen de context van het Supervisory D r i v e r Model 

nagegaan op welke t i j d s t i p p e n bestuurders het koershouden opnieuw obser­
veren, of anders g e s t e l d , hoe lang bestuurders v i s u e l e aandacht aan andere 
aspecten kunnen besteden. Daartoe i s e e r s t met het Supervisory D r i v e r Model 
berekend hoe deze v r i j e t i j d afhangt van het gebruik van de perceptieve 
cues. Vervolgens i s i n een a a n t a l veldexperimenten de v r i j e t i j d , of 
o c c l u s i e t i j d , bepaald door de bestuurders te l a t e n r i j d e n met de zgn. 
v i s u e l e o c c l u s i e t e c h n i e k . H i e r b i j z i j n de bestuurders s l e c h t s op aanvraag 
i n s t a a t om naar de weg te k i j k e n . Over het algemeen b l i j k t de r i j p r e s t a t i e 
t i j d e n s o c c l u s i e n i e t s t e r k t e veranderen b i j een meervoudige r i j t a a k of 
b i j v e r s l e c h t e r d e r i j s i t u a t i e s . De waarneemstrategie daarentegen, geeft aan 
dat ervaren bestuurders langere o c c l u s i e t i j d e n hanteren dan de onervaren 
bestuurders b i j v e r g e l i j k b a r e r i j p r e s t a t i e s . Bovendien passen de ervaren 
bestuurders de waarneemstrategie beter aan dan de onervaren bestuurders 
door t i j d e n s meervoudige taken en v e r s l e c h t e r d e r i j s i t u a t i e s vaker te 
observeren. 

In een a f s l u i t e n d hoofdstuk i s de waarde van de c r i t e r i a voor het 
b e s c h r i j v e n van het superviserend bestuurdersgedrag nader aangegeven b i j 
het i n de p r a k t i j k beoordelen van v e r s c h i l l e n d e wegmarkeringssystemen. D i t 
onderzoek g e l d t a l s voorbeeld voor het beoordelen van weg- of v o e r t u i g o n t -
werpen i n het algemeen. De a f g e l e i d e aanbevelingen voor het toepassen van 
de wegmarkeringssystemen geven aan dat de waarneemstrategie i n termen van 
de v r i j e t i j d , en de r e g e l s t r a t e g i e i n termen van de amplituden en frequen­
t i e s van de corrigerende stuurbewegingen, waardevolle c r i t e r i a vormen i n 
a a n v u l l i n g op de b e s c h r i j v i n g van de r i j p r e s t a t i e b i j het koershouden. 
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1. INTRODUCTION 

1.1 Purpose of the study 

In everyday d r i v i n g i t can be f r e q u e n t l y observed that car d r i v e r s do 
not continuously pay a t t e n t i o n to the road ahead > even when they are 
d r i v i n g w i t h high speeds. For in s t a n c e , during short periods d r i v e r s look 
i n the rearview m i r r o r , switch on the r a d i o , or scan the o f f - r o a d e n v i r o n ­
ment. However, there are a l s o c o n d i t i o n s , i n which d r i v e r s indeed look 
continuously at the road ahead. These s i t u a t i o n s may occur w h i l e d r i v i n g on 
narrow t r a f f i c l anes, under the c o n d i t i o n of heavy sidewind disturbances 
when the car has r e l a t i v e l y bad handling c h a r a c t e r i s t i c s , or when the 
d r i v e r i s u n s k i l l e d . 

Most d r i v i n g s t u d i e s i n r e l a t i o n t o car and road design, e.g. v e h i c l e 
dynamics, sidewind e f f e c t s or curve l a y - o u t , are r e s t r i c t e d to s i t u a t i o n s 
i n which d r i v e r s are f u l l y a t t e n t i v e to the c o n t r o l of one s i n g u l a r task, 
l i k e l a t e r a l p o s i t i o n c o n t r o l or v e l o c i t y c o n t r o l during c a r - f o l l o w i n g . 
However, the more common s i t u a t i o n s of m u l t i t a s k d r i v i n g have been l e s s 
subject to experimentation. 

The present study deals w i t h an a n a l y s i s of m u l t i t a s k d r i v i n g i n terms 
of supervisory c o n t r o l , i n which each s i n g u l a r task i s performed more or 
l e s s a u t o m a t i c a l l y under s u p e r v i s i o n of the d r i v e r . To do so, the observa­
t i o n s t r a t e g y and the c o n t r o l s t r a t e g y , i . e . the output of the d r i v e r , and 
the performance, i . e . the output of the o v e r a l l d r i v e r - v e h i c l e system, are 
studie d i n r e l a t i o n t o d r i v i n g s k i l l , task demands and perceptual cues. 

In a d d i t i o n , i t i s studied when and f o r how long, observations have to 
be made f o r each s i n g u l a r task. Stated otherwise, i t i s described and 
predi c t e d whether and when d r i v e r s allow themselves to neglect a s p e c i f i c 
task so that they are able to pay a t t e n t i o n to other tasks or even to 
a c t i v i t i e s other than d r i v i n g , l i k e s w i t c h i n g the r a d i o or scanning the 
of f - r o a d environment. "Free times" are q u a n t i f i e d w i t h regard to the 
observation s t r a t e g y . These f r e e times are of v i t a l importance f o r the 
ev a l u a t i o n of car and road design w i t h respect to d r i v e r ' s s t r a t e g y and 
performance. R e l a t i v e l y large f r e e times suggest ample p o s s i b i l i t i e s f o r a 
d r i v e r to monitor aspects beyond the task demands which may lead to the 
e a r l y d e t e c t i o n and compensation of unexpected t r a f f i c events and thus 
serve t r a f f i c s a f e t y . 
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1.2 Out l i n e 

Chapter 2 presents some t h e o r e t i c a l c o n s i d e r a t i o n s f o r the study of 
d r i v e r ' s s t r a t e g y and performance. A general Supervisory D r i v e r Model i s 
proposed which allows a d e s c r i p t i o n of m u l t i t a s k d r i v i n g . This model i s 
used as a h y p o t h e t i c a l framework f o r the study of d r i v e r ' s s t r a t e g y and 
performance during s t r a i g h t - r o a d d r i v i n g as a f f e c t e d by d r i v i n g s k i l l , task 
demands and perceptual cues. Chapter 3 gives an a n a l y s i s of the dynamics of 
the system to be c o n t r o l l e d i n combination w i t h a d e s c r i p t i o n of the 
perceptual cues of the d r i v e r . For l a t e r a l v e h i c l e c o n t r o l these cues are 
associated w i t h l a t e r a l p o s i t i o n , l a t e r a l speed, yaw r a t e , l a t e r a l a c c e l e r ­
a t i o n and yaw a c c e l e r a t i o n . A general d e s c r i p t i o n of the experiments i s 
given i n Chapter 4. The experimental techniques used, are, f i r s t l y , c a l c u l ­
a t i o n s w i t h the Supervisory D r i v e r Model s i m u l a t i n g the d r i v e r i n a sim­
u l a t e d v e h i c l e , and secondly, the c o l l e c t i o n of e m p i r i c a l data w i t h d r i v e r s 
i n a fixed-base simulator i n the l a b o r a t o r y , and i n an instrumented car on 
the road. 

Chapter 5 deals w i t h two experiments on the road i l l u s t r a t i n g the 
r e l a t i v e l y undemanding task of normal s t r a i g h t - r o a d d r i v i n g of i n e x p e r i ­
enced and experienced d r i v e r s . D r i v e r ' s observation s t r a t e g y and c o n t r o l 
strategy are studi e d to i n v e s t i g a t e whether d r i v e r s can pay a t t e n t i o n to 
other tasks, and whether i n the mean time they can keep an acceptable l e v e l 
of l a t e r a l c o n t r o l performance (Experiments 1 and 2 ) . 

Chapter 6 presents d r i v e r ' s c o n t r o l s t r a t e g y and performance f o r 
d i f f e r e n t task demands and d r i v i n g s k i l l s , i n r e l a t i o n to perceptual cues. 
D r i v i n g performance i s p r e d i c t e d w i t h the Supervisory D r i v e r Model f o r 
d i f f e r e n t combinations of the cues. As a basic c o n d i t i o n the observation 
and c o n t r o l of the l a t e r a l p o s i t i o n cue i s s e l e c t e d , whereas i n a d d i t i o n 
the e f f e c t s of s e v e r a l other cues are considered (Experiment 3). E m p i r i c a l 
data are gathered on the e f f e c t s of a c c e l e r a t i o n cues by comparing d r i v i n g 
i n a car on the road and i n a fixed-base simulator (Experiment 4). Also, 
f i e l d data are obtained f o r d r i v i n g i n day and night c o n d i t i o n s r e f l e c t i n g 
s i t u a t i o n s of d e t e r i o r a t e d v i s i b i l i t y (Experiment 5). 

Chapter 7 deals with d r i v e r ' s observation s t r a t e g y and performance 
and, more i n p a r t i c u l a r , the timing aspects of d r i v e r ' s observations i n 
r e l a t i o n to task demands, d r i v i n g s k i l l s and perceptual cues. Again, the 
Supervisory D r i v e r Model i s used to c a l c u l a t e d r i v e r ' s f r e e times f o r the 
observation strategy f o r d i f f e r e n t sets of perceptual cues (Experiment 6 ) . 
E m p i r i c a l data are gathered w i t h the car on the road using a v i s u a l o c c l u ­
s i o n technique to measure when and f o r how long d r i v e r s allow themselves to 
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neglect v i s u a l i n f o r m a t i o n (Experiments 6 and 7 ) . F i n a l l y , i n Chapter 8 a 
design a p p l i c a t i o n w i t h respect to road d e l i n e a t i o n at night i s considered 
(Experiment 8 ) , whereas i n Chapter 9 the main conclusions of t h i s t h e s i s 
are summarized and p o s s i b i l i t i e s f o r f u r t h e r a p p l i c a t i o n s are suggested. 
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2. THEORETICAL FRAMEWORK 

2.1 P s y c h o l o g i c a l c o n s i d e r a t i o n s 

In a task a n a l y s i s of d r i v i n g , McKnight and Adams (1970) defined about 
65 main and 1700 elementary t a s k s . There i s some consensus to cat e g o r i z e 
d r i v i n g tasks on three h i e r a r c h i c a l l y ordered l e v e l s ( A l l e n et a l . , 1971). 
F i r s t , a s t r a t e g i c a l l e v e l i s defined f o r tasks r e l a t e d to route s e l e c t i o n 
and route f o l l o w i n g . Second, a s i t u a t i o n a l l e v e l d e s c r i b e s tasks of manoeu­
v r i n g i n r e l a t i o n t o road geometry, t r a f f i c signs and other t r a f f i c . The 
t h i r d l e v e l , the c o n t r o l l e v e l , i m p l i e s tasks of v e h i c l e c o n t r o l i n r e l a ­
t i o n t o both previous l e v e l s and i n r e l a t i o n to disturbances from sidewind 
gusts or roadway i r r e g u l a r i t i e s . These c o n t r o l tasks are u s u a l l y subdivided 
i n l a t e r a l v e h i c l e c o n t r o l , i . e . c o n t r o l of the l a t e r a l p o s i t i o n i n s i d e the 
t r a f f i c lane, 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 , i . e . v e l o c i t y c o n t r o l . 

D r i v i n g may then be seen as a process during which performance i s 
optimized to meet the demands of the s i n g u l a r tasks i n combination, i . e . 
the process of m u l t i t a s k d r i v i n g . To do so, i t i s assumed that the d r i v e r 
has the d i s p o s a l of an i n t e r n a l c r i t e r i o n (e.g. K e l l e y , 1969; Chenchanna, 
1971, 1974), or monitoring f u n c t i o n (Rockwell, 1972), that governs the 
r u l e s f o r o p t i m i z a t i o n , prescribed by task demands f o r t r a v e l time, s a f e t y , 
comfort, c o s t s , e t c . This i n t e r n a l c r i t e r i o n i s not f i x e d , but submissive 
to changes over time as a r e s u l t of d r i v i n g s k i l l development. Also, when 
improvement of the d r i v i n g s k i l l can no longer be observed, the i n t e r n a l 
c r i t e r i o n may show large v a r i a t i o n s between i n d i v i d u a l s , r e s u l t i n g i n what 
u s u a l l y i s r e f e r r e d to as d i f f e r e n c e s i n d r i v i n g s t y l e . One of the aims of 
the study of d r i v i n g i s to defi n e b a s i c i n f o r m a t i o n processes, and to 
i n v e s t i g a t e i n what way d r i v i n g performance, i . e . the output of the o v e r a l l 
d r i v e r - v e h i c l e system, and the observation strategy and c o n t r o l s t r a t e g y , 
i . e . the output of the d r i v e r , are a f f e c t e d by the task demands, and how 
these measures change during d r i v i n g s k i l l development. 

According to Schlesinger (1972), d r i v e r ' s b a s i c i n f o r m a t i o n processes 
can be d i v i d e d i n t o search, i d e n t i f i c a t i o n , p r e d i c t i o n , decision-making and 
execution. I t i s of i n t e r e s t to n o t i c e the s i m i l a r i t y w i t h the l i t e r a t u r e 
on supervisory c o n t r o l (par. 2.2). The processes of search, i d e n t i f i c a t i o n 
and p r e d i c t i o n are categorized by Schlesinger under guidance, "the cyber­
n e t i c task of o b t a i n i n g and processing i n f o r m a t i o n from the environment 1', 
while decision-making and execution are categorized under c o n t r o l , "the 
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task of t r a n s l a t i n g guidance data i n t o d e c i s i o n s and psychomotor c o n t r o l of 
the v e h i c l e " . 

D r i v e r ' s basic i n f o r m a t i o n processes can a l s o be categorized i n 
accordance w i t h the theory of "Successive Organisation of Perception" 
(Krendel and McRuer, 1960, 1968). In t h i s theory three l e v e l s have been 
d i s t i n g u i s h e d which d i f f e r i n p o t e n t i a l f o r p r e d i c t i o n : 
- Compensatory l e v e l : On the lowest l e v e l , the d r i v e r has no i n f o r m a t i o n 

about the fu t u r e values of the v a r i a b l e s and has a maximum u n c e r t a i n t y . 
The s t r a t e g i e s on t h i s l e v e l are closed-loop and p r e d i c t i o n i s not 
p o s s i b l e , e.g., compensatory t r a c k i n g of random sidewind gusts, f o l l o w i n g 
an u n f a m i l i a r road i n a heavy fog. 

- P u r s u i t l e v e l : D r i v e r ' s u n c e r t a i n t y can be decreased by in f o r m a t i o n about 
fu t u r e values of the v a r i a b l e s (perceptual a n t i c i p a t i o n ) . The s t r a t e g i e s 
on t h i s l e v e l are closed-loop i n combination w i t h p r e d i c t i o n c o n t r o l , 
e.g., preview of the road to be fo l l o w e d . 

- P r e c o g n i t i v e l e v e l : On the highest l e v e l , d r i v e r ' s a c t i o n s are based on 
learned input/output r e l a t i o n s ( c o g n i t i v e a n t i c i p a t i o n ) . The s t r a t e g i e s 
on t h i s l e v e l are open-loop, mainly w i t h respect to v i s u a l feedback, 
e.g., passing manoeuvres and curve n e g o t i a t i o n by very s k i l l e d d r i v e r s . 

With i n c r e a s i n g d r i v i n g s k i l l i t can be expected that d r i v e r ' s s t r a t ­
egies s h i f t from the compensatory l e v e l towards the higher l e v e l s due to an 
increased use of preview i n f o r m a t i o n and an increased knowledge of i n p u t -
/output r e l a t i o n s , making a n t i c i p a t i o n more or l e s s p o s s i b l e . A s i n g u l a r 
task i s then executed by open-loop c o n t r o l on the higher l e v e l s , and an 
a d d i t i o n a l , i n t e r m i t t e n t closed-loop c o n t r o l on the lowest l e v e l . In other 
terms, i t can be st a t e d that the task i s performed more a u t o m a t i c a l l y , and 
l e s s c o g n i t i v e l y c o n t r o l l e d (e.g., Schneider and S h i f f r i n , 1977; Schneider, 
1982). Consequently, s k i l l e d d r i v e r s have to pay l e s s a t t e n t i o n to a 
s i n g u l a r task and may neglect that task t e m p o r a r i l y , i n order to pay 
a t t e n t i o n to other tasks. Therefore, s k i l l e d d r i v e r s cope b e t t e r w i t h 
m u l t i t a s k d r i v i n g s i t u a t i o n s , and/or d e t e r i o r a t e d d r i v i n g c o n d i t i o n s w i t h i n 
a s i n g u l a r task. 

2.2 Cybernetic c o n s i d e r a t i o n s 

Since the e a r l y f o u r t i e s i t i s t r i e d to apply system and c o n t r o l 
theory f o r the d e s c r i p t i o n and p r e d i c t i o n of the performance and st r a t e g y 
of human operators i n dynamic s i t u a t i o n s . In terms of cy b e r n e t i c s (Wiener, 
1948), the human and h i s immediate environment, l i k e c a r , s h i p , a i r p l a n e or 
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i n d u s t r i a l process, are described by dynamic models i n which the o v e r a l l 
performance i s evaluated i n c o n t r o l terms. The cybernetic models can be 
d i v i d e d i n models w i t h respect to manual c o n t r o l and supervisory c o n t r o l . 
With manual c o n t r o l the human operator acts i n the c o n t r o l loop as the 
d i r e c t c o n t r o l l e r of the r e l a t i v e l y f a s t system. With supervisory c o n t r o l 
the human operator c o n t r o l s the system i n d i r e c t l y by monitoring the auto­
mated (sub)systems. Beaverstock e t a l . (1977) c h a r a c t e r i z e d the super­
v i s o r ' s f u n c t i o n s during process c o n t r o l by: 
- Learning, understanding, and i n t e r p r e t i n g the e x t e r n a l l y imposed task 

performance c r i t e r i a ; 
- Monitoring the system outputs so that from the c o n t r o l a c t i o n s the 

dynamics of the system, and the disturbances a c t i n g on the system can be 
i d e n t i f i e d ; 

- Planning and determining which c o n t r o l a c t i o n s should be performed; 
- G i v i n g the appropriate input data to the automated c o n t r o l system f o r 

both i n i t i a l i z a t i o n and o n - l i n e adjustments, so teaching the c o n t r o l 
system or the process computer, and 

- Intervening i n order to switch from supervisory to manual c o n t r o l i n 
those cases where the system i s not c o n t r o l l e d c o r r e c t l y . 

In car d r i v i n g the d i s t i n c t i o n between manual c o n t r o l and supervisory 
c o n t r o l can a l s o be introduced to i l l u s t r a t e open-loop versus closed-loop 
c o n t r o l , and automatic versus c o n t r o l l e d task performance (par. 2.1). 
Novice d r i v e r s are assumed to behave p r i m a r i l y i n a manual mode (c l o s e d -
loop, c o n t r o l l e d ) , and continuously they need f u l l a t t e n t i o n i n performing 
and combining the primary d r i v i n g t a s k s , l i k e 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 . With i n c r e a s i n g d r i v i n g s k i l l , tasks can be combined to a 
l a r g e r extent, and d r i v i n g can be s a i d then to have s h i f t e d towards a more 
supervisory mode (open-loop, a u t o m a t i c a l l y ) . Supervisory c o n t r o l during car 
d r i v i n g allows a more easy d e t e c t i o n and handling of unsafe t r a f f i c s i t u a ­
t i o n s apart from the primary tasks, to be compared w i t h f a u l t d e t e c t i o n and 
f a u l t management i n general s u p e r v i s o r y c o n t r o l . 

The models developed f o r car d r i v i n g (Blaauw, 1979; Reid, 1983) can 
a l s o be d i v i d e d i n t o manual c o n t r o l models and supervisory c o n t r o l models. 
In the l i t e r a t u r e a t t e n t i o n has almost e x c l u s i v e l y been paid to manual 
c o n t r o l models d e s c r i b i n g d r i v i n g i n one s i n g u l a r task, e.g. l a t e r a l 
c o n t r o l and sometimes l o n g i t u d i n a l c o n t r o l during c a r - f o l l o w i n g , i n which 
d r i v e r s are enforced to continuously pay f u l l a t t e n t i o n to the task. These 
models mostly r e f e r to c o n d i t i o n s i n which d r i v e r s have to compensate f o r 
heavy wind gusts or where they have to f o l l o w a s t r o n g l y winding road. 

Models f o r l a t e r a l v e h i c l e c o n t r o l are mostly based on the cross-over 
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model (McRuer et a l . . 1959. 1967. 1974, 1977), which assumes that d r i v e r ' s 
s t r a t e g y corresponds w i t h the most p o s s i b l y i d e a l p h y s i c a l servo system 
w i t h respect to s t a b i l i t y requirements, t a k i n g i n t o account human inherent 
l i m i t a t i o n s . Weir and McRuer (1968, 1970) used the cross-over model during 
compensatory c o n t r o l to evaluate the use of d i f f e r e n t perceptual cues, e.g. 
l a t e r a l p o s i t i o n , heading angle, yaw r a t e . They found that l a t e r a l v e h i c l e 
c o n t r o l cannot be executed s u f f i c i e n t l y by c o n t r o l l i n g the a c t u a l l a t e r a l 
p o s i t i o n , but that i t needs p r e d i c t e d values of the l a t e r a l p o s i t i o n i n 
order to compensate f o r time lags i n the d r i v e r and the system t o be 
c o n t r o l l e d . The p r e d i c t e d values are determined from the heading angle and 
the a c t u a l l a t e r a l p o s i t i o n and they seem to be r e l a t e d to the use of an 
aimpoint during d r i v i n g . However, Weir and McRuer showed that other cues 
l i k e the heading angle or yaw r a t e can a l s o be used f o r l a t e r a l v e h i c l e 
c o n t r o l when, i n a d d i t i o n , the a c t u a l l a t e r a l p o s i t i o n i s i n t e r m i t t e n t l y 
used. They defined a m u l t i l o o p s t r u c t u r e where the i n n e r l o o p r e f e r s to the 
c o n t r o l of heading angle or yaw r a t e , and where the outerloop r e f e r s to the 
c o n t r o l of the a c t u a l l a t e r a l p o s i t i o n . A l l e n and McRuer (1977) extended 
the cross-over model f o r d r i v i n g on curved roads by adding a t h i r d cue 
r e f l e c t i n g the l o c a l roadway curvature. Consequently, the o r i g i n a l compen­
satory d r i v e r model has been transformed to a p u r s u i t d r i v e r model. Donges 
(1978) made t h i s d i s t i n c t i o n more e x p l i c i t i n h i s " t w o - l e v e l model" where 
the f i r s t l e v e l r e f l e c t s d r i v e r ' s a n t i c i p a t i o n w i t h respect to road curva­
tur e , and the second l e v e l describes closed-loop, compensatory c o n t r o l of 
l a t e r a l p o s i t i o n , heading angle and curvature. Crossman and Szostak (1968) 
developed a " t h r e e - l e v e l , information-processing model" where the l e v e l s 
are processed s e q u e n t i a l l y . On the f i r s t l e v e l the curvature of the ve­
h i c l e ' s t r a j e c t o r y i s set v i a an open-loop i n accordance w i t h the road 
curvature. The second l e v e l i m p l i e s a closed-loop c o n t r o l of heading angle 
or l a t e r a l speed, w h i l e the t h i r d l e v e l c o n t r o l s l a t e r a l p o s i t i o n . Carson 
and W i e r w i l l e (1978) introduced a non-linear element i n the feedback loops 
of the o r i g i n a l cross-over model. By d e f i n i n g i n d i f f e r e n c e thresholds i n 
the e r r o r feedback loops of l a t e r a l p o s i t i o n and heading angle, they 
modelled a combination of d r i v e r ' s perceptual thresholds and a l a c k of 
concern about minor d e v i a t i o n s i n these cues. Baxter and H a r r i s o n (1979) 
introduced a h y s t e r e s i s element i n the e r r o r feedback loop i n order to 
e x p l a i n disturbances induced by the d r i v e r f o r s i t u a t i o n s without any 
e x t e r n a l l y a p p l i e d disturbance. However, these non-linear models can only 
be a p p l i e d to s i t u a t i o n s f o r which the model i s developed, and they l a c k 
g e n e r a l i t y . 

Although the l a t t e r models i n p a r t i c u l a r have been developed to de-
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s c r i b e d r i v i n g a l s o i n r e l a t i v e l y undemanding s i t u a t i o n s without the need 
f o r the d r i v e r t o c o n t r o l continuously w i t h f u l l a t t e n t i o n , i t i s s t i l l 
very d i f f i c u l t to incorporate m u l t i t a s k d r i v i n g . The second category of 
d r i v e r models, based on supervisory c o n t r o l , seems to be more appropriate 
to describe m u l t i t a s k d r i v i n g . However, i n the l i t e r a t u r e no references 
were found w i t h respect to supe r v i s o r y models f o r car d r i v i n g . Therefore, a 
Supervisory D r i v e r Model w i l l be proposed i n par. 2.3, based on models 
developed i n the area of a i r c r a f t c o n t r o l and process c o n t r o l . Godthelp 
(1984) made a s i m i l a r approach i n terms of supervisory d r i v i n g , by d i s ­
t i n g u i s h i n g the v a r i o u s l e v e l s of open and closed-loop d r i v i n g . 

2.3 A Supervisory D r i v e r Model 

M u l t i t a s k d r i v i n g can be described by a d r i v e r model i n t e g r a t i n g the 
ps y c h o l o g i c a l and cybernetic c o n s i d e r a t i o n s of both previous paragraphs. 
The model i s based on the concepts of, f i r s t , the Optimal C o n t r o l Model 
(OCM, Baron and Kleinman, 1969; Kleinman, Baron and Levison, 1971), r e ­
f l e c t i n g manual c o n t r o l aspects, and second, the Optimal Control D e c i s i o n 
Model (OCDM, Kok and Van Wijk, 1978; Kok and Stassen, 1980; White, 1983), 
r e f l e c t i n g s upervisory c o n t r o l aspects of d r i v i n g . The OCDM was o r i g i n a l l y 
d erived from the OCM to describe supervisory c o n t r o l of slowly responding 
systems. In the a p p l i c a t i o n presented i n t h i s t h e s i s , the s t r u c t u r e of the 
OCM and OCDM i s adapted to a Supervisory D r i v e r Model i n order to describe 
the automobile d r i v e r as a system s u p e r v i s o r of a r e l a t i v e l y f a s t respond­
i n g system. 

The Supervisory D r i v e r Model, SDM, describes the d r i v e r as a combined 
ob s e r v e r / p r e d i c t o r , c o n t r o l l e r and decision-maker ( F i g . 2.3.1). The d r i v e r 
r e c e i v e s i n f o r m a t i o n about the system to be c o n t r o l l e d v i a the perceptual 
cues i n the d i s p l a y vector y_ and generates c o n t r o l a c t i o n s , l i k e s t e e r i n g -
wheel movements and a c c e l e r a t o r p o s i t i o n s , represented by the c o n t r o l 
vector z . 

The " o b s e r v a t i o n / p r e d i c t i o n 1 1 block forms the f i r s t e s s e n t i a l part of 
the SDM, transforming the perceptual cues i n t o estimates of the system 
s t a t e s w i t h the associated variances of the e s t i m a t i o n e r r o r s ( u n c e r t a i n ­
t i e s ) . This transformation i s based on knowledge about the system and 
d i s p l a y dynamics, lead v a r i a b l e s , e.g. road to be followed, and d i s t u r b ­
ances. The observation noise V^ ( F i g . 2.3.1) i s added to each perceptual 
cue and describes the " q u a l i t y " ( n o i s e - t o - s i g n a l r a t i o ) of each cue i n 
various d r i v i n g s i t u a t i o n s , e.g. day time, night time, fog. This noise-to-
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F i g . 2.3.1 The Supervisory D r i v e r Model. 

s i g n a l r a t i o i s defined to be i n f i n i t e when the d r i v e r pays no a t t e n t i o n to 
the cues, e.g. during a temporary o c c l u s i o n of i n f o r m a t i o n , or d i v e r s i o n of 
a t t e n t i o n . Hence, d r i v e r ' s u n c e r t a i n t i e s w i l l then increase as a f u n c t i o n 
of the o c c l u s i o n time. 

I t i s important to notice that the d i s p l a y vector v_ should i n c l u d e 
both s t a t u s and preview i n f o r m a t i o n covering a c e r t a i n distance ahead of 
the v e h i c l e ( F i g . 2.3.1: a time i n t e r v a l ( t , t + T) i s i n d i c a t e d ) , and that 
d r i v e r ' s estimates c o n t a i n present as w e l l as fu t u r e values of d r i v i n g 
performance, i n order to allow p r e d i c t i o n c o n t r o l and increased a n t i c i p a ­
t i o n as a r e s u l t of d r i v i n g s k i l l development. In the o r i g i n a l Optimal 
Control Model a p r e d i c t i o n element was implemented f o r the compensation of 
time delays of the human operator and the system to be c o n t r o l l e d . However, 
i t should be noticed that " p r e d i c t i o n " i n the Supervisory D r i v e r Model 
should cover a much wider range i n time. The o b j e c t i v e TLC-concept (Time to 
Line Crossing) introduced by Godthelp and Konings (1981), and i t s sub­
j e c t i v e i n t e r p r e t a t i o n as an element of d r i v e r ' s estimates, o f f e r a quan­
t i t a t i v e approach i n d e s c r i b i n g present and fu t u r e values of d r i v i n g 
performance. However, the TLC s t r u c t u r e , w i t h reference to e i t h e r the l e f t 
or r i g h t lane marker, does not allow f o r easy implementation w i t h i n the 
" o b s e r v a t i o n / p r e d i c t i o n " block of the Supervisory D r i v e r Model. Therefore, 
the preview i n t e r v a l i s p r a c t i c a l l y r e s t r i c t e d to the s i n g u l a r time t and 
a n t i c i p a t i o n w i l l be implemented by the a d d i t i o n a l observation of higher 
d e r i v a t i v e s of d r i v i n g performance at time t (Johannsen and Govindaraj, 
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1980). 
The " c o n t r o l " block forms the second e s s e n t i a l part of the SDM, 

transforming the estimates v i a an o p t i m i z a t i o n c r i t e r i o n i n t o commanded 
c o n t r o l a c t i o n s such as steering-wheel movements. According to an optimiza­
t i o n c r i t e r i o n d r i v e r s evaluate task demands l i k e t o l e r a t e d v a r i a t i o n s i n 
l a t e r a l p o s i t i o n due to the lane widths, and then they t r y to minimize 
d e v i a t i o n s of s p e c i f i c v a r i a b l e s . In a d d i t i o n , these c o n t r o l a c t i o n s are 
based on knowledge of the c o n t r o l and system dynamics, as w e l l as a good 
understanding of the task to be performed. 

In a d d i t i o n to the o b s e r v a t i o n / p r e d i c t i o n block and the c o n t r o l block 
derived from the OCM, a " d e c i s i o n " block as implemented i n the OCDM, i s 
incorporated as a d i s c r e t e r e p r e s e n t a t i o n f o r supervisory a c t i v i t i e s . 
D e c isions f o r new observation and c o n t r o l a c t i o n s are based on d r i v e r ' s 
estimates i n combination w i t h the variances ( u n c e r t a i n t i e s ) a s s o c i a t e d w i t h 
these estimates (output v a r i a b l e s of the o b s e r v a t i o n / p r e d i c t i o n b l o c k ) . On 
the one hand, d r i v e r s decide to make new observations of perceptual cues 
whenever the corresponding u n c e r t a i n t y increases to too high a l e v e l , 
and/or whenever the estimate approaches some c r i t i c a l l i m i t a t i o n . As a 
consequence, the estimate then i s updated and no observations are necessary 
f o r a short period of time. Then, a "free time" i s obtained i n which the 
task demands of the separate task may be neglected. At t h i s point a p a r a l ­
l e l i s a v a i l a b l e w i t h the u n c e r t a i n t y models f o r d r i v e r ' s observation 
s t r a t e g y , developed by Senders et a l . (1967) during l a t e r a l v e h i c l e con­
t r o l , and by Ceder (1977) during 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 . On the other 
hand, d e c i s i o n s w i t h respect to new c o n t r o l a c t i o n s are i n i t i a t e d whenever 
i t i s perceived and/or predicted that d r i v i n g performance, e.g. the l a t e r a l 
p o s i t i o n i n the t r a f f i c lane, w i l l deviate too much. These d e c i s i o n s 
s t i p u l a t e the timing of the c o n t r o l a c t i o n s ; the corresponding amplitudes 
are assumed to be set by the o p t i m i z a t i o n c r i t e r i o n i n the c o n t r o l block. 

2.4 E v a l u a t i o n of d r i v i n g 

D r i v i n g can now be evaluated i n terms of the aforementioned consider­
a t i o n s . D r i v e r s perform b e t t e r , or s a f e r , when they cope w i t h m u l t i t a s k 
d r i v i n g s i t u a t i o n s and behave more as a supervisory c o n t r o l l e r . In a 
s i m i l a r way, car and road designs are considered to be b e t t e r when they 
allow d r i v e r s a l s o to behave more as a supervisory c o n t r o l l e r . Then, each 
s i n g u l a r task i s performed more a u t o m a t i c a l l y under s u p e r v i s i o n of the 
d r i v e r , g i v i n g ample p o s s i b i l i t i e s f o r the d e t e c t i o n and compensation of 
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unsafe t r a f f i c events. With respect to the Supervisory D r i v e r Model, task 
execution w i l l be i d e n t i f i e d by l a r g e r f r e e times before new observations 
and c o n t r o l a c t i o n s become necessary. Hence, complex task demands and/or 
d e t e r i o r a t e d perceptual cues can be b e t t e r processed. 

In t h i s t h e s i s , d r i v e r ' s observation strategy and c o n t r o l strategy as 
w e l l as the o v e r a l l d r i v i n g performance are evaluated to serve as c r i t e r i a 
f o r d r i v e r ' s c a p a b i l i t i e s to cope w i t h m u l t i t a s k d r i v i n g and to behave as a 
supervisory c o n t r o l l e r . To do so, the a v a i l a b i l i t y of perceptual cues, task 
demands and d r i v i n g s k i l l , are taken as independent v a r i a b l e s . 

The a v a i l a b i l i t y of perceptual cues r e f e r s to experimental c o n d i t i o n s 
w i t h a reduced set of cues, e.g. due to d e t e r i o r a t e d v i s u a l cues i n dark­
ness, or due to an absence of the a c c e l e r a t i o n cues. This l a t t e r c o n d i t i o n 
r e f e r s a l s o to the design of simulator systems where i t i s of importance to 
compare fixed-base and moving-base c o n f i g u r a t i o n s . In terms of the Super­
v i s o r y D r i v e r Model, the a v a i l a b i l i t y of the perceptual cues i s assumed to 
a f f e c t p r i m a r i l y the o b s e r v a t i o n / p r e d i c t i o n block (par. 2.3 and Table 
2.1.1). 

Table 2.1.1 Primary r e l a t i o n s h i p s between the independent v a r i a b l e s and 
two blocks of the Supervisory D r i v e r Model. 

o b s e r v a t i o n / p r e d i c t i o n block c o n t r o l block 

a v a i l a b i l i t y of x _ 

perceptual cues 
task demands - X 
d r i v i n g s k i l l X X 

Task demands are experimentally v a r i e d by the number of tasks to be 
performed i n combination, each w i t h i t s required accuracy. Although some 
a r t i f i c i a l tasks may be added, i n t h i s t h e s i s the task demands of 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 a s u b s t a n t i a l element of d r i v i n g , are se l e c t e d i n 
a d d i t i o n to the primary task demands of l a t e r a l v e h i c l e c o n t r o l . D r i v e r s 
are then i n s t r u c t e d to perform l a t e r a l v e h i c l e c o n t r o l i n combination w i t h 
a very constant forward v e l o c i t y . A s i m i l a r accuracy requirement i s a l s o 
asked f o r l a t e r a l v e h i c l e c o n t r o l by i n s t r u c t i n g d r i v e r s to d r i v e as 
s t r a i g h t as p o s s i b l e . In terms of the Supervisory D r i v e r Model, task 
demands are assumed to a f f e c t p r i m a r i l y the o p t i m a l i s a t i o n c r i t e r i o n i n the 
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c o n t r o l block (par. 2.3 and Table 2.4.1). 
D r i v i n g s k i l l i s experimentally v a r i e d by the p a r t i c i p a t i o n of inex­

perienced and experienced d r i v e r s . When s k i l l develops, d r i v e r s may change 
i n the use of the perceptual cues. This may r e s u l t i n improved a n t i c i p a ­
t i o n , a l l o w i n g increased f r e e times f o r a s i n g u l a r task, and b e t t e r task 
combinations a t the same time. During s t r a i g h t - r o a d d r i v i n g , improved 
a n t i c i p a t i o n then may be the r e s u l t of a s h i f t towards the use of f i r s t and 
higher d e r i v a t i v e s of the l a t e r a l p o s i t i o n , l i k e the l a t e r a l speed and 
l a t e r a l a c c e l e r a t i o n . In terms of the Supervisory D r i v e r Model, d r i v i n g 
s k i l l i s assumed to a f f e c t the use of perceptual cues i n both the observa­
t i o n / p r e d i c t i o n block and the c o n t r o l block (par. 2.3 and Table 2.4.1). 

Table 2.4.2 C r i t e r i a , v a r i a b l e s and methods f o r the Experiments 1-8. 

EXPERIMENT CRITERIA VARIABLES METHOD 
observation control driving perceptual task driving SDM f i e l d 

strategy strategy performance cues demands s k i l l 

1 x X X X 

2 x X X X X X 

3 x X X X X X 

4 X X X X X X 

5 X X X X X X 

6 X X X X X X 

7 X X X X X X 

3 X X X X X 

Table 2.4.2 summarizes the main f e a t u r e s of the Experiments 1-8. Next 
to the aforementioned c r i t e r i a and independent v a r i a b l e s , a l s o both e x p e r i ­
mental methods are i n d i c a t e d . F i r s t , a q u a n t i f i c a t i o n of the Supervisory 
D r i v e r Model (SDM), derived from the Optimal C o n t r o l Model (Baron and 
B e r l i n e r , 1974) i s used to p r e d i c t the e f f e c t s of changes i n the a v a i l a b i l ­
i t y and use of the perceptual cues on m u l t i t a s k d r i v i n g . D i f f e r e n c e s i n the 
l e v e l of d r i v i n g s k i l l are defined by the use of d i f f e r e n t perceptual cues 
f o r the observation and c o n t r o l s t r a t e g y of the s k i l l e d and u n s k i l l e d 
d r i v e r s . Pew and Baron (1978, p. 76) already suggested the i n t e r e s t i n g 
a p p l i c a t i o n s of the Optimal Control Model f o r the study of s h i f t s i n 
a t t e n t i o n a l l o c a t i o n to vario u s cues as a f u n c t i o n of p r a c t i c e . D i f f e r e n c e s 
i n the task demands are studied by both the presence and non-presence of 



13 

the perceptual cues i n the c o n t r o l block. Second, e m p i r i c a l data on m u l t i ­
task d r i v i n g are c o l l e c t e d i n a fixed-base simulator i n the l a b o r a t o r y and 
i n an instrumented car on the road. 

From Table 2.4.2 i t can be seen that the Experiments 1 and 2 (Chapter 
5) deal w i t h m u l t i t a s k d r i v i n g i n a general way by studying a l l three types 
of c r i t e r i a e m p i r i c a l l y . In the Experiments 3-5 (Chapter 6) d r i v e r ' s 
c o n t r o l s t r a t e g y and the o v e r a l l d r i v i n g performance are studied more 
e x p l i c i t l y , both with the Supervisory D r i v e r Model and w i t h f i e l d e x p e r i ­
ments. The Experiments 6 and 7 (Chapter 7) are i n an i d e n t i c a l way ex­
p l i c i t l y r e l a t e d to d r i v e r ' s observation s t r a t e g y and the o v e r a l l d r i v i n g 
performance. F i n a l l y , Experiment 8 (Chapter 8) again i n t e g r a t e s a l l three 
types of c r i t e r i a i n an e m p i r i c a l a p p l i c a t i o n study w i t h respect to road 
d e l i n e a t i o n . 

2.5 References 

A l l e n , R.W. and McRuer, D.T. (1977). D r i v e r s t e e r i n g dynamics measured i n a 
car s i m u l a t o r under a range of v i s i b i l i t y and roadmarking c o n d i t i o n s . 
Proceedings of the 13th Annual Conference on Manual C o n t r o l . Massa­
chusetts I n s t i t u t e of Technology, Cambridge, USA, 180-196. 

A l l e n , T.M., Lunefeld, H. and Alexander, G.J. (1971). D r i v e r i n f o r m a t i o n 
needs. Highway Research Record No. 366, 102-115. 

Baron, S. and Kleinman, D.L. (1969). The human as an optimal c o n t r o l l e r and 
inf o r m a t i o n processor. IEEE Transactions on Man-Machine Systems, V o l . 
MMS-10, No. 1, 9-17. 

Baron, S. and B e r l i n e r , J.E. (1974). MANMOD: A computer program f o r s t a t i s ­
t i c a l a n a l y s i s of dynamical systems i n v o l v i n g man as a c o n t r o l l e r , 
B o l t , Beranek and Newman, Inc., Report No. 2704, Cambridge, USA. 

Baxter, J . and Harri s o n , J.Y. (1979). A non-linear model d e s c r i b i n g d r i v e r 
behavior on s t r a i g h t roads. Human Fact o r s , 21 (1), 87-97. 

Beaverstock, M.C., Stassen, H.G. and Williamson, R.A. (1977). I n t e r f a c e 
design i n the process i n d u s t r i e s . Proceedings of the 13th Annual 
Conference on Manual C o n t r o l . Massachusetts I n s t i t u t e of Technology, 
Cambridge, USA, 258-265. 

Blaauw, G.J. (1979). Het a u t o r i j d e n a l s cybernetische taak - een l i t e r a ­
t u u r o v e r z i c h t (Car d r i v i n g as a cybernetic c o n t r o l task - a survey of 
the l i t e r a t u r e ) . I n s t i t u t e f o r Perception TNO, Soesterberg, The 
Netherlands. Report IZF 1979-6 ( i n Dutch). 

Carson, J.M. and W i e r w i l l e , W.W. (1978). Development of a st r a t e g y model of 
the d r i v e r i n lane keeping. V e h i c l e Systems Dynamics, 7, 223-253. 

Ceder, A. (1977). D r i v e r s ' eye movements as r e l a t e d to a t t e n t i o n i n simu­
l a t e d t r a f f i c flow c o n d i t i o n s . Human Fa c t o r s , 19 ( 6 ) , 571-581. 

Chenchanna, P. (1971). B e i t r a g zur Optimierung der Fahrzeugparameter im 
System Fahrer-Fahrzeug-Umwelt. I n s t i t u t für Kraftfahrzeuge, Technische 
Universität, B e r l i n . 

Chenchanna, P. (1974). Verfahren zur Optimierung des k o n s t r u k t i v e n Fahr­
zeugparameter im System Fahrer-Fahrzeug-Umwelt. Automobiltechnische 
Z e i t s c h r i f t , 76, 1, 14-19. 



14 

Crossman, E.R.F.W. and Szostak, H. (1968). Man-machine models f o r car 
s t e e r i n g . Proceedings of the 4th Annual Conference on Manual C o n t r o l i 
U n i v e r s i t y of Michigan, Ann Arbor, USA, 171-195. 

Donges, E. (1978). A two-level model of d r i v e r s t e e r i n g behavior. Human 
Facto r s , 20 ( 6 ) , 691-707. 

Godthelp, J . and Konings, H.J.M. ( 1 9 8 1 ) . Levels of s t e e r i n g c o n t r o l ; some 
notes on the t i m e - t o - l i n e c r o s s i n g concept as r e l a t e d to d r i v i n g 
s t r a t e g y . Proceedings of the F i r s t European Annual Conference on Human 
Dec i s i o n Making and Manual C o n t r o l , D e l f t , The Netherlands, May 25-27, 
1981, 343-356. 

Godthelp, J . (1984). Studies on human v e h i c l e c o n t r o l . Ph.D. D i s s e r t a t i o n , 
D e l f t U n i v e r s i t y of Technology. 

Johannsen, G. and Govindaraj, T. (1980). Optimal c o n t r o l model p r e d i c t i o n s 
of system performance and a t t e n t i o n a l l o c a t i o n and t h e i r experimental 
v a l i d a t i o n i n a d i s p l a y design study. IEEE Transactions on Systems, 
Man, and Cybernetics, V o l . SMC-10, No. 5, 249-261. 

K e l l e y , C.R. (1969). The measurement of t r a c k i n g p r o f i c i e n c y . Human 
Facto r s , 11 (1), 43-64. 

Kleinman, D.L., Baron, S. and Levison, W.H. (1971). A c o n t r o l t h e o r e t i c 
approach to manned-vehicle systems a n a l y s i s . IEEE Transactions on 
Automatic C o n t r o l , V o l . AC -16 , No. 6 , 8 2 4 - 8 3 2 . 

Kok, J . J . and Van Wijk, R.A. (1978). E v a l u a t i o n of models d e s c r i b i n g human 
operator c o n t r o l of slo w l y responding systems. Ph.D. D i s s e r t a t i o n , 
D e l f t U n i v e r s i t y Press. 

Kok, J . J . and Stassen, H.G. (1980). Human operator c o n t r o l of slo w l y 
responding systems: Supervisory c o n t r o l . J o u r n a l of Cybernetics and 
Information Science, S p e c i a l Issue on Man-Machine Systems, V o l . 3, No. 
1-4, 123-174. 

Krendel, E.S. and McRuer, D.T. (1960). A servomechanisms approach to s k i l l 
development. Journa l of the F r a n k l i n I n s t i t u t e , 269, No. 1, 24-42. 

Krendel, E.S. and McRuer, D.T. (1968). P s y c h o l o g i c a l and p h y s i o l o g i c a l 
s k i l l development - a c o n t r o l engineering model. Proceedings of the 
4th Annual Conference on Manual C o n t r o l , U n i v e r s i t y of Michigan, Ann 
Arbor, 275-288. 

McKnight, A.J. and Adams, B.B. (1970). D r i v e r education task a n a l y s i s ; V o l . 
2. Washington D.C., Human Resources Research Organisation. 

McRuer, D.T. and Jex, H.R. (1967). A review of q u a s i - l i n e a r p i l o t models. 
IEEE Transactions on Human Factors and E l e c t r o n i c s , V o l . HFE-8, No. 3, 
231-249. 

McRuer, D.T. and Krendel, E.S. (1959). The human operator as a servo system 
element. J o u r n a l of the F r a n k l i n I n s t i t u t e , 267, 381-403 en 511-536. 

McRuer, D.T. and Krendel, E.S. (1974). Mathematical models of human p i l o t 
behavior. NATO, AGARD-AG-188. 

McRuer, D.T., A l l e n , R.W., Weir, D.H. and K l e i n , R.H. (1977). New r e s u l t s 
i n d r i v e r s t e e r i n g c o n t r o l models. Human Fac t o r s . 19 (4), 381-397. 

Pew, R.W. and Baron, S. (1978). The components of an informa t i o n processing 
theory of s k i l l e d performance based on an optimal c o n t r o l p e r s p e c t i v e . 
In: Stelmach, G.E. (Ed.): Information processing i n motor c o n t r o l and 
l e a r n i n g . New York, Academic Press. 

Reid, L. (1983). A survey of recent d r i v e r s t e e r i n g behavior models s u i t e d 
to accident s t u d i e s . Accident A n a l y s i s and Prevention, 15, No. 1, 
23-40. 

Rockwell, R.H. (1972). S k i l l s , judgement and inf o r m a t i o n a c q u i s i t i o n i n 
d r i v i n g . In: Forbes, T.W. (Ed.): Human f a c t o r s i n highway t r a f f i c 
s a f e t y research. W i l e y - I n t e r s c i e n c e , New York, 133-165. 



15 

S c h l e s i n g e r , L.E. (1972). Human f a c t o r s i n d r i v e r t r a i n i n g and education. 
In: Forbes, T.W. (Ed.): Human f a c t o r s i n highway t r a f f i c s a f e t y 
research. W i l e y - I n t e r s c i e n c e , New York, 254-288. 

Schneider, W. (1982). Automatic/control processing concepts and t h e i r 
i m p l i c a t i o n s f o r the t r a i n i n g of s k i l l s - f i n a l r e p o r t . Department of 
Psychology, U n i v e r s i t y of I l l i n o i s , Champaign, I l l i n o i s 61820, Report 
No. 8101, A p r i l 1982. 

Schneider, W. and S h i f f r i n , R.M. (1977). C o n t r o l l e d and automatic human 
inf o r m a t i o n processing: I . Detection, search and a t t e n t i o n . Psycholog­
i c a l Review, 84, 1 - 6 6 . 

Senders, J.W., K r i s t o f f e r s o n , A.B., Levison, W.H., D i e t r i c h , C.W. and Ward, 
J.L. (1967). The a t t e n t i o n a l demand of automobile d r i v i n g . Highway 
Research Record, 195, 15-33. 

Weir, D.H. and MeRuer, D.T. (1968). A theory f o r d r i v e r s t e e r i n g c o n t r o l of 
motor v e h i c l e s . Highway Research Record, 247, 7-39. 

Weir, D.H. and MeRuer, D.T. (1970). Dynamics of d r i v e r v e h i c l e s t e e r i n g 
c o n t r o l . Automática. V o l . 6, 87-98. 

White, T.N. (1983). Human supervisory c o n t r o l behavior: v e r i f i c a t i o n of a 
c y b e r n etic model. Ph.D. D i s s e r t a t i o n , D e l f t U n i v e r s i t y of Technology. 

Wiener, N. (1948). Cybernetics, or c o n t r o l and communication i n the animal 
and the machine, MIT-Press, Cambridge, USA. 



16 

3. SYSTEM TO BE CONTROLLED 

I t i s only worthwhile to present experimental r e s u l t s a f t e r a d e s c r i p ­
t i o n i s given of the system to be c o n t r o l l e d . Par. 3.1 presents the equa­
t i o n s f o r the v e h i c l e dynamics, and par. 3.2 gives the equations f o r the 
perceptual cues f o r the d r i v e r . The d e s c r i p t i o n of the v e h i c l e dynamics i s 
r e l a t e d to the measured dynamics of the instrumented car on the road, 
whereas the r e s u l t s are used i n s i m u l a t i n g v e h i c l e dynamics, as w e l l as i n 
the experiments w i t h the fixed-base v e h i c l e s i m u l a t o r , and i n the computer 
si m u l a t i o n s w i t h the Supervisory D r i v e r Model. 

3.1 V e h i c l e dynamics 

A bas i c t h e o r e t i c a l d e s c r i p t i o n of v e h i c l e performance i s presented by 
e.g. Segel (1956). Mathematical models f o r v e h i c l e dynamics can be roughly 
d i v i d e d i n t o two ca t e g o r i e s . F i r s t , r e l a t i v e l y simple models which describe 
most of the elementary c h a r a c t e r i s t i c s below a 3 m/s'1 l a t e r a l a c c e l e r a t i o n 
l e v e l . Second, a much more comprehensive category due to the a d d i t i o n of 
the dynamics of v e h i c l e components such as suspension elements. These more 
comprehensive models are used i n v e h i c l e development research. The "simple" 
models have proven to be very u s e f u l i n v e h i c l e handling and human f a c t o r s 

F i g . 3.1.1 The v e h i c l e model. 
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research (e.g., McRuer et a l . , 1977); they are a l s o used i n t h i s t h e s i s . 
F i g . 3.1.1 i l l u s t r a t e s the simple model, w i t h the v e h i c l e dimensions 

reduced to one h o r i z o n t a l plane at road l e v e l . Rotations along 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 are neglected, 
l e a d i n g to three degrees of freedom, 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 one r o t a t i o n along 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 to a non-moving set of axes OX'Y'. Forces 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 are consid­
ered i n r e l a t i o n to a set of moving axes XY coupled to the centre of 
g r a v i t y (e.g.) of the v e h i c l e . 

The l o n g i t u d i n a l v e h i c l e dynamics can be described by the f o l l o w i n g equa­
t i o n of motion: 

m [ ú(t)-v(t)r(t) ] = Z f o r c e s i n X - d i r e c t i o n = X ( t ) - X ( t ) - X -X ( t ) [3.1] 
D B R A 

wit h m = v e h i c l e mass 
u( t ) = l o n g i t u d i n a l a c c e l e r a t i o n 
v ( t ) = l a t e r a l v e l o c i t y ( i n the cross plane of the v e h i c l e ) 
r ( t ) = yaw r a t e 

s s ( t ) 
X n ( t ) = d r i v e force = — — - M (t) [3.2] 
" r e 

w 
wit h s g = gearbox r a t i o 

s a ( t ) - a c c e l e r a t o r p o s i t i o n 
r w = t i r e e f f e c t i v e r a d i u s 
M e ( t ) = engine torque 

Xg(t) = braking force ( w i l l be neglected) 
Xp = r o l l i n g r e s i s t a n c e f o r c e = Cp m g [3.3] 

wi t h Cp = c o e f f i c i e n t of r o l l i n g r e s i s t a n c e 
g = g r a v i t a t i o n a l a c c e l e r a t i o n 

X f t(t) = aerodynamic force s C, u ( t ) [3.4] 
wit h C. = aerodynamic c o e f f i c i e n t 

u t t ) = l o n g i t u d i n a l v e l o c i t y . 

The l a t e r a l v e h i c l e dynamics can be described by the f o l l o w i n g equations of 
motion (see a l s o F i g . 3.1.1): 

m [ v ( t ) + u ( t ) r ( t ) ] = Z fo r c e s i n Y - d i r e c t i o n = Y (t)+Y ( t ) [3.5] 
1 2 

I f ( t ) = Z moments i n i p - d i r e c t i o n = aY (t)-bY (t) [3.6] R 1 2 
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wit h v ( t ) = l a t e r a l a c c e l e r a t i o n 
r ( t ) = yaw a c c e l e r a t i o n 
I R = moment of i n e r t i a around Z-axis 
Y^(t) = l a t e r a l t i r e f o r c e s a t f r o n t wheels 
V 2 ( t ) = l a t e r a l t i r e f o r c e s at rear wheels 
a = distance between e.g. and f r o n t a x i s 
b = dist a n c e between e.g. and rear a x i s . 

The l a t e r a l t i r e f o r c e s are given by: 

Y,(t) = C. o,(t) [3.7] 
1 1e 1 

Y_(t) = C_ o_(t) [3.8] 
2 2 e 2 

w i t h C 1 e = e f f e c t i v e cornering s t i f f n e s s c o e f f i c i e n t f r o n t wheel t i r e s 
a ^ ( t ) = s l i p angle f r o n t wheels 
C2e = e f f e c t i v e cornering s t i f f n e s s c o e f f i c i e n t rear wheel t i r e s 
a 2 ( t ) = s l i p angle rear wheels. 

The s l i p angles are defined by ( F i g . 3.1.1): 

v t + a p t a (t) = 6 ( t ) — 1 w u ( t ) [3.9] 

, , b r ( t ) - v ( t ) a ( t = — 2 u t [3.10] 

wi t h <5W = f r o n t wheel s t e e r i n g angle. 

For the purpose of t h i s t h e s i s , t h i s paragraph i s f u r t h e r r e s t r i c t e d 
to the equations f o r l a t e r a l v e h i c l e dynamics, used i n the c a l c u l a t i o n s 
w i t h the Supervisory D r i v e r Model. A more general d e s c r i p t i o n of the system 
to be c o n t r o l l e d , i n c l u d i n g curve n e g o t i a t i o n and car f o l l o w i n g , i s given 
by Blaauw (1980a). I t can be shown that the equations [3.1] - [3.10] can be 
re-arranged to the state-space equation of l a t e r a l v e h i c l e dynamics: 



0 0 

0 0 

or: x ( t ) = ^ x ( t ) + B 6 s c ( t ) + E w(t) [3.111 

w i t h : x ( t ) = s t a t e vector (dimension 6), w i t h the s t a t e v a r i a b l e s : 
f i l t e r e d white noise, added to the d r i v e r ' s a c t u a l 
steering-wheel angle 

= l a t e r a l v e l o c i t y ( i n the crossplane of the v e h i c l e ) 
= yaw rate 
= l a t e r a l p o s i t i o n ( i n the crossplane of the road) 
= heading angle 

a c t u a l steering-wheel angle 
f i r s t d e r i v a t i v e of the s t a t e vector (dx/dt) 
steering-wheel angle commanded by the d r i v e r 
white noise 
system matrix (dimension 6 x 6 ) 
input matrix (dimension 6 x 1 ) 
disturbance matrix (dimension 6 x 1 ) 

w g ( t ) 

v ( t ) 
r ( t ) 
y ( t ) 
i(j(t) 
6 s ( t ) 

x ( t ) 
«sc<t> 
w(t) 
A 
B 
E 

I t should be noticed that equation [3.11] i n c l u d e s a f i r s t - o r d e r 
f i l t e r f o r generating from a white noise source w(t) the disturbances 
Wg(t), which are added to d r i v e r ' s steering-wheel movements. The time 
constant of the f i l t e r i s set to adjust the bandwidth of these d i s t u r b ­
ances v i a the r a t i o of the standard d e v i a t i o n s of the yaw rate and the 
steering-wheel movements during the model c a l c u l a t i o n s i n accordance w i t h 
the same r a t i o as measured w i t h the r e a l v e h i c l e . Equation [3.11] a l s o 
includes a second f i r s t - o r d e r f i l t e r equation w i t h respect to the s t e e r i n g -
wheel angle which r e s t r i c t s the steering-wheel rate w i t h a time constant t 2 

s 0.01 s. This l a t t e r f i l t e r equation i s added i n order to present the 
l a t e r a l a c c e l e r a t i o n cue and the yaw a c c e l e r a t i o n cue as perceptual cues i n 
the d i s p l a y equation (par. 3.2). Both these f i l t e r equations are added f o r 
the c a l c u l a t i o n s w i t h the Supervisory D r i v e r Model, and may be neglected i n 
considering the pure l a t e r a l dynamics of the instrumented car on the road 
and the fixed-base s i m u l a t o r . 
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Most parameters of equation [3.11] were a v a i l a b l e from the car manu­
f a c t u r e r , others had to be determined i n a s e r i e s of l a b o r a t o r y and f i e l d 
t e s t s w i t h the instrumented car (Godthelp e t a l . , 1982). A steady-state 
cornering t e s t and a random s t e e r i n g input t e s t were included to estimate 
both e f f e c t i v e cornering s t i f f n e s s c o e f f i c i e n t s C^e and C 2 e v i a the yaw 
ra t e to steering-wheel angle t r a n s f e r f u n c t i o n : 

r G ,T s + 1) r * 1 
T = 1 " 28 s 2 r s + s + 1 2 <o u r r 

[3.12] 

w i t h : r = yaw r a t e 
6 S = steering-wheel angle 
G = yaw rate g a i n , or yaw rate s e n s i t i v i t y : 

s J 

U/Nl 

1 + K U 
[3.13] 

w i t h : ss = steady s t a t e 
U = mean l o n g i t u d i n a l v e l o c i t y 
N = s t e e r i n g system gear r a t i o 
1 = wheel base 
K = v e h i c l e s t a b i l i t y f a c t o r , d e s c r i b i n g 

the understeer/oversteer c h a r a c t e r i s t i c s 
of the car according t o : 

m 
K = -1 

b C 2e a C 1e 
C C 1e 2e 

[3.14] 

lead time constant: 

a m U r = I C I 2e 
[3.15] 

u = yaw r a t e n a t u r a l frequency: 

-2 , . 2 m Ü ( b C - a C ) + C C 1 2e 1e 1e 2e u = r 
[3.16] 

m I 0 R 
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S r = yaw rate damping c o e f f i c i e n t : 

S 
(C + C ) / m 5 + ( a 2 C + b 2 C ) / I 5 1e 2e 1e 2e R [3.17] 

The steady-state cornering t e s t was conducted to determine the yaw rate 
gain G p. The st< 
equation [3.13]: 
gain G p. The steering-wheel angle i n a curve w i t h radius R i s derived from 

r , -2, Nl , -2, <5 = - N l ( 1 + K U ) = — ( 1 + K U ) s - R U 
[3.18] 

F i g . 3.1.2 presents the r e s u l t s of the steady-state cornering t e s t f o r 
d i f f e r e n t speeds i n a curve w i t h 200 m r a d i u s . V ia a l i n e a r r e g r e s s i o n l i n e 

¿0 

speed (km/h) 
60 80 100 

— r 

N = 19.8 
I = 2.62 m 
R = 200 m 
K 319.¿6.10"' s2/m2 

J i i i _ _ 
°0 200 400 600 800 

square of the speed (m2/s2) 

F i g . 3.1.2 Steady-state cornering t e s t f o r d i f f e r e n t speeds i n a curve 
w i t h 200 m r a d i u s . 



F i g . 3.1.3 Yaw r a t e to steering-wheel angle t r a n s f e r f u n c t i o n a t f i v e d i f f e r e n t speed l e v e l s , based on 
measurements with the instrumented car on the road ( s o l i d l i n e s ) , and on p r e d i c t i o n s w i t h the 
mathematical v e h i c l e model (dashed l i n e s ) . 
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the s t a b i l i t y f a c t o r K was determined and, hence, the yaw rate gain G p i s 
known as a f u n c t i o n of speed according to equation [3.13]. Moreover, the 
r e l a t i o n s h i p between C j e and C 2 e i s known according to equation [3.14]. 

The random s t e e r i n g input t e s t was conducted to determine the values 
of C j e and C 2 e v i a an e s t i m a t i o n of the parameters of the t r a n s f e r f u n c t i o n 
[3.12]. To do so, random steering-wheel movements were generated by a 
d r i v e r during runs w i t h d i f f e r e n t speeds on a wide, s t r a i g h t road. Resu l t ­
in g car movements were neglected i n order to guarantee an open-loop proce­
dure. F i g . 3.1.3 presents the amplitude and phase p l o t s of the t r a n s f e r 
f u n c t i o n s a t f i v e speed l e v e l s ( s o l i d l i n e s ) , as w e l l as s i m i l a r p l o t s 
based on the estimated parameters of the mathematical model according to 
equation [3.12] (dashed l i n e s ) . 

During the e s t i m a t i o n procedure the parameters G r > T^, u r and 6 r were 
transformed i n t o v e h i c l e - r e l a t e d parameters according to the equations 
[3.13] - [3.17], l e a v i n g only one f r e e parameter ( C 2 e ) to be estimated. 
Table 3.1.1 summarizes the values of the v e h i c l e - r e l a t e d parameters. 

Table 3.1.1 V e h i c l e parameters f o r the l a t e r a l c a r dynamics. 

m 1924 kg 

\ 3315 kgm 2 

a 1.62 m 

b 1.00 m 

1 2.62 m 

N 19.8 -
K -4 

19.46.10 
2 2 s /m 

S e 58103 N/rad 

C 157774 N/rad 2e 

Table 3.1.2 gives the c o e f f i c i e n t s according to equation [3.11] and 
[3.12] f o r s i x d i f f e r e n t constant v e l o c i t i e s i n the range of 20 - 120 km/h. 
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Table 3.1.2 C o e f f i c i e n t s of the equations [3.11] and [3.12] f o r the 
l a t e r a l dynamics of the instrumented car f o r s i x d i f f e r e n t 
v e l o c i t i e s as used i n the p r e d i c t i o n s w i t h the Supervisory 
D r i v e r Model. 

Element 20 km/h 40 km/h 60 km/h 80 km/h 100 km/h 120 km/h 

A (1,1) - 2.1 - 2.1 - 2.1 - 2.1 - 2 1 - 2.1 
A (2,2) - 20.18 - 10.11 - 6.73 - 5.05 - 4 04 - 3.37 
A (2,3) 0.39 - 8.13 - 14.69 - 20.73 - 26 59 - 32.34 
A (2,6) 1.53 1.53 1.53 1.53 1 53 1.53 
A (3,2) 3.45 1.73 1.15 0.86 0 69 0.58 
A (3,3) - 16.83 - 8.42 - 5.61 - 4.21 - 3 37 - 2.81 
A (3,6) 1.43 1.43 1.43 1.43 1 43 1.43 
A (4,2) 1.0 1.0 1.0 1.0 1 0 1.0 
A (4,5) 5.56 11.11 16.67 22.22 27 78 33.33 
A (5,3) 1.0 1.0 1.0 1 .0 1 0 1.0 
A (6,1) 100 100 100 100 100 100 
A (6,6) -100 -100 -100 -100 -100 -100 
B (6) 100 100 100 100 100 100 
E (1) 2.1 2.1 2. 1 2.1 2 1 2.1 

G r 0.10 0.17 0.21 0.22 0 21 0.20 
T l 0.04 0.08 0.13 0.17 0 21 0.25 
u r 18.39 9.96 7.40 6.26 5 66 5.30 
e r 1.01 0.93 0.84 0.74 0 66 0.58 

3.2 Perceptual cues 

Equation [3.11] presents the dynamics of the system to be c o n t r o l l e d . 
A set of transformation equations i s now necessary i n order to describe the 
perceptual cues which may be used by the d r i v e r during l a t e r a l v e h i c l e 
c o n t r o l . These cues are formed by l i n e a r combinations of the v a r i a b l e s i n 
the state-space equation [3.11]; they are of primary importance f o r the 
c a l c u l a t i o n s w i t h the Supervisory D r i v e r Model. In t h i s paragraph the 
equations w i l l be given f o r the perceptual cues associated w i t h l a t e r a l 
p o s i t i o n , l a t e r a l speed, yaw r a t e , l a t e r a l a c c e l e r a t i o n and yaw a c c e l e r a ­
t i o n . 

The l a t e r a l p o s i t i o n of the car i n the lane i s the u l t i m a t e v a r i a b l e 
during l a t e r a l v e h i c l e c o n t r o l and i s considered to be a v a i l a b l e v i a a 
transformation due to a perspective v i s u a l perception of the road ahead. 
Riemersma (1981) argued that d r i v e r ' s perception of l a t e r a l p o s i t i o n 
v a r i a t i o n s i s based on the perception of v a r i a t i o n s i n the i n c l i n a t i o n 
angles of the road markers projected onto a v e r t i c a l plane. Wewerinke 
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F i g . 3.2.1 Perspective perception of l a t e r a l p o s i t i o n during s t r a i g h t road 
d r i v i n g . 

(1978) made a s i m i l a r a n a l y s i s f o r the perceptual p r o p e r t i e s of p i l o t s 
d u ring a f i n a l runway approach. 

F i g . 3.2.1 shows the p o s i t i o n of the d r i v e r ' s eyes at height H above a 
s t r a i g h t road; the l a t e r a l distance between the eyes and a given marker i s 
defined as Y. I t i s assumed that the marker i s at a height G above the road 
s u r f a c e . Common lane markers are described by G = 0. w h i l e f o r g u a r d r a i l s , 
postmounted d e l i n e a t o r s , bulbs, p u b l i c l i g h t i n g e t c . . G > 0. A l l elements 
are assumed to be perceivable by the d r i v e r as continuous l i n e s . By de­
f i n i n g an i n c l i n a t i o n angle A between the p r o j e c t i o n of the marker and the 
v e r t i c a l , i t y i e l d s the f o l l o w i n g equation: 

t g A = r L 5 [3.19] 

The e f f e c t of v a r i a t i o n s i n the l a t e r a l p o s i t i o n now can be studied by 
i n t r o d u c i n g small d e v i a t i o n s around a predetermined working point f o r the 
v a r i a b l e s Y and A (H and G are assumed to be c o n s t a n t ) . By d e f i n i n g 

A(t) = A + a ( t ) [3.20] 

Y(t) = Y + y ( t ) [3.21] 

i t can be shown t h a t : 
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o(t) = £-ZJ y(t) [3.22] 
(H - G ) 2 + Y 2 

and f o r the s p e c i a l case of lane markers on the road (G = 0): 

0 ( t ) = y ( t ) [3.23] 
H 2 + Y 2 

Blaauw (1980b) discussed some p r a c t i c a l i m p l i c a t i o n s of formula [3.22] by 
c a l c u l a t i n g the perspective s e n s i t i v i t y f o r d r i v e r s of passenger cars and 
trucks i n using d i f f e r e n t types of d e l i n e a t i o n on and above the road. For 
night d r i v i n g without p u b l i c l i g h t i n g , f o r i n s t a n c e , a considerable d e t e r i ­
o r a t i o n i n t h e o r e t i c a l s e n s i t i v i t y i s noticed on a wet road when the lane 
markers become i n v i s i b l e and only the postmounted d e l i n e a t o r s give any 
guidance inf o r m a t i o n . (See a l s o Chapter 8.) I t i s a l s o shown that a maximum 
s e n s i t i v i t y f o r p o s i t i o n v a r i a t i o n s i s achieved when the guidance elements 
are placed at i n c l i n a t i o n s of + 45 degrees from the d r i v e r ' s eyes. 

The l a t e r a l speed of the car r e l a t i v e to the road enables the d r i v e r 
to a n t i c i p a t e by p r e d i c t i o n of future s i t u a t i o n s . L a t e r a l speed i s consid­
ered to be a v a i l a b l e f o r the d r i v e r i n a comparable way as the l a t e r a l 
p o s i t i o n , v i a the i n c l i n a t i o n of the road markers projected onto the 
v e r t i c a l plane. By d i f f e r e n t i a t i n g equation [3.23], i t y i e l d s : 

n i t ) = y ( t ) [3.24] 
H 2 + Y 2 

In combination w i t h the equation (see [3.11]): 

y ( t ) = v ( t ) + 0 if>(t) [3.25] 

equation [3.24] becomes: 

ó(t) = v ( t ) + " " i,(t) [3.26] 
H 2 + Y 2 H 2 + Y 2 

Here, i t should be noticed that equation [3.25] i n d i c a t e s a d i r e c t r e l a ­
t i o n s h i p between the l a t e r a l speed and heading angle f o r small values of 
the v e h i c l e - r e l a t e d v e l o c i t y v ( t ) . In gen e r a l , heading angle v a r i a t i o n s 
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appear to vary below the perceptual threshold value during s t r a i g h t road 
d r i v i n g (Riemersma, 1981) and, t h e r e f o r e , the heading angle i s not i n ­
corporated i n the set of perceptual cues. 

The yaw rate represents the v a r i a b l e to be c o n t r o l l e d f o r the r o t a ­
t i o n a l movements of the car. I t can be perceived by a h o r i z o n t a l v e l o c i t y 
of a l l p o i n t s i n the v i s u a l f i e l d (Riemersma, 1981); t h i s v a r i a b l e i s 
assumed to be observed by the d r i v e r as such, without any transformation. 

Both l a t e r a l a c c e l e r a t i o n a^ and yaw a c c e l e r a t i o n r form higher 
d e r i v a t i v e s of the v a r i a b l e s representing the t r a n s v e r s a l and r o t a t i o n a l 
movements of the car. Both the a c c e l e r a t i o n cues can be derived from 
equation [3.5]: 

a ( t) = v ( t ) + u ( t ) r ( t ) [3.27] 

and the f o l l o w i n g two equations of the system d e s c r i p t i o n [3.111: 

v ( t ) = A(2,2) v ( t ) + A(2,3) r ( t ) + A(2,6) 6 ( t ) [3.28] 
s 

f ( t ) = A(3,2) v ( t ) + A(3,3) r ( t ) + A(3,6) 6 ( t ) 
s 

[3.29] 

By rearranging the equations [3.23], [3.26], [3.27], [3,28] and [3.29], 
f i n a l l y , i t r e s u l t s i n the d i s p l a y equation of the system to be c o n t r o l l e d : 

or y_( t) = 

AC!,2) 

A (3,2) 

H 
H + Y 

0 

A(2,1)*! ' 

Ail.3) 

0 

1 
0 

0 0 AC!,6) 

0 0 A ( i , 6) 

o - j JL J^ o 
H + Y ¿ 

0 0 0 

x( t ) [3.30] 

w i t h : v_(t) r d i s p l a y vector (dimension 5), w i t h the perceptual cues: 
a^(t) = l a t e r a l a c c e l e r a t i o n ( i n the crossplane of the ve­

h i c l e ) 
r ( t ) = yaw a c c e l e r a t i o n 
d(t) = l a t e r a l speed, measured as rate of change of the 

i n c l i n a t i o n angle due to the perspective observation 
of the road ahead 

r ( t ) = yaw rate 
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a ( t ) = l a t e r a l p o s i t i o n , measured as i n c l i n a t i o n angle due to 
the perspective observation of the road ahead 

_x(t) = s t a t e vector (dimension 6) 
C = d i s p l a y matrix (dimension 5 x 6 ) . 

I t should be c l e a r that sensory dynamics are ignored i n these equations. 
Table 3.2.1 gives the numerical values f o r the c o e f f i c i e n t s of equa­

t i o n [3.30] f o r the same speed l e v e l s as given i n Table 3.1.2. In these 
c o e f f i c i e n t s d r i v e r ' s eye height i s assumed to be H = 1.15 m and mean 
l a t e r a l p o s i t i o n Y = 1.80 m as the distance between the d r i v e r ' s eyes and 
re l e v a n t lane marker. Blaauw (1980b) gives an extension of the d i s p l a y 
equation f o r other d r i v i n g s cenarios i n v o l v i n g car f o l l o w i n g , and approach­
i n g and e n t e r i n g curves. A combination of equation [3.11] and [3.30], 
together with the values of Table 3.1.2 and 3.2.1, gives the l i n e a r i s e d 
d e s c r i p t i o n of the system dynamics f o r the experiments i n t h i s t h e s i s . 
However, depending on the perceptual cues considered, a reduced set of the 
d i s p l a y equation [3.30] may be taken i n t o account. 

Table 3.2.1 C o e f f i c i e n t s of the d i s p l a y equation [3.30] f o r s i x d i f f e r e n t 
constant v e l o c i t i e s as used i n the p r e d i c t i o n s with the Super­
v i s o r y D r i v e r Model. 

Element 20 km/h 40 km/h 60 km/h 80 km/h 100 km/h 120 km/h 

C (1,2) - 20.18 - 10.10 - 6.73 - 5.05 - 4.04 - 3.37 
C (1,3) 5.95 2.98 1.98 1.49 1.19 1.00 
C (1,6) 1.53 1.53 1.53 1.53 1.53 1.53 
C (2,2) 3.45 1.73 1.15 0.86 0.69 0.58 
C (2,3) - 16.83 - 8.42 - 5.61 - 4.21 - 3.37 - 2.81 
C (2,6) 1.43 1.43 1.43 1.43 1.43 1.43 
C (3,2) 0.25 0.25 0.25 0.25 0.25 0.25 
C (3,5) 1.40 2.80 4.20 5.60 7.00 8.40 
C (4,3) 1 .0 1.0 1.0 1.0 1.0 1.0 
C (5,4) 0.25 0.25 0.25 0.25 0.25 0.25 
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4. GENERAL METHODOLOGICAL CHARACTERISTICS 

This chapter gives the general c h a r a c t e r i s t i c s of the experiments. 
Information on s p e c i f i c procedures, instrumentation and data a n a l y s i s w i l l 
be discussed i n the context of the experiments. 

4.1 D r i v i n g scenario 

The study p r i m a r i l y i n v e s t i g a t e s l a t e r a l v e h i c l e c o n t r o l during 
s t r a i g h t road d r i v i n g , without e x t e r n a l disturbances. E x t e r n a l d i s t u r ­
bances, such as sidewind gusts or roadway i r r e g u l a r i t i e s have been omitted 
f o r two reasons. F i r s t , most d r i v i n g s i t u a t i o n s are r e l a t i v e l y undemanding 
and do not invol v e these types of disturbances. Second, these types of 
disturbances r e q u i r e manual c o n t r o l on a compensatory l e v e l and d r i v e r ' s 
corresponding c o n t r o l s t r a t e g i e s have already e x t e n s i v e l y been studied 
(McRuer et a l . , 1977). Instead of e x t e r n a l disturbances, a l l v a r i a t i o n s are 
assumed to be i n i t i a t e d by the d r i v e r s themselves. 

The experiments have been performed on s e v e r a l 1-4 km s t r a i g h t sec­
t i o n s of a four-lane d i v i d e d motorway, having a constant road geometry and 
an emergency lane at the r i g h t . Subjects drove i n the 3.60 m wide r i g h t 
lane, w i t h a 0.15 m s o l i d s h o u l d e r l i n e at the r i g h t and a 0.10 m centre 
l i n e i n a 3 / 9 / 3 / 9 a dashed patte r n at the l e f t . There was no i n t e r a c ­
t i o n w i t h other t r a f f i c during the measurements. A l l experiments were 
conducted during daytime, w i t h the exception of Experiment 8 and one night 
c o n d i t i o n i n the Experiments 5 and 7. 

4.2 Subjects 

Both experienced and inexperienced male d r i v e r s between the ages of 18 
and 36 years p a r t i c i p a t e d . The experienced d r i v e r s had t h e i r l i c e n c e s f o r 
at l e a s t three years and a t o t a l d i s t a n c e d r i v e n of at l e a s t 30,000 km. The 
inexperienced d r i v e r s e i t h e r had followed a d r i v e r - t r a i n i n g course or had 
j u s t passed t h e i r d r i v i n g t e s t s . None of the subjects ever p a r t i c i p a t e d i n 
s i m i l a r experiments. A l l p a r t i c i p a n t s were paid. 
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4.3 Procedure 

Task demands were v a r i e d by adding tasks to the primary task of 
l a t e r a l v e h i c l e c o n t r o l . These a d d i t i o n a l tasks were not a r t i f i c i a l , but 
r e l a t e d to 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 a s u b s t a n t i a l element of d r i v ­
i n g . Task demands f o r 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 were manip­
u l a t e d by i n s t r u c t i o n and v a r i e d between s u b j e c t s , w i t h the exception of 
Experiment 2, where task demands were v a r i e d i n accordance w i t h a w i t h i n -
subject design. 

Subjects were i n s t r u c t e d on the type of task but d i d not receive any 
t r a i n i n g e i t h e r w i t h the instrumented car or s i m u l a t o r . The i n i t i a l p o s i ­
t i o n of the car was i n the emergency lane, where subjects were i n s t r u c t e d 
how to handle the car or s i m u l a t o r . They then a c c e l e r a t e d to the d e s i r e d 
speed and changed to the r i g h t lane, from which p o i n t d r i v e r ' s v e h i c l e 
c o n t r o l was measured r e g u l a r l y . For the c o n d i t i o n s without s p e c i f i c l o n g i ­
t u d i n a l i n s t r u c t i o n , s u bjects were advised to d r i v e w i t h a normal motorway 
speed. 

4.4 Instrumentation 

4.4.1 Instrumented car 

Experiments 1, 2, 4, 5, 6, 7 and 8 were conducted on the road w i t h an 
instrumented c ar, a Volvo 145 Express (Blaauw and B u r r i j , 1980); see F i g . 
4.4.1. Recordings were made of the steering-wheel angle, l a t e r a l p o s i t i o n 
(except i n Experiment 8), yaw r a t e (except i n Experiments 1 and 2), a c c e l ­
e r a t o r p o s i t i o n , and v e l o c i t y . The v a r i a b l e s i n Experiments 1 and 2 were 
recorded on an analog recorder, w h i l e Experiments 4, 5, 6, 7 and 8 were 
conducted w i t h an on-board instrumentation system a l l o w i n g f o r d i g i t a l 
s t o r i n g on f l o p p y - d i s c s . In general, v a r i a b l e s were sampled over s i x 
periods of 32 s (Experiment 2 over three periods of 128 s ) , w i t h a 4 Hz 
sampling frequency. 

The steering-wheel angle and the a c c e l e r a t o r p o s i t i o n were recorded 
w i t h potentiometers. The l a t e r a l p o s i t i o n of the car was measured by a 
transducer, scanning the road luminance by a f a s t r o t a t i n g prism i n f r o n t 
of a p h o t o - a m p l i f i e r . The c o n s t r a s t i n g l i g h t l e v e l due to the r i g h t shoul-
d e r l i n e acted as c r i t i c a l s i g n a l i n measuring the l a t e r a l distance between 
t h i s l i n e and the d r i v e r . Yaw r a t e was measured with a small gyro, while 
forward v e l o c i t y was measured w i t h a pulse-counter mounted on the cardan-
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F i g . 4.4.1 The instrumented car w i t h the on-board computer system. A 
minicomputer, f l o p p y - d i s c u n i t and i n t e r f a c e are placed d i r e c t ­
l y behind the d r i v e r . A t e c h n i c i a n supervises the system w i t h a 
keyboard, d i s p l a y s and a s m a l l p r i n t e r . An experimenter uses a 
push-button u n i t to l a b e l s p e c i a l events during d r i v i n g . 

a x i s immediately a f t e r the gearbox. L a t e r a l speed was derived by 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 . 

During a l l runs, two experimenters were present i n the v e h i c l e , one 
t a k i n g care of the instrumentation and one f o r the s u p e r v i s i o n of the 
subjects and procedures. The l a t t e r experimenter was a d r i v e r - t r a i n i n g 
i n s t r u c t o r whose presence a l s o served to l e g a l i z e the runs w i t h the i n e x ­
perienced subjects having no d r i v i n g l i c e n c e . 

4.4.2 Fixed-base simulator 

Experiment 4 was conducted with a fixed-base vehicle simulator 
(Institute for Perception TNO, 1978); see Figs. 4.4.2 and 4.4.3. This 
simulator is characterized by the following aspects: 
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(1) The v i s u a l scene i s created w i t h three TV p r o j e c t i o n systems (black and 
white) on screens surrounding the mock-up of a v e h i c l e . H o r i z o n t a l and 
v e r t i c a l f i e l d of view are 120* and 30°, r e s p e c t i v e l y . 

(2) The TV recordings are made i n - l i n e from a 1 : 87.5 s c a l e model by a 
m i r r o r block w i t h three endoscopes and three cameras. The movements of 
t h i s r e c o r d i n g system are computer c o n t r o l l e d and imply three t r a n s l a ­
t i o n s and one r o t a t i o n (yaw around the v e r t i c a l a x i s ) . By means of a 
moving-belt system, there i s no time l i m i t to d r i v i n g . 

(3) The movements of the m i r r o r block are c o n t r o l l e d by the a c t i o n s of the 
d r i v e r v i a a mathematical r e p r e s e n t a t i o n of the v e h i c l e dynamics (par. 
3.1). This mathematical model allows v e l o c i t i e s between 0 and 120 km/h, 
i n c l u d i n g c l u t c h i n g and changing gears. L a t e r a l a c c e l e r a t i o n s are 
r e s t r i c t e d up to 3 ra/s2. 

(4) The mathematical model of the v e h i c l e i n c l u d e s the dynamic c a l c u l a t i o n 
of steering-wheel f o r c e s that are presented to the d r i v e r by an e l e c ­
t r i c torque motor. 

F i g . 4.4.2 The 120° TV image, as presented to the d r i v e r i n the simu­
l a t o r . 
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(5) The simulator i s fixed-base, i . e . , the mock-up simulates no v e h i c l e 
movements. 

(6) Engine and wind sound are simulated by a four-channel system that 
r e l a t e s sound to v e l o c i t y , engine torque, and r o t a t i o n a l speed of the 
engine. 

(7) The v e h i c l e (mock-up as w e l l as mathematical representation) i s a copy 
of the instrumented c a r . 
Recordings were made of the steering-wheel angle, l a t e r a l p o s i t i o n , 

yaw r a t e , a c c e l e r a t o r p o s i t i o n , and v e l o c i t y . A l l v a r i a b l e s were sampled 
over s i x periods of 32 s each, w i t h a 4 Hz sampling frequency. The s t e e r ­
ing-wheel angle and the a c c e l e r a t o r p o s i t i o n were recorded w i t h p o t e n t i o ­
meters, w h i l e the l a t e r a l p o s i t i o n , yaw r a t e and v e l o c i t y were d i r e c t l y 
d erived from the s i g n a l s c o n t r o l l i n g the movements of the m i r r o r block. 
L a t e r a l speed was derived by 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 . 

During a l l runs, one experimenter was present i n the mock-up of the 
si m u l a t o r to supervise the s u b j e c t s . 

F i g . 4.4.3 The m i r r o r block that simulates the eye of the d r i v e r during 
s t r a i g h t road d r i v i n g on the moving-belt system. 
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4.4.3 Supervisory Driver Model 

Experiments 3 and 6 were r e l a t e d to computer p r e d i c t i o n s w i t h respect 
to the Supervisory D r i v e r Model described i n par. 2.3. The c a l c u l a t i o n s 
were performed w i t h the Optimal C o n t r o l Model programme MANMOD (Baron and 
B e r l i n e r , 1974) provided by the N a t i o n a l Aerospace Laboratory NLR and 
implemented on a Cyber 74. 

During the model c a l c u l a t i o n s the f o l l o w i n g f i x e d c o n d i t i o n s were 
imposed : 
- System dynamics: The system dynamics were chosen i n accordance w i t h the 

l a t e r a l dynamics of the instrumented car, f o r s i x d i f f e r e n t speed l e v e l s 
(Table 3.1.2). The d i s p l a y equations were formed as subsets of Table 
3.2.1, i n order to define the set of perceptual cues f o r each model 
c o n d i t i o n . 

- No time delay, no thresholds: Due to the r e l a t i v e l y undemanding and 
s u p e r v i s o r y nature of d r i v i n g , d r i v e r s ' time delays and perceptual 
thresholds were assumed to be of minor importance i n the model c a l c u l a ­
t i o n s and t h e r e f o re they were set equal to zero. 

- No external disturbances: System v a r i a t i o n s were assumed to be i n i t i a t e d 
by i n t e r n a l l y generated v a r i a t i o n s added to the commanded steering-wheel 
movements (motor n o i s e ) . Therefore, the s t a t e space equation (par. 3.1) 
included a f i r s t - o r d e r f i l t e r f o r d e r i v i n g these disturbances o r i g i n a t i n g 
from a white noise source. The bandwidth of the f i l t e r was set by a d j u s t ­
ing the r a t i o of the standard d e v i a t i o n s of the steering-wheel movements 
and the yaw r a t e i n order to correspond w i t h the same r a t i o measured w i t h 
the r e a l v e h i c l e . The variance of the white noise source was based on 
r e s u l t s obtained by Godthelp et a l . (1983), who i n s t r u c t e d s ubjects i n a 
simulator experiment to reproduce d i s c r e t e and continuous steering-wheel 
movements, and where standard d e v i a t i o n s of about 10% of the d e s i r e d 
amplitudes were measured. 

- Internal model: The dynamics of the system to be c o n t r o l l e d were assumed 
to be p e r f e c t l y known i n the o b s e r v a t i o n / p r e d i c t i o n block and c o n t r o l 
block. 

- Weighting of variables: I t was assumed that the o p t i m i z a t i o n c r i t e r i o n i n 
the c o n t r o l block i n v o l v e s only weighting c o e f f i c i e n t s f o r the perceptual 
cues, as defined f o r each model c o n d i t i o n , and f o r the steering-wheel 
r a t e . The remaining weighting c o e f f i c i e n t s f o r the s t a t e v a r i a b l e s and 
the steering-wheel angle were set to zero. The non-zero weighting c o e f f i ­
c i e n t s f o r the perceptual cues were chosen to be i n v e r s e l y p r o p o r t i o n a l 
to the square of the corresponding t o l e r a t e d v a r i a t i o n s , based on e i t h e r 
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the lane boundaries f o r l a t e r a l p o s i t i o n or on the measured maximum 
de v i a t i o n s f o r the other v a r i a b l e s . These weighting c o e f f i c i e n t s were 46, 
18, 1736, 2.5 and 44, f o r the i n c l i n a t i o n r a t e and angle of the l e f t lane 
marker, the yaw r a t e , the l a t e r a l a c c e l e r a t i o n and the yaw a c c e l e r a t i o n , 
r e s p e c t i v e l y (par. 3.2). The weighting value f o r the steering-wheel rate 
c o e f f i c i e n t was adjusted i t e r a t i v e l y i n order to ensure that the time 
constant of the d r i v e r ' s neuromuscular system i s equal to 0.1 s. 

- The observation noise level: Associated w i t h the perceptual cues, t h i s 
noise l e v e l was assumed to be equal f o r each cue. This parameter can be 
considered to be the only f r e e parameter f o r the model p r e d i c t i o n s i n 
each c o n d i t i o n . 

The SDM r e s u l t s have been obtained as time h i s t o r i e s f o r the mean 
values and standard d e v i a t i o n s of v e h i c l e - r e l a t e d v a r i a b l e s l i k e l a t e r a l 
p o s i t i o n , yaw r a t e and v e l o c i t y as w e l l as d r i v e r - r e l a t e d v a r i a b l e s w i t h 
respect to the estimates and as s o c i a t e d u n c e r t a i n t i e s of the mentioned 
v a r i a b l e s . 

4.5 Data a n a l y s i s 

Mean values and standard d e v i a t i o n s were computed f o r l a t e r a l p o s i ­
t i o n , l a t e r a l speed, yaw r a t e , steering-wheel angle, a c c e l e r a t o r p o s i t i o n , 
and v e l o c i t y , f o r each run w i t h the instrumented car and simu l a t o r . Spec­
t r a l d e n s i t y f u n c t i o n s were estimated and p l o t t e d f o r the steering-wheel 
angle by using a d i r e c t F a s t - F o u r i e r Transform (FFT; Cooley and Tukey, 
1965). S p e c t r a l r e s o l u t i o n was 0.03 Hz. A s p e c i a l set of subroutines was 
w r i t t e n to perform the s i g n a l analyses (Konings and Blaauw, 1981). The 
sp e c t r a were stud i e d i n d e t a i l by a n a l y s i n g the pr o p o r t i o n of energy i n 
s p e c i f i c frequency bands. The l i m i t s of these bands were chosen i n accord­
ance w i t h par. 5.2, and are given i n Table 4.5.1. The pr o p o r t i o n was 
defined as: (energy i n band I I ) * 100?/(energy i n band I + energy i n band 
I I ) . 

Table 4.5.1 The l i m i t s of the two freqency bands f o r the a n a l y s i s of 
d r i v e r ' s steering-wheel movements. 

Band Frequency i n Hz 

I 0 - 0.3 
I I 0.3 - 0.6 
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A d d i t i o n a l c a l c u l a t i o n s were done to derive the Time to Line Crossing 
(TLC; Godthelp et a l . , 1984) f o r each sample. For each run histograms were 
made f o r the TLC values w i t h respect to the l e f t and r i g h t lane boundary 
se p a r a t e l y , and a median l e f t TLC and r i g h t TLC were c a l c u l a t e d . 

The dependent v a r i a b l e s were subjected to analyses of variance 
(ANOVAs) and Newman-Keuls t e s t s , i n order to t e s t whether any main e f f e c t s 
of the experimental c o n d i t i o n s or t h e i r i n t e r a c t i o n s may have occurred by 
chance or not (Winer, 1962; Riemersma and B u r r i j , 1973). Only s i g n i f i c a n t 
e f f e c t s (p <_ 0.05) are mentioned, whereas the subject e f f e c t s , both main 
and i n t e r a c t i v e , are omitted. 
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5. DRIVER'S OBSERVATION STRATEGY, CONTROL STRATEGY AND PERFORMANCE ON A 
STRAIGHT ROAD 

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

This chapter presents two experiments to study whether d r i v e r s do 
e x c l u s i v e l y attend to l a t e r a l v e h i c l e c o n t r o l , and whether they temporarily 
a l l o c a t e t h e i r a t t e n t i o n to other tasks or a c t i v i t i e s not n e c e s s a r i l y 
r e l a t e d to d r i v i n g . 

In Experiment 1 d r i v e r ' s v i s u a l scanning and c o n t r o l s t r a t e g y i s 
st u d i e d during l a t e r a l v e h i c l e c o n t r o l without any a d d i t i o n a l task. I t i s 
i n v e s t i g a t e d to what extent and w i t h what consequences f o r l a t e r a l c o n t r o l 
performance, d r i v e r s a l l o w themselves to observe objects which are not 
d i r e c t l y r e l a t e d to l a t e r a l c o n t r o l . 

In Experiment 2 a d d i t i o n a l tasks are defined so that d r i v e r s are not 
able to continuously attend to l a t e r a l c o n t r o l . Consequences f o r the 
l a t e r a l c o n t r o l s t r a t e g y and performance are discussed. 

5.2 Experiment 1: D r i v e r ' s v i s u a l scanning and c o n t r o l strategy^ 

5.2.1 Introduction 

During s t r a i g h t road d r i v i n g , the v i s u a l scanning strategy of d r i v e r s , 
as part of the observation s t r a t e g y , i s c h a r a c t e r i z e d by the p o s i t i o n s of 
the eye f i x a t i o n s with regard to the vanishing point of the lane markers at 
the horizon. The scanning s t r a t e g y sometimes i s a l s o described by the 
angular distance between two successive f i x a t i o n s and by the f i x a t i o n 
d u r a t i o n . I t should be emphasized that the r e g i s t r a t i o n of eye p o s i t i o n s 
only gives i n f o r m a t i o n about the l o c a t i o n of the 2° c e n t r a l part of the eye 
(fovea), and that l e s s i s known about what i s processed v i a the p e r i p h e r a l 
f i e l d . Moreover, there may be a discrepancy between the measured eye 
f i x a t i o n s and d r i v e r ' s object of a t t e n t i o n (par. 5.2.4). 

The present study was part of a more comprehensive experiment i n which the 
v i s u a l scanning and c o n t r o l s t r a t e g y was studied both on s t r a i g h t and 
curved roads (Blaauw and Riemersma, 1975). 
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According to Rockwell (1972), i n normal s t r a i g h t road d r i v i n g about 90 
percent of the f i x a t i o n s f a l l s w i t h i n + 4° from the vanishing p o i n t . He 
a l s o found that most eye movements are of l e s s than 6 degrees t r a v e l and 
that most f i x a t i o n s have a d u r a t i o n of 100 to 350 ms. 

A research group at the Ohio State U n i v e r s i t y (1969) reported that the 
c e n t r a l h o r i z o n t a l p o i n t of view i s 4° to the r i g h t and the c e n t r a l v e r t i ­
c a l point i s 1 degree above the v a n i s h i n g p o i n t . The d r i v e r s f i x a t e a t the 
road and edge markers only a s m a l l percentage of the time, whereas the 
centre of the scanning patterns i s covered most of the time. According to 
Babkov (1970), 44 percent of the eye f i x a t i o n s i s s i t u a t e d i n the d i r e c t i o n 
of the car a t the horizon, 29 per cent j u s t i n f r o n t of the car and 7 
percent at each side of the car on the roadway markers. 

Babkov and Lobanov (1973) stud i e d the v i s u a l c o ncentration f i e l d 
(defined as the area which covers 85% of d r i v e r ' s eye f i x a t i o n s ) and found 
an inverse r e l a t i o n with d r i v i n g speed. Whereas the h o r i z o n t a l and v e r t i c a l 
dimensions of t h i s f i e l d are 30" x 10° at 40 km/h, the dimensions are 
reduced to 10° x 6° a t a speed of 100 km/h. The f i x a t i o n d u r a t i o n a l s o 
decreased w i t h speed: The authors observed 0.4 s at a speed of 100 km/h and 
1.5 - 2 s at 20 km/h. 

Rockwell (1972) and Mourant and Rockwell (1971) noticed s i g n i f i c a n t 
changes i n the scanning patterns due to d r i v i n g s k i l l . Novice d r i v e r s 
switch from large t r a v e l distances and f i x a t i o n s on non-relevant cues to 
a l t e r n a t e sampling near and f a r . The f a r f i x a t i o n s are assumed to be 
p r i m a r i l y d i r e c t i o n cues, w h i l e the near f i x a t i o n s seem to be f o v e a l 
determinations of lane p o s i t i o n i n g . With increased d r i v i n g s k i l l a decrease 
i n v i s u a l scanning a c t i v i t y i s found. Experienced d r i v e r s concentrate t h e i r 
eye f i x a t i o n s near the vanishing point at the h o r i z o n and i t i s assumed 
that they use p e r i p h e r a l viewing f o r lane p o s i t i o n i n g . In general, e x p e r i ­
enced d r i v e r s maintain a 2.5 - 3.5 s minimum preview time, while novice 
d r i v e r s use f o v e a l determination f o r lane p o s i t i o n i n g i n very near samples 
w i t h a preview time l e s s than 1 s. Mourant and Rockwell (1971) suggested 
that the patterns of novice d r i v e r s might be due to t h e i r high degree of 
concentration i n c o n t r o l l i n g the v e h i c l e l a t e r a l l y and l o n g i t u d i n a l l y . 
Novice d r i v e r s sample t h e i r m i r r o r s q u i t e i n f r e q u e n t l y , but they show a 
r e l a t i v e l y large number of speedometer f i x a t i o n s . 

D r i v e r ' s c o n t r o l strategy during s t r a i g h t road d r i v i n g may be studied 
by an a n a l y s i s of the s p e c t r a l d e n s i t y f u n c t i o n of the steering-wheel 
movements, or by the steering-wheel r e v e r s a l r a t e . McLean and Hoffmann 
(1971, 1972, 1973 and 1975) found dominant frequency ranges at 0.1 - 0.3 Hz 
and sometimes at 0.35 - 0.6 Hz (or i n the area above 0.4 Hz). The authors 
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suggested that during l a t e r a l v e h i c l e c o n t r o l both peaks may correspond to 
d i f f e r e n t perceptual cues c o n t r o l l e d by the d r i v e r (par. 3.2). Small, 
high-frequent steering-wheel movements are associated w i t h yaw rate con­
t r o l , while the low-frequent movements are associated with heading angle 
c o n t r o l . Due to the d i r e c t r e l a t i o n s h i p between heading angle and l a t e r a l 
speed ( v i a the forward v e l o c i t y ; equation [3.25] i n par. 3.2) these low-
frequent steering-wheel movements can a l s o be seen to be l i n k e d to l a t e r a l 
speed c o n t r o l . The l a t e r a l p o s i t i o n of the car seems not to be c o n t r o l l e d 
continuously, but i n t e r m i t t e n t l y . Results obtained by McLean and Hoffmann 
suggest a s h i f t to higher frequencies of the steering-wheel movements (more 
energy i n the area above 0.4 Hz) as a r e s u l t of higher task demands i n 
l a t e r a l c o n t r o l (narrow lane width, high speed, r e s t r i c t e d preview). Hence, 
i n these s i t u a t i o n s d r i v e r s attend more to yaw r a t e c o n t r o l . 

Greenshields (1963), Greenshields and P i a t t (1967) and Kimball et a l . 
(1971) found that more s k i l l e d d r i v e r s produced lower steering-wheel 
r e v e r s a l r a t e s . Smiley et a l . (1980) noticed a s i m i l a r tendency, w i e r w i l l e 
et a l . (1967) compared an experienced subject with an inexperienced subject 
and found more abrupt steering-wheel movements (more high-frequent com­
ponents) f o r the inexperienced s u b j e c t . However, i n c o n t r a s t with these 
r e s u l t s , Riemersma (1972) reported a greater number of r e v e r s a l s w i t h a 
smaller variance f o r more experienced d r i v e r s . These c o n t r a d i c t o r y f i n d i n g s 
w i l l be discussed i n par. 5.3.4. 

In the present experiment v i s u a l scanning and c o n t r o l strategy i s 
studied during l a t e r a l v e h i c l e c o n t r o l without any a d d i t i o n a l task. V i s u a l 
scanning strategy i s analysed i n terms of the objects f i x a t e d by the eyes, 
and i n terms of the h o r i z o n t a l and v e r t i c a l p r o b a b i l i t y d ensity f u n c t i o n s 
of the eye f i x a t i o n s i n r e l a t i o n to the vanishing point of the road at the 
horizon. D r i v e r ' s c o n t r o l s t r a tegy i s studied v i a the s p e c t r a l d e n s i t y 
functions of the steering-wheel movements i n order to v e r i f y the l i t e r a t u r e 
w ith respect to the dominant frequency ranges. 

5.2.2 Method 

Nine experienced male subjects drove i n the instrumented car three 
times on a s t r a i g h t motorway w i t h the i n s t r u c t i o n to d r i v e normally i n the 
r i g h t t r a f f i c lane. 

In a d d i t i o n to the equipment mentioned i n par. 4.4.1, the instrumented 
car was a l s o equipped to record d r i v e r ' s v i s u a l scanning s t r a t e g y , by 
measuring head and eye movements. Head movements were recorded automati-



HI 

c a l l y by a s m a l l video camera (52* x 39" f i e l d of view) attached to the 
d r i v e r ' s head. Eye movements were added to the video p i c t u r e from e l e c ­
trodes around the eye i n order to record the h o r i z o n t a l and v e r t i c a l 
components of eye movements. This technique i s known as electro-oculography 
(EOG). Both, h o r i z o n t a l and v e r t i c a l voltages of the electrodes were 
transformed to the corresponding movements of a white spot i n the video 
p i c t u r e and i n d i c a t e d the d i r e c t i o n of the d r i v e r ' s l i n e of s i g h t . The 
composed video p i c t u r e was recorded on a video recorder f o r a q u a n t i t a t i v e 
a n a l y s i s afterwards. The eye movements were, f i r s t , p l o t t e d w i t h respect to 
the p o s i t i o n s r e l a t i v e to the Vanishing Point of the S t r a i g h t road, the 
VPS, and second, categorized w i t h respect to the objects on which the eyes 
were f i x a t e d . The p o s i t i o n s were measured with a r e s o l u t i o n of about 2° and 
w i t h a sampling frequency of 50 Hz. Due to the time-consuming p l o t t i n g 
procedures the eye p o s i t i o n s of only f i v e s u b j e c t s were analysed. 

5.2.3 Results 

F i g s . 5.2.1 and 5.2.2 give the h o r i z o n t a l and v e r t i c a l p r o b a b i l i t y 
d e n s i t y f u n c t i o n s of the eye p o s i t i o n s r e l a t i v e to VPS, the Vanishing Point 
of the S t r a i g h t road. 

VPS 

F i g . 5.2.1 P r o b a b i l i t y d e n s i t y f u n c t i o n of the h o r i z o n t a l eye p o s i t i o n s . 
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VPS 

up vertical distance (deg) down 

F i g . 5.2.2 P r o b a b i l i t y d e n s i t y f u n c t i o n of the v e r t i c a l eye p o s i t i o n s . 

Mean h o r i z o n t a l and v e r t i c a l p o s i t i o n s are 8"30* l e f t w a r d s and 2° upwards, 
wi t h a 3°30' va r i a n c e , both i n h o r i z o n t a l and v e r t i c a l d i r e c t i o n . The 
asymmetry of the h o r i z o n t a l eye p o s i t i o n s to the l e f t may be caused by 
l o o k i n g a t oncoming v e h i c l e s i n the opposite lanes, which i s a l s o v i s i b l e 
from the l o c a l peak at -13°. The o b j e c t s on which the eyes are f i x a t e d 
d u ring at l e a s t 100 ms are given i n Table 5.2.1 as percentages of the t o t a l 
number of f i x a t i o n s . "Out of view" r e f e r s to eye p o s i t i o n s outside the 
f i e l d of view of the video camera, due to large eye movements which were 
not accompanied by equal head movements. "Sky" and "out of view" r e s u l t i n 
s i g n i f i c a n t l y g r e a t e r percentages than f o r any other object (p £ 0.01). A l l 
other objects are observed about e q u a l l y . Relevant road objects are f i x a t e d 
only f o r about 30?. With respect to the t r a v e l d i s t a n c e i t i s found that 
about 50% of a l l eye t r a n s f e r s does not exceed a t r a v e l distance of 10°; 
70? f a l l s w i t h i n a 20 degrees d i s t a n c e . About 30% of the f i x a t e d o bjects i s 
i d e n t i c a l to the preceding f i x a t i o n s . 

D r i v e r ' s c o n t r o l s t r a t e g y was analysed by the s p e c t r a l d e n s i t y func­
t i o n of the s t e e r i n g wheel movements. F i g . 5.2.3 presents f o r nine subjects 
the mean spectra, as averaged over three t r i a l s . No s i g n i f i c a n t d i f f e r e n c e s 
were found between these t r i a l s . 

I t i s found that subjects 3 and 6 both drove w i t h s i g n i f i c a n t l y l e s s 
energy than subjects 4 and 9 (p < 0.01). Furthermore, mainly two dominant 
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Table 5.2.1 Percentages of eye f i x a t i o n s on d i f f e r e n t o bjects during 
s t r a i g h t road d r i v i n g . 

object percentage of f i x a t i o n s 

l e f t edge 6 . 6 
l e f t marker 2.4 
l e f t lane 11 .6 

centre marker 4.8 
r i g h t lane 10.1 

r i g h t marker 2.0 
r i g h t edge 5.5 

sky 31.0 
out of view 21.0 

others 5.0 

peaks can be noticed which d i f f e r i n energy and, hence, show that d r i v e r s 
spread t h e i r i n d i v i d u a l steering-wheel movements d i f f e r e n t l y over the 
frequency range. The d i f f e r e n t c o n t r o l s t r a t e g i e s are i n d i c a t e d p a r t i c ­
u l a r l y by changes i n the energy of the second peak. F i g . 5.2.4 presents a 
s p e c t r a l d e n s i t y f u n c t i o n of the steering-wheel movements averaged over a l l 
su b j e c t s and t r i a l s . I t then appears that d r i v e r s a c t i v a t e d the s t e e r i n g -
wheel w i t h two dominant frequencies: a f i r s t peak a t about 0.1 Hz and a 
second peak at about 0.45 Hz. 
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F i g . 5.2.3 S p e c t r a l d e n s i t y f u n c t i o n s of the steering-wheel angle f o r nine 
s u b j e c t s ! averaged over three t r i a l s . 
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F i g . 5.2.4 S p e c t r a l d e n s i t y f u n c t i o n of the steering-wheel angle, averaged 
over subjects and t r i a l s . 

5.2.4 Disousaion 

V i s u a l scanning s t r a t e g y seems to confirm the r e s u l t s i n the l i t e r ­
ature that l a t e r a l v e h i c l e c o n t r o l on s t r a i g h t roads r e q u i r e s only a small 
amount of f o v e a l a t t e n t i o n f o r experienced d r i v e r s . The number of eye 
f i x a t i o n s shows that no s p e c i f i c road object a t t r a c t e d d r i v e r ' s a t t e n t i o n 
i n p a r t i c u l a r , and that "sky" and "out of view" covered 52% of a l l f i x a ­
t i o n s . I t seems t h a t , i n d r i v i n g on a s t r a i g h t road, experienced d r i v e r s 
v i s u a l l y scan the t o t a l environment, w i t h a centre p o s i t i o n near the 
vani s h i n g p o i n t of the road at the hori z o n , and a standard d e v i a t i o n of 
3°30' around that p o i n t . The centre p o s i t i o n may be seen as an optimal 
p o s i t i o n f o r p e r i p h e r a l observations of d r i v i n g performance. 

However, the techniques f o r recording eye movements do not allo w 
measurements of p e r i p h e r a l v i s i o n , while f o r f o v e a l v i s i o n the l i n e of 
s i g h t (as measured) does not n e c e s s a r i l y c o r r e l a t e w i t h the d r i v e r ' s object 
of a t t e n t i o n . In order to overcome these problems and to measure the f o v e a l 
and p e r i p h e r a l needs s p e c i f i c a l l y , i t i s necessary to study d r i v e r ' s 
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observation and c o n t r o l s t r a t e g y during temporary o c c l u s i o n : Whereas 
normally the d r i v e r ' s v i s u a l f i e l d i s completely occluded, i t i s only 
p o s s i b l e to o b t a i n v i s u a l i n f o r m a t i o n about d r i v i n g performance during 
short time i n t e r v a l s (Senders e t a l . , 1966; Farber and Gallagher, 1972; 
Triggs and Caple, 1978). The Experiments 6, 7 and 8 are based on t h i s 
technique. 

D r i v e r ' s c o n t r o l strategy i n the present experiment was studied by the 
s p e c t r a l d e n s i t y f u n c t i o n s of the steering-wheel movements. In accordance 
w i t h the l i t e r a t u r e , one dominant peak i s found i n the frequency band 0-0.3 
Hz, and sometimes a second peak i n the frequency band 0.3-0.6 Hz. I n d i v i d ­
u a l d i f f e r e n c e s w i t h respect to the amount of energy i n the second peak 
seem to i n d i c a t e d i f f e r e n t c o n t r o l s t r a t e g i e s f o r yaw r a t e c o n t r o l . Now i t 
i s of f u r t h e r importance to study d r i v e r ' s c o n r o l s t r a t e g y , and more 
s p e c i f i c a l l y s h i f t s i n the steering-wheel s p e c t r a , i n r e l a t i o n to task 
demands and d r i v i n g s k i l l w i t h i n a m u l t i t a s k d r i v i n g context. 

5.3 Experiment 2: D r i v e r ' s c o n t r o l s t r a t e g y a f f e c t e d by d r i v i n g s k i l l 
and task demands 2 

5.3.1 Introduction 

Experiment 2 has been designed i n order to manipulate d r i v e r ' s v i s u a l 
i n f o r m a t i o n i n a m u l t i t a s k s i t u a t i o n . Due to the r e s u l t s of Experiment 1, 
which i n d i c a t e d that only a s m a l l amount of f o v e a l i n f o r m a t i o n i s gathered 
by experienced d r i v e r s d u r i n g l a t e r a l c o n t r o l , and that p e r i p h e r a l v i s i o n 
seems to be important, i t was decided to minimize d r i v e r ' s p o s s i b i l i t i e s to 
o b t a i n v i s u a l i n f o r m a t i o n about l a t e r a l c o n t r o l . Therefore, d r i v e r s were 
i n s t r u c t e d to scan a c t i v e l y the o f f - r o a d environment and to mention d e t a i l s 
of what was seen. In t h i s way f o v e a l and p e r i p h e r a l i n f o r m a t i o n about 
l a t e r a l c o n t r o l was assumed to be minimal and d r i v e r s could v i s u a l l y v e r i f y 
d r i v i n g performance only i n t e r m i t t e n t l y . This "minimum c o n d i t i o n " was 
complemented by a "maximum c o n d i t i o n " i n which d r i v e r s were urged to do 
t h e i r utmost i n l a t e r a l c o n t r o l and i n which d r i v e r s could o b t a i n v i s u a l 
i n f o r m a t i o n continuously. E f f e c t s of task demands and d r i v i n g s k i l l were 
analysed by the l a t e r a l c o n t r o l performance i n terms of the mean and 

The data of t h i s experiment were p r e v i o u s l y published (Blaauw e t a l . , 
1977), while the TLC (Time to Line Crossing) values were introduced by 
Godthelp and Konings (1981). 
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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 on the road, and the l a t e r a l 
c o n t r o l s t r a t e g y i n terms of the amplitudes and frequencies of the 
steering-wheel movements. 

5.3.2 Method 

Three inexperienced and three experienced subjects drove i n the 
instrumented car. Task demands were manipulated by i n s t r u c t i o n s . There were 
two c o n d i t i o n s f o r l a t e r a l v e h i c l e c o n t r o l : 
(1) MIN(inimum) - "to keep lan e " w i t h the i n s t r u c t i o n to observe the 

o f f - r o a d environment and to report on what was seen. This i n s t r u c t i o n 
was chosen i n order to provoke a relaxed c r i t e r i o n f o r l a t e r a l c o n t r o l 
and to provide only minimum v i s u a l needs to do so. Subjects were t o l d 
that t h e i r comments would be recorded on tape which, i n f a c t , was not 
done. 

(2) MAX(imum) - "to d r i v e as s t r a i g h t as p o s s i b l e " , informing the d r i v e r s 
that i n p a r t i c u l a r t h e i r v a r i a t i o n s i n s t r a i g h t d r i v i n g were recorded, 
so that they should i n t e n s i v e l y concentrate on t h i s task. This i n s t r u c ­
t i o n attempted to provoke a s t r i c t i n t e r n a l c r i t e r i o n f o r l a t e r a l 
c o n t r o l and aimed at p r o v i d i n g maximum v i s u a l needs to do so. 

Both i n s t r u c t i o n s f o r l a t e r a l v e h i c l e c o n t r o l were combined with one of the 
f o l l o w i n g i n s t r u c t i o n s f o r l o n g i t u d i n a l c o n t r o l : 
(3) FREE - no s p e c i f i c l o n g i t u d i n a l i n s t r u c t i o n was given. 
(4) + 100 KM/H - s u b j e c t s ' i n s t r u c t i o n s were s i m i l a r to those i n c o n d i t i o n 

2, but now w i t h respect to the v a r i a t i o n s i n v e l o c i t y : Therefore, they 
should concentrate on a constant v e l o c i t y of 100 km/h. This i n s t r u c t i o n 
attempted to provoke a s t r i c t c r i t e r i o n f o r l o n g i t u d i n a l c o n t r o l . 

(5) + 80 KM/H - as c o n d i t i o n 4, but now f o r 80 km/h. 
L a t e r a l and l o n g i t u d i n a l i n s t r u c t i o n s combined r e s u l t e d i n s i x condi­

t i o n s . Each subject drove each c o n d i t i o n three times i n a randomized 
sequence during daytime. Each t r i a l on the s t r a i g h t s e c t i o n had a d u r a t i o n 
of 128 s. Because i t took some time to reach and leave the experimental 
s e c t i o n , the t o t a l procedure f o r one subject was completed i n two two-hour 
sessions on d i f f e r e n t days. For more d e t a i l e d methodological i n f o r m a t i o n 
see Chapter 4. 
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5.3.3 Results 

L a t e r a l v e h i c l e c o n t r o l 

Table 5.3.1 presents l a t e r a l c o n t r o l performance as a f f e c t e d by task 
demands and d r i v i n g experience; each r e s u l t represents the average value 
over 9 runs (3 subjects x 3 t r i a l s ) . Table 5.3.2 gives s i m i l a r data f o r 
d r i v e r ' s c o n t r o l s t r a t e g y r e f l e c t e d by the amplitudes and frequencies of 
the steering-wheel movements (par. 4.5). 

Lo n g i t u d i n a l i n s t r u c t i o n s and t r i a l s d i d not show a main e f f e c t on 
l a t e r a l c o n t r o l , whereas l a t e r a l i n s t r u c t i o n s d i d . Compared w i t h the MAX 
c o n d i t i o n , the MIN c o n d i t i o n r e s u l t e d f o r a l l d r i v e r s i n : 
- l a r g e r distance to the r i g h t s h o u l d e r l i n e (p <̂  0.01) 
- l a r g e r S.D. (standard d e v i a t i o n ) of l a t e r a l p o s i t i o n (p £ 0.01) 
- l a r g e r S.D. of l a t e r a l speed (p < 0.01) 
- smalle r median l e f t TLC (p < 0.05) 
- no d i f f e r e n c e s i n the median r i g h t TLC 

Table 5.3.1 L a t e r a l c o n t r o l performance f o r the inexperienced (INEXP) and 
experienced (EXP) d r i v e r s w i t h two l a t e r a l c o n t r o l task 
demands (MIN and MAX v i s u a l needs) and three a d d i t i o n a l 
v e l o c i t y task demands (FREE, + 80 KM/H and + 100 KM/H). 

MAX MIN 

FREE +100 + 80 FREE +100 + 80 
KM/H KM/H KM/H KM/H 

l a t e r a l p o s i t i o n (m) 1.87 1.95 1.84 2.01 2.06 2.08 INEXP 
1.89 1.72 1.68 1.95 1.96 1.98 EXP 

S.D. l a t e r a l p o s i t i o n (m) 0.19 0.21 0.21 0.24 0.29 0.29 INEXP 
0.20 0.16 0.14 0.26 0.28 0.29 EXP 

S.D. l a t e r a l speed (m/s) 0.07 0.07 0.07 0.11 0.12 0.12 INEXP 
0.07 0.07 0.06 0.10 0.11 0.11 EXP 

median l e f t TLC (s) 8.8 8.5 9.4 6.3 5.9 6.2 INEXP 
8.2 9.1 9.9 7.0 6.7 6.7 EXP 

median r i g h t TLC (s) 6.4 6.4 5.9 5.2 5.3 5.5 INEXP 
6.0 5.2 5.2 5.4 5.0 5.2 EXP 
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Table 5.3.2 D r i v e r ' s c o n t r o l s t r a t e g y f o r the inexperienced (INEXP) and 
experienced (EXP) d r i v e r s w i t h two l a t e r a l c o n t r o l task 
demands (MIN and MAX v i s u a l needs) and three a d d i t i o n a l 
v e l o c i t y task demands (FREE, + 80 KM/H and + 100 KM/H). 

MAX MIN 

steering-wheel angle FREE +100 
KM/H 

+ 80 
KM/H 

FREE +100 
KM/H 

+ 80 
KM/H 

S.D. C ) 1.8 2.1 1.9 3.2 3.1 3.0 INEXP 
1.8 1.6 1.8 2.3 2.5 2.7 EXP 

0.3-0.6 Hz 19.9 19.0 29.3 28.9 29.6 INEXP 

0 - 0.6 Hz 23.8 22.3 30.6 27.7 25.7 EXP 

- l a r g e r S.D. of steering-wheel movements (p < 0.01) 
- higher steering-wheel frequencies (p _< 0.05). 

I n t e r a c t i o n s between l a t e r a l and l o n g i t u d i n a l i n s t r u c t i o n s were absent 
but, i n combination w i t h d r i v i n g experience a s i g n i f i c a n t e f f e c t (p _< 0.05) 
was present f o r d r i v e r ' s c o n t r o l s t r a t e g y : Results f o r the frequencies of 
the steering-wheel movements i n d i c a t e d that each group of d r i v e r s reacted 
d i f f e r e n t l y on an a d d i t i o n a l speed i n s t r u c t i o n i n the MAX c o n d i t i o n (Table 
5.3.2) , whereas no d i f f e r e n c e s were present i n the MIN c o n d i t i o n . Within 
the MAX c o n d i t i o n the steering-wheel movements of the experienced d r i v e r s 
showed a s i g n i f i c a n t s h i f t to higher frequencies f o r the a d d i t i o n a l speed 
i n s t r u c t i o n , while the inexperienced d r i v e r s showed an inverse r e l a t i o n 
w i t h the same i n s t r u c t i o n i n d i c a t i n g more energy i n the lower frequencies. 
With respect to the S.D. of the steering-wheel movements, there were no 
d i f f e r e n c e s w i t h i n the MAX c o n d i t i o n , but the MIN c o n d i t i o n r e s u l t e d i n 
s i g n i f i c a n t l y l a r g e r S.D. f o r the inexperienced d r i v e r s than f o r the 
experienced d r i v e r s (p _< 0.05). 

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 

There were no main e f f e c t s of d r i v i n g experience, l a t e r a l i n s t r u c t i o n 
and t r i a l on the mean and standard d e v i a t i o n of the v e l o c i t y . However, 
l o n g i t u d i n a l i n s t r u c t i o n s r e s u l t e d i n some s i g n i f i c a n t d i f f e r e n c e s (Table 
5.3.3) . Mean v e l o c i t y d i d not d i f f e r s i g n i f i c a n t l y between the FREE and + 
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100 KM/H c o n d i t i o n s . With respect to the required v e l o c i t y i t i s noticed 
that d r i v e r s had a r a t h e r low v e l o c i t y at the + 100 KM/H c o n d i t i o n , while 
the + 80 KM/H i n s t r u c t i o n was followed r a t h e r p r e c i s e . The standard devia­
t i o n of the v e l o c i t y f o r both speed i n s t r u c t i o n s was not d i f f e r e n t , but was 
smaller i n these c o n d i t i o n s as compared to the FREE v e l o c i t y c o n d i t i o n (p < 
0.001). 

Table 5.3.3 L o n g i t u d i n a l c o n t r o l performance f o r the inexperienced (INEXP) 
and experienced (EXP) d r i v e r s w i t h the three a d d i t i o n a l 
v e l o c i t y task demands (FREE, + 80 KM/H and + 100 KM/H). 

FREE + 100 KM/H + 80 KM/H 

v e l o c i t y (kra/h) 92.8 97.1 82.2 INEXP 
94.2 95.6 79.1 EXP 

S.D. v e l o c i t y (km/h) 4.5 3.1 2.8 INEXP 
3.0 2.6 2.4 EXP 

5.3.4 Discussion 

Although i t i s not s u r p r i s i n g that the MIN c o n d i t i o n f o r l a t e r a l 
v e h i c l e c o n t r o l gave l a r g e r v a r i a t i o n s of l a t e r a l p o s i t i o n than the MAX 
c o n d i t i o n , the absolute S.D. values during the MIN c o n d i t i o n i n d i c a t e that 
both groups of d r i v e r s s t i l l were q u i t e able to stay w i t h i n t h e i r lane 
(S.D. values of 0.31 m correspond w i t h only a 0.3$ chance to exceed the 
lane boundaries when a normal d i s t r i b u t i o n f u n c t i o n i s assumed f o r l a t e r a l 
p o s i t i o n s ) . Evidence f o r acceptable l a t e r a l c o n t r o l performance i s a l s o 
found i n both TLC medians, i n d i c a t i n g that only the median l e f t TLC i s 
decreased i n the MIN c o n d i t i o n as compared to the MAX c o n d i t i o n , but s t i l l 
appeared to be comparable w i t h the median r i g h t TLC values, which were not 
d i f f e r e n t i n both MIN and MAX c o n d i t i o n s . Neither the number of short TLC 
values w i t h i n a run changed s i g n i f i c a n t l y , because Godthelp and Konings 
(1981) noticed i d e n t i c a l e f f e c t s f o r the 15$ TLC values (15$ of the time 
w i t h a s h o r t e r TLC) as compared w i t h the presented median TLC values. In 
conc l u s i o n , during m u l t i t a s k d r i v i n g when tasks are added to the primary 
l a t e r a l c o n t r o l task, e.g. to scan the o f f - r o a d environment or to c o n t r o l 
the speed of the car e x p l i c i t l y , both inexperienced and experienced d r i v e r s 
s t i l l show a q u i t e s a t i s f a c t o r y d r i v i n g performance. 
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With respect to d r i v e r ' s c o n t r o l strategy some remarks can be made 
about the s p e c t r a l changes of the steering-wheel movements i n r e l a t i o n to 
the task demands. As was shown before (par. 5.2.1), during l a t e r a l c o n t r o l 
without any a d d i t i o n a l task, the s p e c t r a l d e n s i t y f u n c t i o n can be r e l a t e d 
to high-frequent c o n t r o l of the yaw rate and low-frequent c o n t r o l of the 
l a t e r a l speed (heading a n g l e ) . A s p e c t r a l s h i f t can be l i n k e d to the task 
demands: A high task demand f o r l a t e r a l c o n t r o l r e s u l t s i n a s h i f t to 
higher frequencies of the steering-wheel movements. However, wi t h a d d i ­
t i o n a l tasks i t becomes of importance whether d r i v e r s can combine these 
tasks without a decrease i n a t t e n t i o n f o r l a t e r a l v e h i c l e c o n t r o l . 
MacDonald and Hoffmann (1980) reviewed the r e l a t i o n s h i p s between task 
demands and steering-wheel r e v e r s a l r a t e , and concluded that low l e v e l s of 
steering-wheel r e v e r s a l r a t e , or l e s s energy at high frequencies, might 
i n d i c a t e e i t h e r low task demands due to r e l a t i v e l y undemanding l a t e r a l 
c o n t r o l , or a very high t o t a l task demand due to a d d i t i o n a l tasks r e s u l t i n g 
i n a decrease i n a t t e n t i o n f o r l a t e r a l c o n t r o l . 

W ithin the MAX c o n d i t i o n of the present experiment, the a d d i t i o n a l 
speed i n s t r u c t i o n r e s u l t e d f o r the inexperienced d r i v e r s i n a s h i f t towards 
lower frequencies, w i t h unaffected S.D. of the steering-wheel movements, 
and i t suggests such a decrease i n a t t e n t i o n f o r l a t e r a l v e h i c l e c o n t r o l . 
Obviously, inexperienced d r i v e r s cannot combine 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 s u f f i c i e n t l y . A s i m i l a r s h i f t i s absent f o r the experienced 
d r i v e r s (even a s h i f t to higher frequencies i s noticed) and suggests no 
decrease i n a t t e n t i o n f o r l a t e r a l c o n t r o l f o r t h i s group of d r i v e r s . The 
s h i f t to higher frequencies even i n d i c a t e s that the required higher task 
demands f o r l o n g i t u d i n a l c o n t r o l are associated w i t h s elf-chosen higher 
task demands f o r l a t e r a l c o n t r o l , although i t i s not confirmed by a s i g n i f ­
i c a n t l y b e t t e r l a t e r a l p o s i t i o n performance ( i n Experiment 4 i t w i l l be 
shown that a b e t t e r l a t e r a l p o s i t i o n performance can indeed be achieved i n 
a s i m i l a r s i t u a t i o n ) . These r e s u l t s are c o n s i s t e n t with those of Safren e t 
a l . (1970), who observed a p o s i t i v e c o r r e l a t i o n between the steering-wheel 
r e v e r s a l rate and speed change r a t e f o r experienced d r i v e r s , and a negative 
c o r r e l a t i o n f o r inexperienced d r i v e r s . They concluded that inexperienced 
d r i v e r s seem to switch between l a t e r a l and l o n g i t u d i n a l c o n t r o l , and that 
the experienced d r i v e r s perform both tasks simultaneously. K i m b a l l et a l . 
(1971) a l s o stated that the combination of l a t e r a l and l o n g i t u d i n a l c o n t r o l 
r e q u i r e s a s u b s t a n t i a l amount of d r i v i n g s k i l l . 

The i n t e r a c t i o n f o r the frequencies of the steering-wheel movements 
between d r i v i n g experience and speed i n s t r u c t i o n w i t h i n the MAX c o n d i t i o n , 
probably a l s o forms the answer to the c o n t r a d i c t o r y f i n d i n g s i n the l i t e r a -
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ture f o r the r e l a t i o n s h i p between steering-wheel r e v e r s a l r a t e and l e v e l of 
d r i v i n g s k i l l (par. 5.2.1). Some authors found that experienced d r i v e r s 
drove w i t h l e s s steering-wheel r e v e r s a l s than inexperienced d r i v e r s , but 
Riemersma (1972) found an inverse r e l a t i o n s h i p . However, i n co n s i d e r i n g the 
experimental c o n d i t i o n s of Riemersma's study i t appeared that subjects were 
always i n s t r u c t e d to d r i v e w i t h an a d d i t i o n a l forced v e l o c i t y , w h i l e i n the 
other s t u d i e s no such i n s t r u c t i o n was given. Consequently, the mentioned 
i n t e r a c t i o n of the present experiment e x p l a i n s these c o n t r a d i c t o r y f i n d ­
i n g s . 

The a d d i t i o n of the task to scan the of f - r o a d environment (MIN condi­
t i o n ) a l s o creates a s i t u a t i o n w i t h decreased a t t e n t i o n f o r l a t e r a l v e h i c l e 
c o n t r o l due to a very high t o t a l task demand. In accordance w i t h the 
above-mentioned c o n s i d e r a t i o n s a s h i f t to lower steering-wheel frequencies, 
w i t h unaffected S.D., might be expected. However, i n t h i s MIN c o n d i t i o n the 
steering-wheel movements s h i f t e d to higher frequencies as compared to the 
MAX c o n d i t i o n , and i t s S.D. increased s i g n i f i c a n t l y f o r the experienced 
d r i v e r s and even to a much l a r g e r extent f o r the inexperienced d r i v e r s . 
These changes i n d r i v e r ' s c o n t r o l s t r a t e g y might be explained by the 
extreme c h a r a c t e r i s t i c s of the scanning task, f o r c i n g d r i v e r s to occlude 
the v i s u a l cues f o r v e h i c l e c o n t r o l f o r as long as p o s s i b l e , r e s u l t i n g i n 
r e l a t i v e l y l a r g e d r i f t s i n l a t e r a l p o s i t i o n . Consequently, when d r i v e r s 
again are observing t h e i r d r i v i n g performance, r a t h e r large and abrupt 
(high frequent) steering-wheel movements are necessary to r e s e t the l a t e r a l 
p o s i t i o n of the car i n s i d e the lane. Thereby, inexperienced d r i v e r s have to 
c o r r e c t w i t h l a r g e r steering-wheel movements than experienced d r i v e r s . The 
a d d i t i o n a l + 100 KM/H c o n d i t i o n , i n combination w i t h the scanning task, 
does not a f f e c t d r i v i n g performance and d r i v e r ' s c o n t r o l s t r a t e g y any 
f u r t h e r . 

5.4 Di s c u s s i o n and conclusions 

Experiments 1 and 2 showed that experienced as w e l l as inexperienced 
d r i v e r s need few f o v e a l and/or p e r i p h e r a l observations f o r l a t e r a l v e h i c l e 
c o n t r o l , and that both groups of d r i v e r s may temporarily a l l o c a t e t h e i r 
a t t e n t i o n to other tasks or a c t i v i t i e s not r e l a t e d to d r i v i n g . When tasks 
are added, t h e i r l a t e r a l c o n t r o l performance remains acceptable, i . e . 
d r i v e r s stay w i t h i n t h e i r lane. However, i n c o n d i t i o n s where d r i v e r s are 
temporarily forced to neglect the v i s u a l cues f o r l a t e r a l c o n t r o l (as i n 
Experiment 2 wi t h the task to scan off-road) the c o n t r o l s t r a t e g y of 
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experienced d r i v e r s shows r e l a t i v e l y l a r g e , abrupt steering-wheel move­
ments, whereas inexperienced d r i v e r s even need l a r g e r steering-wheel 
movements to c o r r e c t the v e h i c l e p o s i t i o n . 

With only a speed c o n t r o l task i n a d d i t i o n to l a t e r a l c o n t r o l , and 
when the v i s u a l cues are continuously present, d r i v e r ' s c o n t r o l s t r a t e g y 
a l s o shows changes i n the steering-wheel frequencies, suggesting that 
inexperienced d r i v e r s cannot combine both tasks s u f f i c i e n t l y , and that 
experienced d r i v e r s have learned to combine l a t e r a l and l o n g i t u d i n a l 
c o n t r o l considerably. 

Now i t i s of importance to analyse d r i v e r ' s s t r a t e g y f o r d i f f e r e n t 
task demands and d r i v i n g s k i l l s i n view of the question which perceptual 
cues, and on which moments i n time, are used f o r a s a t i s f a c t o r y l a t e r a l 
c o n t r o l performance during m u l t i t a s k d r i v i n g . Hence, d r i v e r ' s c o n t r o l 
s t r a t e g y and o v e r a l l d r i v i n g performance are studied i n r e l a t i o n t o spe­
c i f i c perceptual cues (Chapter 6). D r i v e r ' s observation s t r a t e g y i s a n a l ­
ysed w i t h respect to the moments i n time f o r new observations, and w i t h 
respect to f r e e times when d r i v e r s allow themselves to neglect l a t e r a l 
c o n t r o l (Chapter 7). 
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6. DRIVER'S CONTROL STRATEGY AND PERFORMANCE AFFECTED BY PERCEPTUAL CUES 

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

In t h i s chapter the c o n t r i b u t i o n of v a r i o u s continuously present 
perceptual cues to the o v e r a l l d r i v i n g performance and d r i v e r ' s c o n t r o l 
s t r a t e g y i s discussed. 

F i r s t , a study w i t h the Supervisory D r i v e r Model has been conducted to 
p r e d i c t the e f f e c t s on d r i v i n g performance of d i f f e r e n t combinations of 
perceptual cues, e i t h e r i n the o b s e r v a t i o n / p r e d i c t i o n block or i n the 
c o n t r o l block of the model (Experiment 3 ) . Second, e m p i r i c a l data have been 
gathered i n d r i v i n g s i t u a t i o n s which d i f f e r i n the a v a i l a b i l i t y of percep­
t u a l cues: With and without a c c e l e r a t i o n cues (Experiment 4), and w i t h 
d e t e r i o r a t e d v i s i b i l i t y due to d r i v i n g i n darkness (Experiment 5 ) . 

6.2 Experiment 3: Model p r e d i c t i o n s f o r d i f f e r e n t combinations of per­
c e p t u a l cues^ 

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

A study w i t h the Supervisory D r i v e r Model, the SDM, has been conducted 
to p r e d i c t the e f f e c t s on l a t e r a l c o n t r o l performance of d i f f e r e n t combina­
t i o n s of perceptual cues. F o l l o w i n g par. 2.3 and 2.4, the c o n d i t i o n s f o r 
the model analyses r e f e r to the use of d i f f e r e n t combinations of perceptual 
cues i n both the o b s e r v a t i o n / p r e d i c t i o n block and the c o n t r o l block of the 
SDM. As a basic c o n d i t i o n , the observation and c o n t r o l of l a t e r a l p o s i t i o n 
alone i s considered, whereas i n the other c o n d i t i o n s v a r i o u s cues i n the 
o b s e r v a t i o n / p r e d i c t i o n block and c o n t r o l block are added. Accordingly, the 
most complete c o n d i t i o n c o n s i s t s of the simultaneous observation and 

The data of the model p r e d i c t i o n s were p a r t i a l l y presented at the Third 
European Annual Conference on Human Deci s i o n Making and Manual Control 
(Blaauw e t a l . , 1983) and the XXth FISITA Conference (Godthelp e t a l . , 
1984). They were a l s o accepted f o r p u b l i c a t i o n i n V e h i c l e System Dynamics 
(Blaauw et a l . , 1984). 
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c o n t r o l of the l a t e r a l p o s i t i o n v i a the i n c l i n a t i o n angle, l a t e r a l speed 
v i a the i n c l i n a t i o n r a t e , yaw r a t e , l a t e r a l a c c e l e r a t i o n and yaw a c c e l e r a ­
t i o n (par. 3.2). During the SDM c a l c u l a t i o n s f i x e d c o n d i t i o n s have been 
imposed as described i n par. 4.4.3. 

6.2.2 Predictions based on the observation/prediction block 

F i g . 6.2.1 shows the r e l a t i o n s h i p between the observation noise l e v e l 
and the standard d e v i a t i o n of the l a t e r a l p o s i t i o n and yaw r a t e , f o r a 
d r i v i n g speed of 100 km/h. The a x i s of the observation noise i s defined 
according to decreasing noise l e v e l s i n order to correspond w i t h i n c r e a s i n g 
l e v e l s of a t t e n t i o n . The s e n s i t i v i t y of the S.D. of the heading angle and 
the steering-wheel angle f o r d i f f e r e n t combinations of cues appeared to 
correspond w i t h the s e n s i t i v i t y of the S.D. of the yaw rate and, t h e r e f o r e , 
i t i s not presented s e p a r a t e l y . The r e l a t i o n s h i p s i n F i g . 6.2.1 are given 
f o r s i x combinations of the perceptual cues o, a, r , a^ and r (par. 3.2) i n 
the o b s e r v a t i o n / p r e d i c t i o n block, depending on the a v a i l a b i l i t y of the 
cues, or d r i v i n g s k i l l (par. 2.4). The o p t i m i z a t i o n c r i t e r i o n i n the 
c o n t r o l block (task demands) only considers c o n t r o l of the l a t e r a l p o s i t i o n 
v i a the i n c l i n a t i o n angle a. 

The r e s u l t s show s m a l l e r S.D. of l a t e r a l p o s i t i o n and yaw rate f o r 
lower observation noise l e v e l s , when d r i v i n g performance can be estimated 
more a c c u r a t e l y . In comparison w i t h the e x c l u s i v e use of the l a t e r a l 
p o s i t i o n cue i n the o b s e r v a t i o n / p r e d i c t i o n block ( v i a the i n c l i n a t i o n angle 
a; curve 1 i n F i g . 6.2.1), i t appears that the a d d i t i o n a l observation/pre­
d i c t i o n of yaw r a t e r (curve 2 ) , and l a t e r a l a c c e l e r a t i o n a^ and yaw 
a c c e l e r a t i o n r (curve 3) only gives marginal improvements. However, the 
a d d i t i o n a l use of the l a t e r a l speed cue i n the o b s e r v a t i o n / p r e d i c t i o n block 
( v i a the i n c l i n a t i o n r a t e o; curve 4) gives a r e l a t i v e l y l a r g e decrease i n 
the S.D. of the l a t e r a l p o s i t i o n and yaw r a t e . But again, the a d d i t i o n a l 
o b s e r v a t i o n / p r e d i c t i o n of yaw rate (curve 5) and, l a t e r a l a c c e l e r a t i o n and 
yaw a c c e l e r a t i o n (curve 6 ) , only gives marginal improvements. 
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F i g . 6.2.1 Predicted r e l a t i o n s h i p s between the standard d e v i a t i o n (S.D.) 
of l a t e r a l p o s i t i o n ( F i g . 6.2.1a) and yaw r a t e ( F i g . 6.2.1b). 
and the observation noise l e v e l f o r the o b s e r v a t i o n / p r e d i c t i o n 
of s i x combinations of perceptual cues ( i n c l i n a t i o n r a te a, 
i n c l i n a t i o n angle a, yaw rate r. l a t e r a l a c c e l e r a t i o n a-̂ , and 
yaw a c c e l e r a t i o n r ) , f o r the e x c l u s i v e c o n t r o l of the i n c l i n a ­
t i o n angle a. The r e l a t i o n s h i p s are given f o r a d r i v i n g speed 
of 100 km/h. 
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6.2.3 Predictions based on the control block 

The r e s u l t s of par. 6.2.2 can be extended w i t h p r e d i c t i o n s when more 
perceptual cues are c o n t r o l l e d v i a the o p t i m i z a t i o n c r i t e r i o n of the 
c o n t r o l block, as a r e s u l t of changes i n task demands or d r i v i n g s k i l l 
(par. 2.4). When a l l f i v e cues are used i n the o b s e r v a t i o n / p r e d i c t i o n block 
( F i g . 6.2.2), i t i s shown that an a d d i t i o n a l c o n t r o l of the l a t e r a l speed 
cue (curve 2) leads to a r e l a t i v e l y large decrease i n the S.D. of the yaw 
r a t e , whereas the S.D. of the l a t e r a l p o s i t i o n decreases only over a few 
centimeters, e s p e c i a l l y at high l e v e l s of observation noise. An a d d i t i o n a l 
c o n t r o l of yaw rate (curve 3), both a c c e l e r a t i o n cues (curve 4) or t h e i r 
combination (curve 5) leads to an even l a r g e r improvement (decrease) i n the 
S.D. of yaw r a t e . However, t h i s improvement i s obtained at the cost of an 
increase i n the S.D. of the l a t e r a l p o s i t i o n as compared to the curves 1-2. 
S i m i l a r r e s u l t s are obtained when a l l cues except the l a t e r a l speed cue are 
used i n the o b s e r v a t i o n / p r e d i c t i o n block ( F i g . 6.2.3), when the yaw rate 
(curve 2), both a c c e l e r a t i o n s (curve 3), or t h e i r combination (curve 4) are 
c o n t r o l l e d a d d i t i o n a l l y . 

6.2.4 Predictions based on both blocks 

In a d d i t i o n to the separate e f f e c t s of changes i n the set of cues f o r 
the o b s e r v a t i o n / p r e d i c t i o n block and the c o n t r o l block, p r e d i c t i o n s have 
been made f o r the combined changes i n both blocks. F i g . 6.2.4 shows that an 
a d d i t i o n a l c o n t r o l of l a t e r a l speed i n the c o n t r o l block ( v i a the i n c l i n ­
a t i o n r a t e ; curves 4-6) leads to only s m a l l decreases i n the S.D. of the 
l a t e r a l p o s i t i o n of the car. With respect to the S.D. of the yaw rate the 
s i m i l a r improvement i s shown as i n F i g . 6.2.2 (curve 2), but now rather 
independently f o r the set of cues used i n the o b s e r v a t i o n / p r e d i c t i o n block 
(curves 4-6) . 

F i g . 6.2.5 presents p r e d i c t i o n s with respect to the use of l a t e r a l 
speed and both a c c e l e r a t i o n s i n the two blocks. The observation and c o n t r o l 
of l a t e r a l speed r e s u l t s i n an o v e r a l l improvement of the S.D. of the 
l a t e r a l p o s i t i o n . I t i s a l s o found that the r e s u l t s of an a d d i t i o n of both 
a c c e l e r a t i o n cues depends on the use of the l a t e r a l speed cue. Without 
observation and c o n t r o l of the l a t e r a l speed cue (curves 1-2), l a r g e r 
improvements i n l a t e r a l c o n t r o l performance are found due to both a c c e l e r ­
a t i o n cues than with the use of l a t e r a l speed (curves 3-4). S i m i l a r r e s u l t s 
are found with respect to the S.D. of the yaw r a t e . 
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F i g . 6.2.2 Predicted r e l a t i o n s h i p s between the standard d e v i a t i o n s (S.D.) 
of l a t e r a l p o s i t i o n ( F i g . 6.2.2a) and. yaw rate ( F i g . 6.2.2b) 
and the observation noise l e v e l f o r an a d d i t i o n a l c o n t r o l i n 
the c o n t r o l block of l a t e r a l speed ( v i a the i n c l i n a t i o n rate 
a), yaw rate r. and both l a t e r a l a c c e l e r a t i o n and yaw 
a c c e l e r a t i o n r , during the combined use of a l l f i v e perceptual 
cues i n the o b s e r v a t i o n / p r e d i c t i o n block. 
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F i g . 6.2.3 As F i g . 6.2.2, but now f o r the combined use of only four 
perceptual cues (no i n c l i n a t i o n rate) i n the observation/-
p r e d i c t i o n block. 
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6.2.5 Discussion 

The Supervisory D r i v e r Model shows that l a t e r a l c o n t r o l performance 
(S.D. of l a t e r a l p o s i t i o n and yaw rate) improves considerably when ad d i ­
t i o n a l perceptual cues are used i n the o b s e r v a t i o n / p r e d i c t i o n block or i n 
the c o n t r o l block, as compared to the e x c l u s i v e use of the l a t e r a l p o s i t i o n 
cue. The a d d i t i o n a l use of cues i n the o b s e r v a t i o n / p r e d i c t i o n block may be 
the r e s u l t of changes i n d r i v i n g s k i l l , or more cues a v a i l a b l e to the 
d r i v e r (Table 2.4.1). The a d d i t i o n a l use of cues i n the c o n t r o l block may 
a l s o be the r e s u l t of d r i v i n g s k i l l development, or changes i n task de­
mands. 

With respect to the o b s e r v a t i o n / p r e d i c t i o n block i t i s shown that the 
S.D. of l a t e r a l p o s i t i o n and yaw r a t e decreases when a l s o the l a t e r a l speed 
cue i s used ( F i g . 6.2.1); the a d d i t i o n a l o b s e r v a t i o n / p r e d i c t i o n of yaw rate 
and both a c c e l e r a t i o n s hardly improves l a t e r a l c o n t r o l performance, unless 
these cues are a l s o c o n t r o l l e d e x p l i c i t l y ( F i g . 6.2.5). When a r a t h e r 
complete set of cues i s present i n the o b s e r v a t i o n / p r e d i c t i o n block, i t 
appears than an a d d i t i o n a l c o n t r o l of l a t e r a l speed, and, e s p e c i a l l y , of 
yaw r a t e and of both the a c c e l e r a t i o n s , v i a the c r i t e r i o n i n the c o n t r o l 
block, leads to r e l a t i v e l y large improvements (decreases) i n the S.D. of 
the yaw r a t e . The S.D. of l a t e r a l p o s i t i o n then remains unaffected or 
d e t e r i o r a t e s s l i g h t l y ( F i g s . 6.2.2 and 6 . 2 . 3 ) . 

Hence, the l a t e r a l speed cue which was assumed to improve d r i v e r ' s 
a n t i c i p a t i o n , indeed seems to be most e f f e c t i v e w i t h i n the observation/pre­
d i c t i o n block, and i t a i d s i n ach i e v i n g an improvement i n the S.D. of 
l a t e r a l p o s i t i o n and yaw r a t e . The Supervisory D r i v e r Model i n d i c a t e s that 
a s i m i l a r l a t e r a l c o n t r o l performance can be obtained w i t h a l a r g e r obser­
v a t i o n noise l e v e l ( l e s s a t t e n t i o n ) when the l a t e r a l speed cue i s taken 
i n t o account. Hence, the model p r e d i c t s that i t i s h e l p f u l to l e a r n d r i v e r s 
to use that cue. There i s some experimental evidence that the use of the 
l a t e r a l speed cue indeed i s r e l a t e d to the l e v e l of d r i v i n g s k i l l . 
Riemersma (1982) r e s t r i c t e d the v i s u a l f i e l d c l o s e to the car and noticed a 
d e t e r i o r a t i o n i n c o n t r o l performance f o r the experienced d r i v e r s , whereas 
the performance of the inexperienced d r i v e r s was not a f f e c t e d . Because the 
l a t e r a l speed cue can be perceived best c l o s e to the c a r , i t can be con­
cluded that the inexperienced d r i v e r s d i d not use the l a t e r a l speed cue. 
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F i g . 6.2.4 Predicted r e l a t i o n s h i p s between the standard d e v i a t i o n s (S.D.) 
of l a t e r a l p o s i t i o n ( F i g . 6.2.4a) and yaw rate ( F i g . 6.2.4b) 
and the observation noise f o r an a d d i t i o n a l c o n t r o l of the 
i n c l i n a t i o n r a te a (curves 4-6) compared to an e x c l u s i v e 
c o n t r o l of the i n c l i n a t i o n angle a (curves 1-3) v i a the o p t i ­
m i z a t i o n c r i t e r i o n of the c o n t r o l block. The r e l a t i o n s h i p s are 
given f o r three combinations of perceptual cues f o r the observ­
a t i o n / p r e d i c t i o n block, as presented i n F i g . 6.2.1. 
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F i g . 6.2.5 Predicted r e l a t i o n s h i p s between the standard d e v i a t i o n s (S.D.) 
of l a t e r a l p o s i t i o n ( F i g . 6.2.5a) and yaw r a t e ( F i g . 6.2.5b) 
and the observation noise f o r an a d d i t i o n a l o b s e r v a t i o n / p r e d i c ­
t i o n and c o n t r o l of l a t e r a l speed ( v i a the i n c l i n a t i o n r a t e o) 
and both l a t e r a l a c c e l e r a t i o n a-̂  and yaw a c c e l e r a t i o n f on 
l a t e r a l c o n t r o l performance. 
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6.3 Experiment 4: D r i v i n g s k i l l , task demands and a c c e l e r a t i o n cues 

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

The c o n t r i b u t i o n of a c c e l e r a t i o n cues to the observation and c o n t r o l 
s t r a t e g y of d r i v e r s during l a t e r a l v e h i c l e c o n t r o l has mainly been studi e d 
f o r compensatory d r i v i n g t a s k s , e.g. w i t h respect to sidewind gusts. In 
general, i t i s found that i n these types of tasks the absence of a c c e l e r a ­
t i o n cues r e s u l t s i n poorer d r i v i n g performance i n terms of l a r g e r standard 
d e v i a t i o n s of l a t e r a l p o s i t i o n and yaw rate (McRuer and Krendel, 1974; 
McLane and W i e r w i l l e , 1975; McRuer and K l e i n , 1976). Weir and McRuer (1967) 
concluded i n t h e i r model s t u d i e s on sidewind compensation, that the a d d i ­
t i o n of the l a t e r a l a c c e l e r a t i o n cue to v i s u a l cues makes l i t t l e d i f f e r e n c e 
i n the heading and path d e v i a t i o n s of the v e h i c l e f o r moderate gains (com­
parable w i t h the weighting f a c t o r s i n the o p t i m i z a t i o n c r i t e r i o n of the 
c o n t r o l b l o c k ) . However, i t can make the d r i v e r / v e h i c l e system unstable i f 
the gain i s s u f f i c i e n t l y high. The authors conclude "... the d r i v e r i s 
probably b e t t e r o f f not t r y i n g to use the l a t e r a l a c c e l e r a t i o n cue unless 
he has no other choice". The l a t t e r case w i l l happen, e.g., during complete 
v i s u a l o c c l u s i o n when the use of the l a t e r a l a c c e l e r a t i o n cue w i l l keep the 
steady-state e r r o r s and d r i f t s from i n c r e a s i n g too r a p i d l y , but cannot 
prevent o f f - l a n e d r i f t i n g . Weir and McRuer i l l u s t r a t e these conclusions by 
s t a t i n g that during v i s u a l o c c l u s i o n a car w i l l leave a 20-feet wide lane 
w i t h i n 5 s when the a c c e l e r a t i o n cues are not used, w h i l e that period may 
increase to 40 s f o r a s k i l l e d , a t t e n t i v e d r i v e r with the use of the 
a c c e l e r a t i o n cues. 

Some data can a l s o be obtained from experiments w i t h respect to the 
design of f l i g h t s i m u l a t o r s . Baron et a l . (1982) compared a complex h e l i ­
copter c o n t r o l task i n fixed-base and moving-base c o n d i t i o n s and found that 
p r e d i c t i o n s by the Optimal C o n t r o l Model (OCM) r e s u l t e d i n almost 50Í worse 
fixed-base performance measures than corresponding moving-base measures. 
Curry e t a l . (1976), however, n o t i c e d only a small d i f f e r e n c e between 
fixed-base and moving-base c o n d i t i o n s i n a VTOL ( V e r t i c a l Take Off and 
Landing) task f o r both OCM p r e d i c t i o n s and e m p i r i c a l data. The authors 
argue that only s m a l l d i f f e r e n c e s are found because the s i m u l a t o r seemed 

The r e s u l t s of t h i s experiment were p r e v i o u s l y used to evaluate the v a l i d ­
i t y of the fixed-base v e h i c l e s i m u l a t o r of the I n s t i t u t e f o r Perception TNO 
during s t r a i g h t road d r i v i n g (Blaauw, 1982). 
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mostly to operate near the v e s t i b u l a r thresholds of the p i l o t s . In a review 
on p i l o t e d a i r c r a f t s i m u l a t i o n , S t a p l e f o r d (1978) s t a t e s that p i l o t s use 
motion cues p r i m a r i l y as high-frequent adjuncts to the v i s u a l cues, and the 
more d i f f i c u l t the compensatory task, the l a r g e r the b e n e f i t of motion 
appears to be. 

For d r i v i n g c o n d i t i o n s s t u d i e d i n t h i s t h e s i s (with s m a l l , l o w - f r e ­
quent disturbances which are assumed to be generated by the d r i v e r s ) , the 
c a l c u l a t i o n s w i t h the Supervisory D r i v e r Model (par. 6.2) i n d i c a t e d that 
the a d d i t i o n a l o b s e r v a t i o n / p r e d i c t i o n of both the l a t e r a l a c c e l e r a t i o n cue 
and the yaw a c c e l e r a t i o n cue has only marginal e f f e c t s on the S.D. of the 
l a t e r a l p o s i t i o n and yaw rate ( F i g . 6.2.1). An a d d i t i o n a l c o n t r o l of both 
cues leads to an improvement of the S.D. of l a t e r a l p o s i t i o n and yaw r a t e , 
only when the l a t e r a l speed cue i s not taken i n t o account ( F i g . 6.2.5» 
curves 1-2). With the l a t e r a l speed cue, the d i f f e r e n c e s are s m a l l e r ( F i g . 
6.2.5, curves 3-4). When the use of t h i s cue indeed i s c h a r a c t e r i s t i c f o r 
the more experienced d r i v e r s (par. 6.2.5), i t may be expected that an 
absence of both a c c e l e r a t i o n cues should d e t e r i o r a t e d r i v i n g performance 
f o r the inexperienced d r i v e r s to a l a r g e r extent than f o r the experienced 
d r i v e r s . In order to o b t a i n a d d i t i o n a l e m p i r i c a l data on d r i v i n g perform­
ance and d r i v e r ' s c o n t r o l s t r a t e g y with and without a c c e l e r a t i o n cues, an 
experiment has been conducted i n the instrumented car and i n the fixed-base 
si m u l a t o r , f o r d i f f e r e n t d r i v i n g s k i l l s and task demands. 

6.3.2 Method 

Twenty-four experienced d r i v e r s and twenty-four inexperienced d r i v e r s 
drove i n the instrumented car and i n the s i m u l a t o r . Task demands were 
v a r i e d between s u b j e c t s , and were manipulated by i n s t r u c t i o n . There were 
two c o n d i t i o n s f o r l a t e r a l v e h i c l e c o n t r o l : 
(1) FREE - no s p e c i f i c l a t e r a l i n s t r u c t i o n was given. 
(2) MAX(imum) - "to d r i v e as s t r a i g h t as p o s s i b l e " , informing the d r i v e r s 

that t h e i r v a r i a t i o n s i n s t r a i g h t d r i v i n g were recorded, so that they 
should i n t e n s i v e l y concentrate on t h i s task. This i n s t r u c t i o n attempted 
to provoke a s t r i c t i n t e r n a l c r i t e r i o n f o r l a t e r a l c o n t r o l , and aimed 
at maximum v i s u a l needs to do so. 

Both i n s t r u c t i o n s f o r l a t e r a l v e h i c l e c o n t r o l were combined w i t h one of the 
f o l l o w i n g i n s t r u c t i o n s f o r l o n g i t u d i n a l c o n t r o l : 
(3) FREE - no s p e c i f i c l o n g i t u d i n a l i n s t r u c t i o n was given. 
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(4) + 100 KM/H - subject's i n s t r u c t i o n s were s i m i l a r to those i n c o n d i t i o n 
2, but now w i t h respect to the v a r i a t i o n s i n v e l o c i t y : Therefore, they 
should concentrate on a constant v e l o c i t y of 100 km/h. This i n s t r u c t i o n 
attempted to provoke a s t r i c t c r i t e r i o n f o r l o n g i t u d i n a l c o n t r o l . Due 
to the absence of d i f f e r e n c e s between the c o n d i t i o n s + 80 KM/H and + 
100 KM/H i n Experiment 2, the + 80 KM/H c o n d i t i o n was omitted. 
L a t e r a l and l o n g i t u d i n a l i n s t r u c t i o n s combined r e s u l t e d i n four 

c o n d i t i o n s . Each subject drove an experimental c o n d i t i o n i n two one-hour 
sessions during one day, one hour i n the si m u l a t o r and one hour i n the 
instrumented v e h i c l e . From the s i x subjects each day, three s t a r t e d i n the 
simulator i n the morning and t r a n s f e r r e d to the instrumented v e h i c l e i n the 
afternoon, whereas the remaining three d i d the reverse. For more d e t a i l e d 
methodological i n f o r m a t i o n see Chapter 4. 

6.3.3 Results 

L a t e r a l v e h i c l e c o n t r o l 

Table 6.3.1 presents l a t e r a l c o n t r o l performance i n both the car and 
simulator f o r two task demands, and f o r both l e v e l s of d r i v i n g experience; 
each r e s u l t represents the average value over 36 runs (6 su b j e c t s x 6 
t r i a l s ) . Table 6.3.2 gives s i m i l a r data f o r d r i v e r ' s c o n t r o l s t r a t e g y 
r e f l e c t e d by the amplitudes and frequencies of the steering-wheel movements 
(par. 4.5). The MAX and FREE task demands f o r l a t e r a l v e h i c l e c o n t r o l d i d 
not d i f f e r and, t h e r e f o r e , Tables 6.3.1 and 6.3.2 are r e s t r i c t e d to the 
FREE c o n d i t i o n . The f i r s t t r i a l f o r the inexperienced d r i v e r s i n both the 
simulator and the instrumented car r e s u l t e d i n s i g n i f i c a n t l y (p £ 0.05) 
l a r g e r S.D. of the yaw r a t e and steering-wheel angle, as compared to the 
other f i v e t r i a l s . 

Compared w i t h d r i v i n g i n the instrumented car on the road, the runs i n 
the simulator r e s u l t e d i n : 
- l a r g e r distance to the r i g h t s h o u l d e r l i n e (p £ 0.001) 
- l a r g e r S.D. of the l a t e r a l p o s i t i o n (p < 0.001) 
- l a r g e r S.D. of l a t e r a l speed (p _< 0.001) 
- s m a l l e r S.D. of yaw r a t e f o r the experienced d r i v e r s (p <_ 0.01) 
- no d i f f e r e n c e s i n the median l e f t TLC, which value i s l a r g e r (p < 0.001) 

than the median r i g h t TLC 
- l a r g e r median r i g h t TLC f o r the experienced d r i v e r s (p <̂  0.05) 
- lower steering-wheel frequencies (p _< 0.05). 
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Table 6.3.1 L a t e r a l c o n t r o l performance i n the instrumented car and i n the 
sim u l a t o r f o r the inexperienced (INEXP) and experienced (EXP) 
d r i v e r s w i t h the FREE and + 100 KM/H task demands. 

instrumented car i simulator 

FREE + 100 KM/H FREE + 100 KM/H 

l a t e r a l p o s i t i o n (m) 1.79 1.82 2.00 1.93 INEXP 
1.73 1.65 1.90 1.98 EXP 

S.D. l a t e r a l p o s i t i o n (m) 0.16 0.22 0.36 0.42 INEXP 
0.21 0.11 0.30 0.20 EXP 

S.D. l a t e r a l speed (m/s) 0.06 0.10 0.16 0.20 INEXP 
0.13 0.07 0.14 0.11 EXP 

S.D. yaw r a t e ( V s ) 0.30 0.34 0.27 0.31 INEXP 
0.36 0.29 0.25 0.24 EXP 

median l e f t TLC (s) 5.4 5.0 5.0 4.9 INEXP 
4.9 6.4 6.0 5.9 EXP 

median r i g h t TLC (s) 3.5 3.5 4.6 3.7 INEXP 
3.0 3.3 4.2 4.6 EXP 

Table 6.3.2 D r i v e r ' s c o n t r o l s t r a t e g y i n the instrumented car and i n the 
sim u l a t o r f o r the inexperienced (INEXP) and experienced (EXP) 
d r i v e r s w i t h the FREE and + 100 KM/H task demands. 

instrumented car simulator 

steering-wheel angle FREE + 100 KM/H FREE + 100 KM/H 

S.D. C ) 1.5 1.8 1.4 2.3 INEXP 
1.6 1.3 1.2 1.2 EXP 

0.3-0.6 Hz 24.9 
(.%) 

24.9 29.9 17.4 23.0 INEXP energy — — — (.%) 24.5 33.0 energy — — — (.%) 24.5 33.0 20.1 25.3 EXP 0 - 0.6 Hz 25.3 

Greater d r i v i n g experience had no o v e r a l l e f f e c t on the measures i n the 
instrumented car (and appeared to be dependent on the task demands; see 
below), but i n using the s i m u l a t o r , i t r e s u l t e d i n : 
- small e r S.D. of the l a t e r a l p o s i t i o n (p <_ 0.001) 
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- s m a l l e r S.D. of the l a t e r a l speed (p < 0.001) 
- l a r g e r median l e f t TLC (p <_ 0.05) 
- s m a l l e r S.D. of the steering-wheel angle (p £ 0.05). 

Together w i t h the d r i v i n g experience, the + 100 KM/H c o n d i t i o n showed 
i n t e r a c t i o n e f f e c t s f o r 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 (p 
<_ 0.01). l a t e r a l speed (p £ 0.001), and steering-wheel angle (p <_ 0.05). 
For both the s i m u l a t o r and the instrumented car, inexperienced d r i v e r s had 
a s i g n i f i c a n t increase i n these measures when d r i v i n g + 100 KM/H, whereas 
the experienced d r i v e r s then showed a decrease. Hence, d i f f e r e n c e s between 
inexperienced and experienced d r i v e r s appear when the + 100 KM/H c o n d i t i o n 
i s added. The a d d i t i o n a l + 100 KM/H c o n d i t i o n i n the instrumented car and 
simulator r e s u l t e d f o r both the inexperienced and experienced d r i v e r s i n a 
s h i f t to higher steering-wheel frequencies during the FREE l a t e r a l condi­
t i o n (p _< 0.06). However, during the MAX l a t e r a l c o n d i t i o n the experienced 
d r i v e r s s t i l l show a s h i f t to higher steering-wheel frequencies when the + 
100 KM/H c o n d i t i o n i s added, w h i l e the inexperienced d r i v e r s then show a 
s h i f t to lower frequencies i n the s i m u l a t o r , which d i d not occur i n d r i v i n g 
the car. 

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 

Table 6.3.3 presents the mean and standard d e v i a t i o n of v e l o c i t y f o r 
the inexperienced and experienced d r i v e r s during the FREE c o n d i t i o n and + 
100 KM/H c o n d i t i o n i n both the instrumented car and s i m u l a t o r . 

Table 6.3.3 L o n g i t u d i n a l c o n t r o l performance i n the instrumented car and 
i n the simulator f o r the inexperienced (INEXP) and experienced 
(EXP) d r i v e r s w i t h the FREE and + 100 KM/H task demands. 

instrumented car simulator 

FREE + 100 KM/H FREE + 100 KM/H 

v e l o c i t y (km/h) 109.9 102.4 111.8 100.8 INEXP 
110.0 107.6 108.6 100.3 EXP 

S.D. v e l o c i t y (km/h) 1.1 0.8 2.3 1.8 INEXP 
1.4 0.7 2.6 0.8 EXP 
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Task demands during the FREE c o n d i t i o n r e s u l t e d f o r both groups of 
d r i v e r s i n a higher (p _< 0.01) v e l o c i t y of about 110 km/h i n both the 
instrumented car and simulator compared to the + 100 KM/H c o n d i t i o n . With 
respect to the standard d e v i a t i o n of the v e l o c i t y i t was shown that the + 
100 KM/H c o n d i t i o n r e s u l t e d i n s m a l l e r v a r i a t i o n s compared to the FREE 
c o n d i t i o n , f o r a l l d r i v e r s i n simulator and car (p _< 0.05). In general, 
v e l o c i t y v a r i a t i o n s were g r e a t e r i n the simulator than i n the car (p £ 
0.05). 

6.3.4 D i s c u s s i o n 

Without a c c e l e r a t i o n cues d r i v e r ' s c o n t r o l s t r a t e g y showed i n the FREE 
c o n d i t i o n a s h i f t to lower frequencies of the steering-wheel movements, 
r e s u l t i n g i n t o an increase i n the S.D. of the l a t e r a l p o s i t i o n f o r the 
experienced d r i v e r s . This e f f e c t turned out to be even l a r g e r f o r the 
inexperienced d r i v e r s . This i s c o n s i s t e n t w i t h the SDM p r e d i c t i o n s ( F i g . 
6.2.5) when i t i s assumed that the inexperienced d r i v e r s do not use the 
l a t e r a l speed cue i n c o n t r a s t to the experienced d r i v e r s . Together w i t h the 
increase i n the S.D. of the l a t e r a l p o s i t i o n , d r i v e r s i n the simulator show 
an increase i n the S.D. of the forward speed and a mean s h i f t of 0.18 m to 
the l e f t i n the t r a f f i c lane as compared to the runs w i t h the car on the 
road. In TLC terms i t i s found that the inexperienced d r i v e r s do not show 
any d i f f e r e n c e f o r the median l e f t TLC or median r i g h t TLC, n e i t h e r between 
car and s i m u l a t o r , nor between the FREE and + 100 KM/H c o n d i t i o n . However, 
the experienced d r i v e r s increase t h e i r median r i g h t TLC i n the simulator as 
compared w i t h the car, independently of both l o n g i t u d i n a l c o n d i t i o n s . Their 
median l e f t TLC i s higher i n the car during the a d d i t i o n a l + 100 KM/H 
c o n d i t i o n , and a l s o higher during the runs i n the s i m u l a t o r . 

The + 100 KM/H c o n d i t i o n , r e p r e s e n t a t i v e f o r m u l t i t a s k d r i v i n g , 
r e s u l t s f o r the inexperienced d r i v e r s i n an increased S.D. of the l a t e r a l 
p o s i t i o n i n both the simulator and car, whereas the experienced d r i v e r s 
show a decrease. J u s t as was found i n Experiment 2, i t again i s noticed 
that f o r the experienced d r i v e r s the r e q u i r e d higher task demands f o r 
l o n g i t u d i n a l c o n t r o l are associated with s e l f - c h o s e n higher task demands 
f o r l a t e r a l c o n t r o l . This r e s u l t i s shown by the s i g n i f i c a n t s h i f t to 
higher steering-wheel frequencies i n both the simulator and the car, 
without a corresponding increase i n the S.D. of the steering-wheel move­
ments. In c o n t r a s t with the r e s u l t s of Experiment 2 where the changes i n 
l a t e r a l c o n t r o l performance f a i l e d to be s i g n i f i c a n t , the higher task 
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demands i n the present experiment are associated w i t h s i g n i f i c a n t l y s m a l l e r 
S.D. of l a t e r a l p o s i t i o n , and l a t e r a l speed. Even the inexperienced d r i v e r s 
show i n t h i s experiment a s h i f t to higher steering-wheel frequencies due to 
the + 100 KM/H c o n d i t i o n . However, due to the increased S.D. of the s t e e r ­
ing-wheel movements a completely d i f f e r e n t s i t u a t i o n i s present and a 
d e t e r i o r a t i o n i n l a t e r a l c o n t r o l performance i s n o t i c e d . In p a r a l l e l w i t h 
the d i s c u s s i o n of Experiment 2, t h i s increased S.D. r e f l e c t s l e s s s k i l l f o r 
the inexperienced d r i v e r s i n combining l a t e r a l and l o n g i t u d i n a l c o n t r o l , 
f o r both the car on the road and the s i m u l a t o r . 

6.4 Experiment 5: D r i v i n g s k i l l , task demands and v i s u a l cues during day-
and nighttime^ 

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

The c o n t r i b u t i o n of the v i s u a l cues to the observation and c o n t r o l 
s t r a t e g y of d r i v e r s has been s t u d i e d by comparing day- and nighttime 
d r i v i n g . Although i n general, v i s i b i l i t y i s d e t e r i o r a t e d during darkness, 
i t i s more d i f f i c u l t to define the s p e c i f i c e f f e c t s of darkness on the 
a v a i l a b i l i t y of the v i s u a l cues. The l a t e r a l p o s i t i o n and l a t e r a l speed can 
be perceived from the r o t a t i o n s of the road markers around the v a n i s h i n g 
p o i n t of the road at the h o r i z o n , whereas the yaw r a t e can be perceived by 
a h o r i z o n t a l v e l o c i t y of a l l p o i n t s i n the v i s u a l f i e l d (par. 3.2). During 
nighttime, the dipped headlamps cover about 40 m i n f r o n t of the c a r and 
they i l l u m i n a t e the most r e l e v a n t part of the road ahead a l l o w i n g the 
perception of these three v i s u a l cues. However, at night the perception of 
the speed cue ( l o n g i t u d i n a l c o n t r o l ) w i l l be considerably d e t e r i o r a t e d , 
because the absence of p e r i p h e r a l v i s u a l s t i m u l a t i o n r e s u l t s i n l e s s 
accurate v e l o c i t y estimates ( S a l v a t o r e , 1968). 

In order to t e s t d r i v e r ' s s t r a t e g y and performance during nighttime an 
experiment has been conducted w i t h the instrumented car; r e s u l t s are 
compared w i t h the daytime r e s u l t s of Experiment 4. 

The data of t h i s experiment were p a r t i a l l y presented during the F i r s t 
European Annual Conference on Human Deci s i o n Making and Manual Control 
(Blaauw, 1981). 
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6 . 4 . 2 Method 

Twelve experienced and twelve inexperienced d r i v e r s drove i n the 
instrumented car during nighttime, whereas the data of the daytime condi­
t i o n s were taken from Experiment 4. D r i v e r s task demands were v a r i e d 
between subjects and were manipulated by i n s t r u c t i o n . There were two 
c o n d i t i o n s : 
(1) FREE - no s p e c i f i c i n s t r u c t i o n was given. 
(2) + 100 KM/H - subjects were i n s t r u c t e d to concentrate on d r i v i n g w i t h a 

constant v e l o c i t y of 100 km/h. This i n s t r u c t i o n was intended to provoke 
a s t r i c t c r i t e r i o n f o r l o n g i t u d i n a l c o n t r o l . 
Due to the absence of e f f e c t s i n l a t e r a l c o n t r o l i n s t r u c t i o n s i n 

Experiment 4 (FREE versus MAX), the MAX c o n d i t i o n was omitted. 
Each subject drove one of the experimental c o n d i t i o n s i n a one-hour 

session between 8.00 p.m. and midnight. There was no p u b l i c l i g h t i n g and 
the car had dipped headlamps. For more d e t a i l e d methodological i n f o r m a t i o n 
see Chapter 4. 

6.4.3 Results 

L a t e r a l v e h i c l e c o n t r o l 

Table 6.4.1 presents l a t e r a l c o n t r o l performance during day- and 
nighttime as a f f e c t e d by task demands and d r i v i n g experience; each r e s u l t 
represents the average value over 36 runs (6 subjects x 6 t r i a l s ) . Table 
6.4.2 gives s i m i l a r data f o r d r i v e r ' s c o n t r o l s t r a t e g y r e f l e c t e d by the 
amplitudes and frequencies of the steering-wheel movements (par. 4.5). With 
respect to the s i x t r i a l s , only the f i r s t t r i a l r e s u l t e d i n s i g n i f i c a n t l y 
(p < 0.05) l a r g e r S.D. of the yaw r a t e and steering-wheel angle compared 
wi t h the other f i v e t r i a l s , during day- and nighttime. 

In general, the runs during nighttime r e s u l t e d i n a s i g n i f i c a n t l y 
l a r g e r distance to the r i g h t lane marker than during daytime (p <_ 0.001). 
During nighttime both median l e f t and r i g h t TLC values are comparable, 
whereas during daytime the median l e f t TLC i s l a r g e r than the r i g h t TLC (p 
<_ 0.001). More d r i v i n g experience had no o v e r a l l e f f e c t during daytime (and 
appeared to be dependent on the task demands; see below), but i t r e s u l t e d 
during nighttime i n : 
- s m a l l e r S.D. of the l a t e r a l p o s i t i o n (p _< 0.05) 
- s m a l l e r S.D. of l a t e r a l speed (p < 0.01) 
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Table 6.4.1 L a t e r a l c o n t r o l performance f o r the inexperienced (INEXP) and 
experienced (EXP) d r i v e r s w i t h the FREE and + 100 KM/H task 
demands, during day- and nighttime. 

day night 

FREE + 100 KM/H FREE + 100 KM/H 

l a t e r a l p o s i t i o n (m) 1.80 1.83 2.17 2.25 INEXP 
1.73 1.65 2.16 2.12 EXP 

S.D. l a t e r a l p o s i t i o n (m) 0.17 0.22 0.21 0.28 INEXP 
0.21 0.11 0.13 0.16 EXP 

S.D. l a t e r a l speed (m/s) 0.07 0.10 0.10 0.12 INEXP 
0.12 0.07 0.06 0.08 EXP 

S.D. yaw r a t e C/s) 0.28 0.33 0.35 0.38 INEXP 
0.35 0.28 0.31 0.33 EXP 

median l e f t TLC (s) 5.4 5.0 4.5 4.2 INEXP 
4.9 6.4 5.4 4.9 EXP 

median r i g h t TLC (s) 3.5 3.5 4.6 4.4 INEXP 
3.0 3.3 5.4 4.7 EXP 

Table 6.4.2 D r i v e r ' s c o n t r o l s t r a t e g y f o r the inexperienced (INEXP) and 
experienced (EXP) d r i v e r s with the FREE and + 100 KM/H task 
demands, during day- and nighttime. 

day night 

steering-wheel angle FREE + 100 KM/H FREE + 100 KM/H 

S.D. (*) 1 .5 1.7 1 .5 1.8 INEXP 
1.6 1.3 1.1 1.3 EXP 

0.3-0.6 Kz 
energy {%} 

0 - 0.6 Hz 

24.9 
24.5 

28.5 
33.0 

27.7 
40.8 

26.3 
32.4 

INEXP 
EXP 

- small e r S.D. of the yaw rate (p <_ 0.05) 
- l a r g e r median l e f t and r i g h t TLC (p < 0.06) 
- smaller S.D. of the steering-wheel angle (p £ 0.05) 
- higher steering-wheel frequencies (p <_ 0.05). 
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The + 100 KM/H c o n d i t i o n r e s u l t e d during daytime i n a s h i f t to higher 
steering-wheel frequencies f o r both the inexperienced and experienced 
d r i v e r s (p < 0.05). During nighttime the inexperienced d r i v e r s showed no 
s p e c t r a l s h i f t , whereas the experienced d r i v e r s turned to a s h i f t to lower 
frequencies. Together with d r i v i n g experience the + 100 KM/H c o n d i t i o n 
showed a l s o i n t e r a c t i o n e f f e c t s f o r the standard d e v i a t i o n s of l a t e r a l 
p o s i t i o n (p _< 0.05). l a t e r a l speed (p <_ 0.05). and steering-wheel angle (p 
£ 0.05). During daytime inexperienced d r i v e r s showed a s i g n i f i c a n t increase 
i n these measures when the + 100 KM/H i n s t r u c t i o n was imposed, whereas the 
experienced d r i v e r s then showed a decrease. Hence, d i f f e r e n c e s between both 
l e v e l s of d r i v i n g experience become more obvious when the + 100 KM/H 
i n s t r u c t i o n i s added. The same i n t e r a c t i o n i s shown f o r the median l e f t TLC 
during daytime r e s u l t i n g i n a l a r g e r TLC value f o r the experienced d r i v e r s 
than f o r the inexperienced d r i v e r s (p < 0.05). 

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 

Table 6.4.3 presents the mean and standard d e v i a t i o n of v e l o c i t y f o r 
the inexperienced and experienced d r i v e r s d uring the FREE and + 100 KM/H 
c o n d i t i o n during night and day. No d i f f e r e n c e s were present i n the S.D. of 
v e l o c i t y , but the mean v e l o c i t y was s i g n i f i c a n t l y lower during nighttime 
f o r both l e v e l s of d r i v i n g experience and task demands compared to the day 
c o n d i t i o n (p <_ 0.05). In the FREE c o n d i t i o n a l l s u b j e c t s drove f a s t e r than 
during the + 100 KM/H c o n d i t i o n (p <_ 0.05), during day- and nighttime. 

Table 6.4.3 L o n g i t u d i n a l c o n t r o l performance f o r the inexperiened (INEXP) 
and experienced (EXP) d r i v e r s w i t h the FREE and + 100 KM/H 
task demands, during day- and nighttime. 

day night 

FREE + 100 KM/H FREE + 100 KM/H 

v e l o c i t y (km/h) 109.9 102.4 104.3 99.7 INEXP 
111.0 107.6 106.3 102.0 EXP 

S.D. v e l o c i t y (km/h) 1.1 0.8 0.9 0.8 INEXP 
1.4 0.7 0.8 0.8 EXP 
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6.4.4 Di s c u s s i o n 

In general, darkness d i d not a f f e c t the S.D. of l a t e r a l p o s i t i o n or 
yaw r a t e , but r e s u l t e d i n a 0.42 m mean s h i f t to the l e f t i n the t r a f f i c 
lane, and i n a decreased v e l o c i t y as compared to daytime. These r e s u l t s are 
co n s i s t e n t w i t h the data of Matanzo and Rockwell (1967) who noticed s i m i l a r 
changes i n d r i v i n g performance during darkness. With respect to the TLC 
values i t i s found that the median l e f t TLC and median r i g h t TLC are 
comparable during nighttime, whereas the median r i g h t TLC i s smaller than 
the l e f t one during d a y l i g h t . 

The d e t e r i o r a t e d v i s i b i l i t y during darkness d i d not considerably 
a f f e c t the c o n t r o l s t r a t e g y of the inexperienced d r i v e r s w i t h i n the FREE 
c o n d i t i o n , but l e d to higher frequencies and small e r S.D. f o r the s t e e r i n g -
wheel movements of the experienced d r i v e r s . Hence, i t may be concluded that 
the experienced d r i v e r s use the d e t e r i o r a t e d night c o n d i t i o n s to s e l e c t 
higher task demands f o r l a t e r a l c o n t r o l , as was p r e v i o u s l y a l s o found to be 
caused by the a d d i t i o n a l + 100 KM/H c o n d i t i o n during daytime (Experiments 2 
and 4). Due to these e f f e c t s , l a t e r a l c o n t r o l performance of the e x p e r i ­
enced d r i v e r s at night i s much b e t t e r than the performance of the i n e x p e r i ­
enced d r i v e r s , f o r both the FREE and + 100 KM/H c o n d i t i o n . 

The e f f e c t s of the + 100 KM/H c o n d i t i o n during daytime, r e p r e s e n t a t i v e 
f o r m u l t i t a s k d r i v i n g , appeared to be dependent on the l e v e l of d r i v i n g 
s k i l l (see a l s o the D i s c u s s i o n of Experiment 4). From Table 6.4.1 i t w i l l 
be c l e a r that, f o r the inexperienced d r i v e r s the + 100 KM/H c o n d i t i o n 
during darkness leads to a f u r t h e r d e t e r i o r a t i o n of l a t e r a l c o n t r o l per­
formance (S.D. of l a t e r a l p o s i t i o n ) as compared to the day c o n d i t i o n s , 
whereas the experienced d r i v e r s then do not have a f u r t h e r d e t e r i o r a t i o n . 

From d r i v e r ' s c o n t r o l s t r a t e g y (amplitudes and frequencies of the 
steering-wheel movements) during daytime i t was already concluded that the 
+ 100 KM/H c o n d i t i o n i s associated f o r the experienced d r i v e r s w i t h s e l f -
chosen higher task demands f o r l a t e r a l v e h i c l e c o n t r o l , and r e s u l t e d f o r 
the inexperienced d r i v e r s i n l e s s s k i l l s to combine both l a t e r a l and 
l o n g i t u d i n a l c o n t r o l i n accordance w i t h the required task demands. The + 
100 KM/H c o n d i t i o n during the nighttime c o n d i t i o n of the present experiment 
r e s u l t e d f o r both l e v e l s of d r i v i n g experience i n l a r g e r steering-wheel 
movements w i t h comparable ( f o r the inexperienced d r i v e r s ) or even lower 
(experienced d r i v e r s ) frequencies. In l i n e with the conclusion of the 
previous experiments, these changes suggest that during darkness the 
combination of l a t e r a l and l o n g i t u d i n a l c o n t r o l i s more d i f f i c u l t . Although 
t h i s conclusion was drawn e a r l i e r f o r d r i v i n g s i t u a t i o n s with inexperienced 
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d r i v e r s , i t i s s u r p r i s i n g that a l s o f o r the experienced d r i v e r s t h i s seems 
v a l i d , be i t f o r a r a t h e r high l a t e r a l performance l e v e l . However, when i t 
i s r e c a l l e d that during darkness the p e r i p h e r a l v i s u a l f i e l d , w ith i t s 
p o s s i b i l i t i e s f o r speed e s t i m a t i o n ( S a l v a t o r e , 1968) i s d e t e r i o r a t e d , speed 
estimates have to be based p r i m a r i l y on d i r e c t observations of the speedo­
meter. Because during these periods no v i s u a l i n f o r m a t i o n can be gathered 
about l a t e r a l v e h i c l e c o n t r o l , i t becomes c l e a r that then even the e x p e r i ­
enced d r i v e r s might have d i f f i c u l t i e s i n combining tas k s , when they perform 
at a high performance l e v e l . 

6.5 D i s c u s s i o n and conclusions 

Both the Supervisory D r i v e r Model study and the e m p i r i c a l data show 
that d r i v e r ' s l a t e r a l c o n t r o l performance (S.D. of l a t e r a l p o s i t i o n and yaw 
rate) i s dependent on the a v a i l a b i l i t y of the perceptual cues. As a main 
conc l u s i o n from the SDM study i t has been found that an improvement i n 
l a t e r a l c o n t r o l performance i s already obtained by the a d d i t i o n of the 
l a t e r a l speed cue i n the o b s e r v a t i o n / p r e d i c t i o n block. The a d d i t i o n of yaw 
r a t e , and/or both a c c e l e r a t i o n cues gives improvements, when they are 
e x p l i c i t l y taken i n t o account i n the c o n t r o l block. A comparison of the 
p r e d i c t e d and experimental S.D. values of the l a t e r a l p o s i t i o n i n d i c a t e s 
v a r i a t i o n s between 0.10 and 0.60 m, a s s o c i a t e d with observation noise 
l e v e l s ranging from -15 to 0 dB f o r the use of the v a r i o u s cues. A s i m i l a r 
comparison f o r the S.D. of the yaw r a t e with experimental values below 0.6 
deg/s suggests f o r the i d e n t i c a l range of observation noise l e v e l s that SDM 
p r e d i c t i o n s are only v a l i d f o r c o n d i t i o n s with an a d d i t i o n a l c o n t r o l of yaw 
r a t e and/or both a c c e l e r a t i o n cues ( F i g s . 6.2.2 and 6.2.3). Stated other­
wise, p r e d i c t e d r e l a t i o n s h i p s f o r an e x c l u s i v e c o n t r o l of the l a t e r a l 
p o s i t i o n lead to too large a S.D. of yaw r a t e . Hence, yaw r a t e , or l a t e r a l 
and yaw a c c e l e r a t i o n seem to be already e x p l i c i t l y c o n t r o l l e d i n an e a r l y 
stage of d r i v i n g p r a c t i c e . Control of these cues seems to s h i f t to the 
c o n t r o l of l a t e r a l speed w i t h i n c r e a s i n g d r i v i n g experience (Riemersma, 
1982). 

Results w i t h respect to the absence of the a c c e l e r a t i o n cues ( E x p e r i ­
ment k) i n general showed a c o n t r o l s t r a t e g y w i t h lower steering-wheel 
frequencies, r e s u l t i n g i n t o l a r g e r S.D. of l a t e r a l p o s i t i o n f o r the e x p e r i ­
enced d r i v e r s , and to a l a r g e r extent f o r the inexperienced d r i v e r s . From 
these r e s u l t s i t can be concluded that both the experienced and the inex­
perienced d r i v e r s indeed seem to use the a c c e l e r a t i o n cues f o r l a t e r a l 
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v e h i c l e c o n t r o l . However, the inexperienced d r i v e r s have not yet developed 
the s k i l l s to compensate f o r the absence of these cues by using the l a t e r a l 
speed cue as the experienced d r i v e r s do and, hence, the inexperienced 
d r i v e r s obtained a worse d r i v i n g performance than the experienced d r i v e r s . 
The d e t e r i o r a t e d v i s i b i l i t y during darkness (Experiment 5) r e s u l t e d f o r the 
inexperienced d r i v e r s i n a comparable l a t e r a l c o n t r o l performance as during 
daytime, whereas the experienced d r i v e r s showed a s h i f t t o higher s t e e r i n g -
wheel frequencies l e a d i n g to an improvement i n performance which i s compar­
able to t h e i r daytime l e v e l when the + 100 KM/H c o n d i t i o n i s added. Ob­
v i o u s l y , the d e t e r i o r a t e d v i s i b i l i t y a t night r e s u l t f o r these d r i v e r s i n 
self-paced higher task demands f o r l a t e r a l v e h i c l e c o n t r o l s i m i l a r to the 
a d d i t i o n of the +100 KM/H c o n d i t i o n during daytime. In general, as d i s c u s ­
sed i n par. 5.4 the s h i f t s i n the steering-wheel s p e c t r a l d e n s i t y f u n c t i o n 
d u r i n g l a t e r a l v e h i c l e c o n t r o l alone p o i n t s to a r e l a t i v e increase i n the 
use of l a t e r a l speed (or heading angle) when a s h i f t t o lower frequencies 
i s n o t i c e d , or v i c e versa to a r e l a t i v e increase i n the use of yaw r a t e 
when the steering-wheel movements s h i f t t o the higher frequencies. In 
comparing the frequency and amplitude s h i f t s during the FREE c o n d i t i o n s of 
the s e v e r a l experiments, i t i s suggested f o r Experiment 4 that the absence 
of the a c c e l e r a t i o n cues r e s u l t e d i n l e s s yaw rate c o n t r o l i n favor of more 
l a t e r a l speed c o n t r o l . During darkness the steering-wheel movements of the 
experienced d r i v e r s s h i f t e d to higher frequencies (Table 6.4.2) and suggest 
a more t i g h t c o n t r o l of yaw r a t e at the cost of l e s s c o n t r o l of l a t e r a l 
speed. 

In general, during both experiments i t appeared that l a t e r a l c o n t r o l 
during the d e t e r i o r a t e d c o n d i t i o n s (no a c c e l e r a t i o n cues, at night) was 
performed w h i l e the l a t e r a l p o s i t i o n of the car i n s i d e the t r a f f i c lane was 
s h i f t e d s i g n i f i c a n t l y towards the centre l i n e ; see a l s o the Discu s s i o n i n 
par. 7.4. 

The a d d i t i o n of the + 100 KM/H c o n d i t i o n describes m u l t i t a s k d r i v i n g 
r e p r e s e n t a t i v e f o r a supervisory c o n t r o l scenario and may i n d i c a t e d r i v e r ' s 
s k i l l t o combine 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 . Larger s t e e r i n g -
wheel movements, e s p e c i a l l y i n combination w i t h a s h i f t i n the s t e e r i n g -
wheel frequencies, suggest i n general problems w i t h the combination of 
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 when the + 100 KM/H c o n d i t i o n i s 
added. Mostly, these changes occur only f o r the inexperienced d r i v e r s and 
then to a l a r g e r extent during d e t e r i o r a t e d circumstances (absence of the 
a c c e l e r a t i o n cues, at darkness). These r e s u l t s i n d i c a t e that the i n e x p e r i ­
enced d r i v e r s have not yet developed s k i l l s to combine the task demands of 
l a t e r a l and l o n g i t u d i n a l c o n t r o l to a l e v e l as the experienced d r i v e r s do. 
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However, i n the s e r i e s of experiments, there was one c o n d i t i o n where the 
experienced d r i v e r s a l s o show a l a c k of combination of both the l a t e r a l and 
l o n g i t u d i n a l c o n t r o l : a t night when they had to d r i v e w i t h the added + 100 
KM/H c o n d i t i o n . As i t was discussed i n par. 6.4.4 at night the speed cues 
i n the v i s u a l f i e l d are d e t e r i o r a t e d and speed e s t i m a t i o n s have to be based 
p r i m a r i l y on d i r e c t observations of the speedometer, l e a d i n g to a t t e n t i o n 
a l l o c a t i o n between 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 w i t h the 
consequences mentioned f o r the l a t e r a l c o n t r o l s t r a t e g y of even the e x p e r i ­
enced d r i v e r s . During these circumstances i t becomes necessary to analyze 
d r i v e r ' s observation s t r a t e g y f o r both tasks i n order to measure on which 
moments i n time d r i v e r s have to observe cues w i t h respect to l a t e r a l 
c o n t r o l and l o n g i t u d i n a l c o n t r o l . These t i m i n g aspects of d r i v e r ' s observa­
t i o n s t r a t e g y are subject of Chapter 7. 
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7. DRIVER'S OBSERVATION STRATEGY AND PERFORMANCE AFFECTED BY PERCEPTUAL 
CUES 

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

Chapter 7 deals w i t h the question about d r i v e r ' s observation strategy 
and. more s p e c i f i c a l l y , about the timing aspects of the d r i v e r ' s need to 
update h i s estimates w i t h respect to d r i v i n g performance. Permanent r e ­
s t r i c t i o n s i n the set of perceptual cues were stud i e d i n the previous 
chapter. In the present chapter d r i v e r ' s observation s t r a t e g y i s analysed 
f o r s e l f - p a c e d , temporary r e s t r i c t i o n s i n the set of cues, being represent­
a t i v e of l a t e r a l v e h i c l e c o n t r o l during m u l t i t a s k s i t u a t i o n s . In t h i s 
approach, d r i v e r ' s v i s u a l cues are occluded f o r a c e r t a i n period during 
which h i s u n c e r t a i n t y i n c r e a s e s . However, the d r i v e r may request a new 
observation whenever h i s u n c e r t a i n t y increases to too high a l e v e l , and/or 
whenever h i s estimate approaches a c r i t i c a l v a lue. This v i s u a l o c c l u s i o n 
technique has been used by s e v e r a l authors f o r the study of l a t e r a l v e h i c l e 
c o n t r o l . Senders e t a l . (1967) and Zwahlen and Balasubramanian (1974) have 
attempted t h i s method to develop mathematical models of t h e i r s u b j e c t s ' 
l a t e r a l c o n t r o l s t r a t e g y f o r d r i v i n g w i t h d i f f e r e n t speeds. Milgram et a l . 
(1982) adapted the o c c l u s i o n technique f o r the modelling of d r i v e r ' s 
u n c e r t a i n t i e s by m u l t i v a r i a t e autoregressive time s e r i e s a n a l y s i s . Ceder 
(1977) developed u n c e r t a i n t y models w i t h respect to 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 . 

The o c c l u s i o n technique allows to measure when and f o r how long, 
observations have to be made f o r l a t e r a l and/or 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 . Otherwise s t a t e d , i n t h i s way i t becomes p o s s i b l e to analyse 
whether and when d r i v e r s allow themselves to neglect the separate task 
demands i n order to observe other tasks or even a c t i v i t i e s other than 
d r i v i n g , and to q u a n t i f y f r e e times w i t h regard to t h e i r observation 
s t r a t e g y f o r the separate task demands. 

In the present chapter, f i r s t , p r e d i c t i o n s w i t h the Supervisory D r i v e r 
Model are made f o r d r i v e r s ' f r e e time w i t h regard to t h e i r observation 
s t r a t e g y during l a t e r a l v e h i c l e c o n t r o l (Experiment 6 ) . Second, f r e e times, 
or o c c l u s i o n times, are measured e m p i r i c a l l y i n the car on the road by 
using the v i s u a l o c c l u s i o n technique (Experiment 6 and 7). 
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7.2 Experiment 6: Model p r e d i c t i o n s f o r d i f f e r e n t combinations of percept­
u a l cues i n r e l a t i o n to d r i v i n g s k i l l and d r i v i n g speed^ 

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

The Supervisory D r i v e r Model i s used to p r e d i c t d r i v e r ' s f r e e times 
f o r the observation s t r a t e g y during l a t e r a l v e h i c l e c o n t r o l ; these p r e d i c ­
t i o n s are based on the model c a l c u l a t i o n s during s t a t i o n a r y c o n d i t i o n s 
described i n par. 6.2. In the model a n a l y s i s the growing u n c e r t a i n t y i s 
pre d i c t e d during f r e e time periods i n which a set of perceptual cues i s 
e f f i c i e n t l y removed and used to compare w i t h voluntary chosen o c c l u s i o n 
times, found experimentally. In terms of the SDM, the o c c l u s i o n times can 
be pr e d i c t e d by means of: 
(1) the l e v e l of an observation noise that corresponds v i a the r e l a t i o n ­

s h i p s of par. 6.2 w i t h an expe r i m e n t a l l y observed standard d e v i a t i o n of 
l a t e r a l p o s i t i o n during non-occluded v i s i o n , and, 

(2) the i n f i n i t e observation n o i s e - t o - s i g n a l l e v e l f o r the cues which have 
to be occluded temporarily. Then, during t h i s simulated o c c l u s i o n the 
d r i v e r ' s estimate of d r i v i n g performance has to be based on previous 
knowledge of the occluded perceptual cues, i n combination w i t h moment­
ary knowledge of the non-occluded perceptual cues l i k e remaining 
a c c e l e r a t i o n cues. Uncertainty i n d r i v e r ' s e s t i m a t i o n ( e s t i m a t i o n 
e r r o r ) w i l l increase as a f u n c t i o n of the o c c l u s i o n time. 
In accordance w i t h the p r e d i c t i o n s of par. 6.2, c o n d i t i o n s f o r the SDM 

a n a l y s i s r e f e r to the use of d i f f e r e n t combinations of perceptual cues i n 
both the o b s e r v a t i o n / p r e d i c t i o n block and the c o n t r o l block. As a basic 
c o n d i t i o n , again the observation and c o n t r o l of l a t e r a l p o s i t i o n alone are 
considered, w h i l e the other c o n d i t i o n s are defined by a d d i t i o n a l cues 
present i n both b l o c k s . During the model c a l c u l a t i o n s , f i x e d c o n d i t i o n s 
have been imposed as described i n par. 4.4.3. The o c c l u s i o n period s t a r t s 
w i t h the i n t r o d u c t i o n of the i n f i n i t e observation n o i s e - t o - s i g n a l l e v e l f o r 
the temporary occluded cues, whereas the non-occluded cues ( l a t e r a l a c c e l ­
e r a t i o n and yaw a c c e l e r a t i o n ) remain a s s o c i a t e d w i t h the observation noise 
l e v e l of the p r e - o c c l u s i o n p e r i o d . The weighting f a c t o r s of the optim i z a -

The data of t h i s paragraph were p a r t i a l l y presented at the Third European 
Annual Conference on Human De c i s i o n Making and Manual C o n t r o l (Blaauw e t 
a l . , 1983) and the XXth FISITA Conference (Godthelp et a l . , 1984). They 
were a l s o accepted f o r p u b l i c a t i o n i n V e h i c l e System Dynamics (Blaauw e t 
a l . , 1984). 
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t i o n c r i t e r i o n i n the c o n t r o l block are assumed to be i d e n t i c a l f o r the 
p r e - o e c l u s i o n and o c c l u s i o n p e r i o d . Although i t i s d i s t i n g u i s h e d t h a t 
n o n - i d e n t i c a l weighting f a c t o r s might be worthwhile f o r f u r t h e r a n a l y s i s , 
p r i o r i t y has been given f o r the SDM c a l c u l a t i o n s i n r e l a t i o n to changes i n 
the observation n o i s e - t o - s i g n a l l e v e l . 

7.2.2 Model predictions for different combinations of perceptual cues 

F i g . 7.2.1 presents the Supervisory D r i v e r Model p r e d i c t i o n s as a 
f u n c t i o n of the o c c l u s i o n time, f o r the increase i n the standard d e v i a t i o n 
of the l a t e r a l p o s i t i o n during o c c l u s i o n of l a t e r a l p o s i t i o n , l a t e r a l speed 
and yaw r a t e . The p r e d i c t i o n s are made f o r a d r i v i n g speed of 100 km/h and 
an i n i t i a l 0.15 m standard d e v i a t i o n of l a t e r a l p o s i t i o n , experimentally 
found to be r e p r e s e n t a t i v e f o r a normal, s t a t i o n a r y run without o c c l u s i o n . 
V i s u a l o c c l u s i o n of l a t e r a l p o s i t i o n ( v i a the i n c l i n a t i o n angle a ) , l a t e r a l 
speed ( v i a the i n c l i n a t i o n r a t e o) and yaw r a t e r r e s u l t s i n d i f f e r e n c e s i n 
the r a t e w i t h which performance d e t e r i o r a t e s (increase i n standard d e v i a ­
t i o n ) , depending on the observation and c o n t r o l of the cues. In general, 
the f a s t e s t d e t e r i o r a t i o n i s n o t i c e d when only the l a t e r a l p o s i t i o n i s 
observed and c o n t r o l l e d ( F i g . 7.2.1, curve 1). A s m a l l s h i f t towards l a r g e r 
o c c l u s i o n times i s to be seen f o r c o n d i t i o n s r e p r e s e n t i n g the a d d i t i o n a l 
observation (curve 2) and c o n t r o l (curve 3) of the l a t e r a l speed cue. The 
d i f f e r e n c e s between curves 1-3 are caused i n the p r e - o c c l u s i o n period 
r e s u l t i n g i n d i f f e r e n t d e r i v a t i v e s a t the beginning of the occluded period 
( t = 0 s ) . In general, the r a t e of d e t e r i o r a t i o n i s hardly dependent on the 
observation of the cues (curves 1-4), but to a large extent on the c o n t r o l 
of s p e c i f i c cues (curves 5-6). A slower d e t e r i o r a t i o n i s already obtained 
f o r the a d d i t i o n a l c o n t r o l of l a t e r a l speed (curve 5 ) , but a much slower 
d e t e r i o r a t i o n i n performance i s present when a l l perceptual cues are 
c o n t r o l l e d (curve 6 ) . 

A d d i t i o n a l c a l c u l a t i o n s show that the S.D. of yaw r a t e and s t e e r i n g -
wheel angle remain r a t h e r constant during the periods of v i s u a l o c c l u s i o n . 
However, the S.D. of the heading angle, and thus a l s o of l a t e r a l speed, 
increases w i t h i n c r e a s i n g o c c l u s i o n time. The rate of change i n the l a t t e r 
S.D. f o r d i f f e r e n t sets of perceptual cues appears to correspond w i t h the 
r a t e of change i n the S.D. of the l a t e r a l p o s i t i o n . 
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F i g . 7.2.1 Predicted standard d e v i a t i o n (S.D.) of l a t e r a l p o s i t i o n during 
a period of o c c l u s i o n f o r s i x c o n d i t i o n s w i t h respect to the 
observation and c o n t r o l of the i n c l i n a t i o n r a t e d, i n c l i n a t i o n 
angle a. yaw r a t e r . l a t e r a l a c c e l e r a t i o n a^, and yaw a c c e l e r ­
a t i o n r . The r e l a t i o n s h i p s are given f o r a 100 km/h d r i v i n g 
speed and a 0.15 m i n i t i a l standard d e v i a t i o n of the l a t e r a l 
p o s i t i o n . 

7.2.3 Model predictions in relation to driving s k i l l and driving speed 

Two extreme c o n d i t i o n s are now s e l e c t e d f o r a second s e r i e s of SDM 
p r e d i c t i o n s . The f i r s t c o n d i t i o n deals w i t h the e x c l u s i v e observation and 
c o n t r o l of the l a t e r a l p o s i t i o n ( v i a the i n c l i n a t i o n angle a; curve 1 i n 
F i g . 7.2.1). and can be thought to be r e p r e s e n t a t i v e of u n s k i l l e d d r i v e r s 
who are assumed to focus only on the l a t e r a l p o s i t i o n cue. The second 
c o n d i t i o n i s thought to be r e p r e s e n t a t i v e of s k i l l e d d r i v e r s who are 
assumed to use a l l a v a i l a b l e i n f o r m a t i o n f o r t h e i r observation and c o n t r o l 
s t r a t e g y during l a t e r a l p o s i t i o n c o n t r o l . This c o n d i t i o n deals w i t h the 
combined use of i n c l i n a t i o n angle a and r a t e a. yaw rate r . l a t e r a l a c c e l ­
e r a t i o n a-̂  and yaw a c c e l e r a t i o n f (curve 6 i n F i g . 7.2.1). Both extreme 
co n d i t i o n s are taken to p r e d i c t 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 
as a f u n c t i o n of the observation noise l e v e l ( s i m i l a r to the presentations 
of par. 6.2), and as a f u n c t i o n of o c c l u s i o n time ( i n p a r a l l e l with F i g . 
7.2.1), but now f o r speed l e v e l s of 20, 40, 60, 80, 100 and 120 km/h. 
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o b s e r v a t i o n noise level (dB) 

b 

o b s e r v a t i o n no i se level (dB) 

F i g . 7.2.2 Standard d e v i a t i o n (S.D.) of l a t e r a l p o s i t i o n as a f u n c t i o n of 
the observation noise l e v e l f o r s i x d r i v i n g speeds during the 
e x c l u s i v e observation and c o n t r o l of the l a t e r a l p o s i t i o n ( v i a 
the i n c l i n a t i o n angle a; F i g . 7.2.2a), and during the combined 
observation and c o n t r o l of a l l f i v e perceptual cues ( F i g . 
7.2.2b). 
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F i g . 7.2.3 Standard d e v i a t i o n (S.D.) of l a t e r a l p o s i t i o n as a f u n c t i o n of 
o c c l u s i o n time f o r s i x d r i v i n g speeds during the e x c l u s i v e 
o b servation and c o n t r o l of the l a t e r a l p o s i t i o n ( v i a the 
i n c l i n a t i o n angle a; F i g . 7.2.3a) and during the combined 
observation and c o n t r o l of a l l f i v e perceptual cues ( F i g . 
7.2.3b). 
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F i g . 7.2.2 shows the r e l a t i o n s h i p s between observation noise l e v e l ana 
standard d e v i a t i o n of l a t e r a l p o s i t i o n . The v a r i a t i o n s i n the l a t e r a l 
p o s i t i o n are l i m i t e d at speeds of 20 and 40 km/h due to a r e l a t i v e l y s m a l l 
variance of the i n t e r n a l l y generated random steering-wheel movements (motor 
n o i s e ) . A comparison of F i g . 7.2.2a and 7.2.2b shows b e t t e r d r i v i n g per­
formance, and smaller S.D. of l a t e r a l p o s i t i o n , when a l l f i v e perceptual 
cues are observed and c o n t r o l l e d i n s t e a d of l a t e r a l p o s i t i o n e x c l u s i v e l y 
( v i a the i n c l i n a t i o n angle a). An increase i n d r i v i n g speed, f o r a constant 
observation noise l e v e l , leads to a reg r e s s i v e increase i n l a t e r a l p o s i t i o n 
v a r i a t i o n s . 

F i g . 7.2.3 shows the r e l a t i o n s h i p s between l a t e r a l c o n t r o l performance 
and o c c l u s i o n time f o r the same c o n d i t i o n s as F i g . 7.2.2. The curves i n 
F i g . 7.2.3 are created f o r a 0.15 m i n i t i a l standard d e v i a t i o n of the 
l a t e r a l p o s i t i o n . This value was introduced f o r both set s of c a l c u l a t i o n s 
because experimental data on t h i s S.D. f a i l e d to show a s i g n i f i c a n t d i f f e r ­
ence between inexperienced and experienced d r i v e r s during non-occluded 
v i s i o n (Milgram et a l . , 1982; Godthelp et a l . , 1983). 

From F i g . 7.2.3a i t i s c l e a r that the l a t e r a l p o s i t i o n v a r i a t i o n s 
increase very q u i c k l y when only the l a t e r a l p o s i t i o n ( v i a the i n c l i n a t i o n 
angle a) i s observed and c o n t r o l l e d , e s p e c i a l l y at high d r i v i n g speeds. 
Much slower d e t e r i o r a t i o n s are observed, and longer o c c l u s i o n periods can 
be obtained f o r comparable v a r i a t i o n s i n l a t e r a l p o s i t i o n when observation 
and c o n t r o l are a l s o r e l a t e d to the other cues, and where some of these 
cues ( l a t e r a l a c c e l e r a t i o n and yaw a c c e l e r a t i o n ) remain a v a i l a b l e during 
o c c l u s i o n ( F i g . 7.2.3b). An increase i n d r i v i n g speed, a t a constant 
occlusion-time l e v e l , again leads to a r e g r e s s i v e increase i n l a t e r a l 
p o s i t i o n v a r i a t i o n s f o r both c o n d i t i o n s of F i g . 7.2.3a and 7.2.3b. 

These r e s u l t s can be presented i n a somewhat d i f f e r e n t way i n order to 
i l l u s t r a t e more c l e a r l y the i n t e r c h a n g e a b i l i t y between o c c l u s i o n time and 
v a r i a t i o n of the l a t e r a l p o s i t i o n f o r the d i f f e r e n t speed l e v e l s . 

F i g . 7.2.4 shows the f u n c t i o n a l r e l a t i o n s h i p s between o c c l u s i o n time 
and speed f o r s e v e r a l l e v e l s of constant 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 . 
Dependent on the v a r i a t i o n accepted by the d r i v e r , F i g . 7.2.4 p r e d i c t s the 
corresponding observation s t r a t e g y i n terms of a mean o c c l u s i o n time. The 
i n i t i a l c o n d i t i o n with 0.15 m standard d e v i a t i o n i n the l a t e r a l p o s i t i o n 
corresponds to non-occluded observation and, consequently, a mean o c c l u s i o n 
time of 0 s f o r a l l speeds ( s t r a i g h t l i n e s i n F i g . 7.2.4). A comparison of 
F i g . 7.2.4a and 7.2.4b shows that observation and c o n t r o l of the f i v e cues 
instead of the e x c l u s i v e use of l a t e r a l p o s i t i o n ( v i a the i n c l i n a t i o n angle 
a) r e s u l t s i n about twice as large o c c l u s i o n times f o r a s p e c i f i c speed and 
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F i g . 7.2.4 As F i g . 7.2.3, but now f o r l e v e l s of constant standard d e v i a ­
t i o n (S.D.) of the l a t e r a l p o s i t i o n . The dotted l i n e s a t 0.31 m 
i n d i c a t e the l i m i t a t i o n s i n l a t e r a l p o s i t i o n v a r i a t i o n due to 
the 3.60 m lane width. 

accepted v a r i a t i o n of l a t e r a l p o s i t i o n . This r e s u l t i s i l l u s t r a t e d w i t h 
respect to the a v a i l a b l e l a t e r a l t olerance between the lane - and car 
boundaries (dotted l i n e s i n F i g . 7.2.4 f o r a lane width of 3.60 m and a car 
width of 1.74 m). I f d r i v e r s observe and c o n t r o l only l a t e r a l p o s i t i o n , the 
mean o c c l u s i o n time i s 1.6 s a t a d r i v i n g speed of 100 km/h ( F i g . 7.2.4a). 
The a d d i t i o n a l observation and c o n t r o l of the other cues r e s u l t i n an 
increased o c c l u s i o n time of 3.5 s at a 100 km/h speed ( F i g . 7.2.4b). 
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7.2.4 Comparison between the model p r e d i c t i o n s and f i e l d data 

The SDM p r e d i c t i o n s can now be compared w i t h data from f i e l d e x p e r i ­
ments w i t h the instrumented car. Data p o i n t s are a v a i l a b l e f o r l a t e r a l 
p o s i t i o n c o n t r o l of experienced and inexperienced d r i v e r s f o r constant 
speed, s t r a i g h t - r o a d d r i v i n g w i t h and without v i s u a l o c c l u s i o n (Milgram et 
a l . , 1982; Godthelp e t a l . , 1983). In these runs, d r i v e r s wore an e l e c t r o -
mechanically d r i v e n v i s u a l - o c c l u s i o n device mounted on a l i g h t w e i g h t 
b i c y c l e helmet. In i t s normal s t a t e the v i s u a l f i e l d of the d r i v e r was 
completely occluded. The d r i v e r could request new v i s u a l i n f o r m a t i o n by 
pres s i n g the horn l e v e r , i n t h i s way o b t a i n i n g i n f o r m a t i o n f o r 0.55 s. 
Speed was a u t o m a t i c a l l y c o n t r o l l e d w i t h i n d e v i a t i o n s of approx. 1 km/h, by 
maintaining a reasonably constant pressure on the a c c e l e r a t o r , so that 
d r i v e r s could concentrate on l a t e r a l v e h i c l e c o n t r o l . For more d e t a i l e d 
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F i g . 7.2.5 SDM p r e d i c t i o n s (symbols: x) f o r the mean o c c l u s i o n time as a 
f u n c t i o n of speed during the e x c l u s i v e observation and c o n t r o l 
of l a t e r a l p o s i t i o n ( v i a the i n c l i n a t i o n angle o; F i g . 7.2.5a) 
and during the observation and c o n t r o l of a l l f i v e perceptual 
cues ( F i g . 7.2.5b); the f i e l d data present the mean values and 
standard d e v i a t i o n s of measured o c c l u s i o n times, f o r i n e x p e r i ­
enced ( F i g . 7.2.5a) and experienced d r i v e r s ( F i g . 7.2.5b). 
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methodological i n f o r m a t i o n see Chapter 4. 
F i g . 7.2.5 gives the r e s u l t s i n terms of measured o c c l u s i o n time (mean 

and standard d e v i a t i o n over t r i a l s and subjects) i n r e l a t i o n to the SDM 
o c c l u s i o n times. F i g . 7.2.5b shows r e s u l t s of s i x experienced d r i v e r s i n 
two experiments. The f i r s t experiment covered three t r i a l s f o r each subject 
a t s i x d i f f e r e n t speed l e v e l s , w h i l e the second experiment had two t r i a l s 
f o r each subject a t speed l e v e l s of 20, 60 and 100 km/h. The r e s u l t s of s i x 
inexperienced d r i v e r s ( F i g . 7.2.5a) are r e l a t e d to only one experiment w i t h 
two t r i a l s f o r each subject at speeds of 20, 60 and 100 km/h. As a main 
r e s u l t , the experienced d r i v e r s appeared to have s i g n i f i c a n t (p <_ 0.06) 
l a r g e r o c c l u s i o n times than the inexperienced d r i v e r s . 

In general, the comparison between SDM and e m p i r i c a l o c c l u s i o n times 
i n d i c a t e s a good correspondence ( c o r r e l a t i o n c o e f f i c i e n t r = 0.977) f o r the 
experienced d r i v e r s ( F i g . 7.2.5b): The SDM p r e d i c t s the experimental 
o c c l u s i o n times w i t h i n one standard d e v i a t i o n . However, the inexperienced 
d r i v e r s have l a r g e r o c c l u s i o n times than pre d i c t e d by the SDM, except a t 20 
km/h ( F i g . 7.2.5a). 

7.2.5 D i s c u s s i o n 

During temporarily v i s u a l o c c l u s i o n , d r i v e r s r e c e i v e no f u r t h e r v i s u a l 
i n f o r m a t i o n of l a t e r a l p o s i t i o n , l a t e r a l speed and yaw r a t e . Then, the SDM 
c a l c u l a t i o n s show that the S.D. of l a t e r a l p o s i t i o n and l a t e r a l speed 
increases w i t h o c c l u s i o n time, whereas the S.D. of yaw rate remains about 
constant. The constancy of the l a t t e r v a r i a b l e r e s u l t s from d r i v e r ' s 
non-occluded feedback of the v a r i a t i o n s of steering-wheel angle, which are 
l i n k e d d i r e c t l y to the v a r i a t i o n s of the yaw rate v i a the yaw-rate s e n s i ­
t i v i t y of the car (par. 3.1; formula 3.13). Consequently, i t can be con­
cluded that v i s u a l o c c l u s i o n does not a f f e c t yaw r a t e , but r e s u l t s i n 
i n c r e a s i n g u n c e r t a i n t y about heading angle ( l a t e r a l speed), and to a l a r g e r 
extent, about l a t e r a l p o s i t i o n i n s i d e the t r a f f i c lane, making new obser­
v a t i o n s necessary. 

The SDM p r e d i c t i o n s show that the o c c l u s i o n times are dependent on the 
speed of the car, and on the cues used by the d r i v e r f o r observation and, 
to a l a r g e r extent, f o r c o n t r o l . In general, i t i s found that the o c c l u s i o n 
time increases p r o g r e s s i v e l y with decreasing d r i v i n g speeds. With respect 
to the perceptual cues a study was made f o r the observation and c o n t r o l of 
inexperienced and experienced d r i v e r s . The SDM and e m p i r i c a l o c c l u s i o n 
times f o r the experienced d r i v e r s appeared to correspond r a t h e r c l o s e l y , 
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suggesting that these d r i v e r s use the f i v e perceptual cues f o r t h e i r 
observation and c o n t r o l . However, the SDM p r e d i c t i o n s f o r the inexperienced 
d r i v e r s r e s u l t e d i n o c c l u s i o n times l e s s than what i s found experimentally. 
Although the question can be r a i s e d whether the assumptions f o r the model 
c a l c u l a t i o n s , e.g. no time delays, no thres h o l d s , p e r f e c t knowledge of 
system dynamics, are v a l i d f o r inexperienced d r i v e r s , t h i s i s very u n l i k e l y 
because the pred i c t e d o c c l u s i o n times w i l l then decrease in s t e a d of i n ­
crease. However, i t i s again more l i k e l y that the inexperienced d r i v e r s are 
not d r i v i n g by e x c l u s i v e l y observing and c o n t r o l l i n g l a t e r a l p o s i t i o n , but 
already use some more cues as i n d i c a t e d i n Chapter 6. This i s c o n s i s t e n t 
with the conclusions of Smiley et a l . (1980). 

Supplementary SDM p r e d i c t i o n s , i n accordance w i t h the type of c a l c u l a ­
t i o n s f o r F i g . 7.2.1, i n d i c a t e the separate c o n t r i b u t i o n of the perceptual 
cues to the c o n t r o l block. A d d i t i o n a l c o n t r o l of l a t e r a l speed leads to a 
sm a l l increase i n o c c l u s i o n time ( F i g . 7.2.6, curve 2 ) , but a d d i t i o n a l 
c o n t r o l of yaw rate (curve 3), both a c c e l e r a t i o n cues (curve 4 ) , or t h e i r 

F i g . 7.2.6 Predicted standard d e v i a t i o n (S.D.) of l a t e r a l p o s i t i o n during 
a period of o c c l u s i o n f o r c o n d i t i o n s w i t h the use of a l l f i v e 
cues i n the o b s e r v a t i o n / p r e d i c t i o n block and d i f f e r e n t combina­
t i o n s of the i n c l i n a t i o n r a t e à, i n c l i n a t i o n angle a, yaw rate 
r, l a t e r a l a c c e l e r a t i o n a^ and yaw a c c e l e r a t i o n f i n the 
c o n t r o l block. The r e l a t i o n s h i p s are given f o r a 100 km/h 
d r i v i n g speed and a 0.15 m i n i t i a l standard d e v i a t i o n of the 
l a t e r a l p o s i t i o n . 
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combination (curve 5) increases o c c l u s i o n time to a much l a r g e r extent and 
towards values comparable w i t h the experimental o c c l u s i o n times of the 
inexperienced d r i v e r s . Hence, these r e s u l t s confirm a c o n c l u s i o n of par. 
6.5 suggesting that yaw r a t e , or l a t e r a l and yaw a c c e l e r a t i o n are already 
e x p l i c i t l y c o n t r o l l e d i n an e a r l y stage of d r i v i n g p r a c t i c e . 

7.3 Experiment 7: D r i v i n g s k i l l , task demands and v i s u a l cues during 
2 

day- and nighttime 

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

A d d i t i o n a l e m p i r i c a l data are gathered about the timing aspects of 
d r i v e r ' s observation s t r a t e g y . Therefore, Experiment 5 (par. 6.4) i s 
repeated, but as a new element the v i s u a l occluding technique i s i n t r o ­
duced. The observation s t r a t e g y i s s t u d i e d f o r experienced and inexper­
ienced d r i v e r s who drove during day- and nighttime i n the instrumented car 
w i t h v a r i o u s task demands f o r 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 . The d r i v e r s 
were allowed only to look at the road or at the speedometer whenever they 
f e l t to be necessary. Although viewing time was f r e e , d r i v e r s were i n ­
st r u c t e d to observe the road, or speedometer, as s h o r t l y as p o s s i b l e . 

Farber and Gallagher (1972) and Triggs and Caple (1978) already used 
the o c c l u s i o n technique, with f i x e d viewing i n t e r v a l s of 0.5 s, to study 
d r i v e r ' s observation s t r a t e g y during s i m i l a r c o n d i t i o n s . Farber and Gal­
lagher concluded that v i s u a l degradation, e.g. d r i v i n g i n darkness, i n ­
creases the d i f f i c u l t y of v e h i c u l a r c o n t r o l , and that the more s k i l l e d 
d r i v e r s are then l e s s a f f e c t e d than the novice d r i v e r s . Triggs and Caple 
found that night t r i a l s y i e l d e d s h o r t e r times between looks than d i d t r i a l s 
under d a y l i g h t c o n d i t i o n s , while greater emphasis on accuracy a l s o l e d to 
higher v i s u a l sampling r a t e s . 

7.3.2 Method 

Twelve experienced and twelve inexperienced d r i v e r s drove i n the 
instrumented car during daytime, while the same number of subjects d i d 

o 
'"The data of t h i s experiment were p a r t i a l l y presented during the F i r s t 
European Annual Conference on Human Deci s i o n Making and Manual Control 
(Blaauw, 1981). 
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F i g . 7.3.1 An example of 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 during 
the FREE c o n d i t i o n ( F i g . 7.3.1a) and the + 100 KM/H c o n d i t i o n 
( F i g . 7.3.1b). D r i v e r ' s observation strategy i s i n d i c a t e d by a 
s p e c i f i c l e v e l f o r each category (road, o c c l u s i o n , speedometer, 
e t c . ) . The temporarily occluded v a r i a b l e s are represented by 
dashed l i n e s . The h o r i z o n t a l dashed l i n e s besides the l a t e r a l 
p o s i t i o n t r a j e c t o r y r e f e r t o both lane markers i n r e l a t i o n to 
the v e h i c l e width. 
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i d e n t i c a l runs a t n i g h t . Task demands were v a r i e d between subjects and were 
manipulated by i n s t r u c t i o n . There were two c o n d i t i o n s : 
(1) FREE - no s p e c i f i c i n s t r u c t i o n was given. 
(2) + 100 KM/H - subjects were i n s t r u c t e d to concentrate on d r i v i n g w i t h a 

constant v e l o c i t y of 100 km/h. This i n s t r u c t i o n was intended to provoke 
a very s t r i c t c r i t e r i o n f o r l o n g i t u d i n a l c o n t r o l . 
Each subject drove h i s experimental c o n d i t i o n i n a one-hour s e s s i o n 

between 10.30 a.m. and 2.30 p.m.. or between 8.00 p.m. and midnight. There 
was no p u b l i c l i g h t i n g during the l a t t e r runs and the car drove w i t h dipped 
headlamps. 

With respect to the o c c l u s i o n technique d r i v e r s were i n s t r u c t e d to 
occlude v o l u n t a r i l y t h e i r v i s u a l i n f o r m a t i o n during the measurement i n t e r ­
v a l s by l o o k i n g downwards w i t h i n the car. i n s t e a d of a t the road or speedo­
meter, f o r as long as p o s s i b l e . P e r i p h e r a l v i s i o n was occluded as w e l l i n 
that s i t u a t i o n . When d r i v e r ' s u n c e r t a i n t y became too high, they were 
allowed to look at the road or the speedometer, f o r as short as p o s s i b l e . 
One experimenter supervised d r i v e r ' s observation s t r a t e g y and could i n t e r ­
rupt because of t r a f f i c s a f e t y reasons. D r i v e r s were urged, however, to 
observe i n a manner such that any i n t e r f e r e n c e by the experimenter would be 
unnecessary. 

D r i v e r ' s observation s t r a t e g y was recorded on videotape by means of a 
dashboard-mounted t e l e v i s i o n camera l o o k i n g at the head and eyes of the 
d r i v e r . During the night c o n d i t i o n i n f r a r e d i l l u m i n a t i o n was a p p l i e d to 
o b t a i n a good video p i c t u r e w i t h the i n f r a r e d - s e n s i t i v e camera. The observ­
a t i o n s t r a t e g y was analysed o f f - l i n e q u a n t i t a t i v e l y by means of a s p e c i a l 
computer-controlled video p l o t t i n g device (Van der Horst and Riemersma, 
1981). The beginning and the end of each observation as w e l l as the type of 
category, e.g. o c c l u s i o n , road ahead, speedometer and m i r r o r , were taken as 
dependent v a r i a b l e s . The data of the observation strategy were combined 
w i t h the v a r i a b l e s from the f l o p p y - d i s c s i n the instrumented ca r . F i g . 
7.3.1 gives examples during the FREE and + 100 KM/H c o n d i t i o n . For more 
d e t a i l e d methodological i n f o r m a t i o n see Chapter 4. 

7.3.3 Results on driving performance 

Although the study i s focused on d r i v e r ' s observation s t r a t e g y , f i r s t 
emphasis w i l l be given to the o v e r a l l d r i v i n g performance during v i s u a l 
o c c l u s i o n and, more s p e c i f i c a l l y , d i f f e r e n c e s w i l l be described i n r e l a t i o n 
to d r i v i n g without o c c l u s i o n . 
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L a t e r a l v e h i c l e c o n t r o l 

Table 7.3.1 presents l a t e r a l c o n t r o l performance without o c c l u s i o n 
(already presented i n par. 6.4.3) and wi t h v i s u a l o c c l u s i o n as derived from 
the present experiment. Data are given f o r both l e v e l s of d r i v i n g e x p e r i ­
ence, both task demands, during day and nighttime; each r e s u l t represents 
the average value over 36 runs (6 subjects x 6 t r i a l s ) . With respect to the 
s i x t r i a l s , i n both the occluded and non-occluded c o n d i t i o n s only the f i r s t 
t r i a l r e s u l t e d i n s i g n i f i c a n t l y (p < 0.05) l a r g e r S.D. of the yaw r a t e and 
steering-wheel angle compared to the other f i v e t r i a l s . 

Compared w i t h the non-occluded runs, i n general, v i s u a l o c c l u s i o n 
r e s u l t e d i n : 
- l a r g e r S.D. of yaw r a t e (p _< 0.001) 
- l a r g e r distance to the r i g h t shoulder l i n e during daytime (p < 0.001) 
- l a r g e r S.D. of l a t e r a l p o s i t i o n (p _< 0.001) 
- l a r g e r S.D. of l a t e r a l speed (p < 0.001) 
- sm a l l e r median l e f t TLC-values during daytime (p _< 0.01) 
- sm a l l e r median r i g h t TLC-values at night (p <_ 0.01), and 

Although without v i s u a l o c c l u s i o n s e v e r a l s i g n i f i c a n t e f f e c t s i n 
r e l a t i o n t o the experimental c o n d i t i o n s were found (Experiment 5; par. 
6.4), the present c o n d i t i o n w i t h o c c l u s i o n f a i l s to show s i g n i f i c a n t 
changes i n the mean l a t e r a l p o s i t i o n and the S.D. of the l a t e r a l p o s i t i o n 
and l a t e r a l speed. Consequently, v i s u a l o c c l u s i o n r e s u l t e d f o r a l l d r i v e r s 
and c o n d i t i o n s i n a comparable l a t e r a l c o n t r o l performance. From the 
r e l a t i v e l y l a r g e S.D. of l a t e r a l p o s i t i o n (Table 7.3.1 and a l s o the exam­
ples of F i g . 7.3.1) i t can be seen that v i s u a l o c c l u s i o n caused the v e h i c l e 
to exceed the lane boundaries ( f o r S.D. values exceeding 0.31 m). These 
e x c i t a t i o n s , as described by the most extreme l e f t and r i g h t l a t e r a l 
p o s i t i o n i n each run, or by the percentages of time that the car drove 
outside the l e f t or r i g h t lane marker, d i d not d i f f e r between the e x p e r i ­
mental c o n d i t i o n s . 

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 

Table 7.3.2 presents the mean and standard d e v i a t i o n of v e l o c i t y f o r 
the inexperienced and experienced d r i v e r s w i t h and without v i s u a l o c c l u ­
s i o n , f o r both the FREE and + 100 KM/H c o n d i t i o n a t night and day. 
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Table 7.3.1 L a t e r a l c o n t r o l performance w i t h v i s u a l o c c l u s i o n and without 
v i s u a l o c c l u s i o n (from Table 6.4.1). Data are given f o r the 
inexperienced (INEXP) and experienced (EXP) d r i v e r s w i t h the 
FREE and + 100 KM/H task demands, during day- and nighttime. 

day night 

FREE + 100 KM/H FREE + 100 KM/H 

With v i s u a l o c c l u s i o n 
l a t e r a l p o s i t i o n (m) 2.19 2.28 2.20 2.32 INEXP 

2.10 2.14 2.48 2.30 EXP 

S.D. l a t e r a l p o s i t i o n (m) 0.53 0.42 0.51 0.50 INEXP 
0.48 0.45 0.41 0.46 EXP 

S.D. l a t e r a l speed (m/s) 0.24 0.19 0.23 0.23 INEXP 
0.21 0.19 0.18 0.23 EXP 

S.D. yaw r a t e ( V s ) 0.66 0.68 0.68 0.65 INEXP 
0.67 0.45 0.54 0.73 EXP 

median l e f t TLC (s) 4.3 4.1 4.6 3.7 INEXP 
4.0 4.8 4.5 3.5 EXP 

median r i g h t TLC (s) 2.5 3.9 3.3 3.4 INEXP 
3.1 4.1 3.6 3.4 EXP 

Without v i s u a l o c c l u s i o n 
l a t e r a l p o s i t i o n (m) 1.80 1.83 2.17 2.25 INEXP 

1.73 1.65 2.16 2.12 EXP 

S.D. l a t e r a l p o s i t i o n (m) 0.17 0.22 0.21 0.28 INEXP 
0.21 0.11 0.13 0.16 EXP 

S.D. l a t e r a l speed (m/s) 0.07 0.10 0.10 0.12 INEXP 
0.12 0.07 0.06 0.08 EXP 

S.D. yaw rate ( V s ) 0.28 0.33 0.35 0.38 INEXP 
0.35 0.28 0.31 0.33 EXP 

median l e f t TLC (s) 5.4 5.0 4.5 4.2 INEXP 
4.9 6.4 5.4 4.9 EXP 

median r i g h t TLC (s) 3.5 3.5 4.6 4.4 INEXP 
3.0 3.3 5.4 4.7 EXP 



95 

In t h i s Table the data f o r the c o n d i t i o n without v i s u a l o c c l u s i o n are 
taken from Table 6.4.3. Whereas without o c c l u s i o n no d i f f e r e n c e s were 
present i n the S.D. of v e l o c i t y , during the runs w i t h o c c l u s i o n the e x p e r i ­
enced d r i v e r s had smalle r v a r i a t i o n s i n v e l o c i t y than the inexperienced 
d r i v e r s (p <_ 0.05). In general, d r i v e r s drove s i g n i f i c a n t l y slower during 

Table 7.3.2 L o n g i t u d i n a l c o n t r o l performance w i t h v i s u a l o c c l u s i o n and 
without v i s u a l o c c l u s i o n (from Table 6.4.3). Data are given 
f o r the inexperienced (INEXP) and experienced (EXP) d r i v e r s 
w i t h the FREE and + 100 KM/H task demands, during day- and 
nighttime. 

day night 

FREE + 100 KM/H FREE + 100 KM/H 

With v i s u a l o c c l u s i o n 
v e l o c i t y (km/h) 94.1 101.4 88.0 97.9 INEXP 

92.9 100.1 91.0 100.3 EXP 

S.D. v e l o c i t y (km/h) 1.1 1.1 1.0 0.9 INEXP 
0.9 0.8 0.7 0.8 EXP 

Without v i s u a l o c c l u s i o n 
v e l o c i t y (km/h) 109.9 102.4 104.3 99.7 INEXP 

110.0 107.6 106.3 102.0 EXP 

S.D. v e l o c i t y (km/h) 1.1 0.8 0.9 0.8 INEXP 
1.4 0.7 0.8 0.8 EXP 

nighttime than during daytime (p < 0.05). Task demands had d i f f e r e n t 
e f f e c t s on the mean v e l o c i t y i n the c o n d i t i o n without and wi t h v i s u a l 
o c c l u s i o n . Without v i s u a l o c c l u s i o n a l l d r i v e r s drove f a s t e r i n the FREE 
c o n d i t i o n than during the + 100 KM/H c o n d i t i o n , whereas v i s u a l o c c l u s i o n 
r e s u l t e d i n an opposite e f f e c t showing that a l l d r i v e r s drove slower during 
the FREE c o n d i t i o n than during the + 100 KM/H c o n d i t i o n , during day and 
night (p < 0.05). 
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7.3.4 Results on driver's observation strategy 

F i g . 7.3.2 presents d r i v e r ' s observation s t r a t e g y i n terms of per­
centages of time spent on each category, while Table 7.3.3 gives the mean 
observation time f o r each category. Again, each r e s u l t represents the 
average value over 36 runs (6 subjects x 6 t r i a l s ) of 32 s each. 

The percentage of time spent on the road ahead i s higher a t night than 
during daytime, f o r both groups of d r i v i n g experience and both task demands 
(p _< 0.05). Al s o , the mean observation time on the road ahead i s longer 
during the n i g h t , compared to the day c o n d i t i o n (p < 0.01). Both the 
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F i g . 7.3.2 T o t a l time spent on the observation categories (road, speedo­
meter, m i r r o r , o c c l u s i o n ) , i n percentages of the d r i v i n g time 
i n each run, f o r the inexperienced (INEXP) and experienced 
(EXP) d r i v e r s w i t h the FREE (-) and + 100 KM/H (100) task 
demands, during day- and nighttime. 
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percentage of time spent on the road ahead and the mean observation time 
are higher f o r the inexperienced d r i v e r s than f o r the experienced d r i v e r s 
(both p < 0.01). With the + 100 KM/H c o n d i t i o n a l l d r i v e r s have a shorter 
mean observation time on the road ahead (p < 0.05). and a longer mean 
observation time on the speedometer than w i t h the FREE c o n d i t i o n (p < 
0.001). In general, during the FREE c o n d i t i o n d r i v e r s do not f i x a t e a t a l l 
the speedometer. With respect to the use of the m i r r o r s no s i g n i f i c a n t 
d i f f e r e n c e s are to be observed. 

The o c c l u s i o n percentage i s i n a l l c o n d i t i o n s higher f o r the e x p e r i ­
enced d r i v e r s than f o r the inexperienced d r i v e r s (p _< 0.01). With respect 
to the mean o c c l u s i o n time an i n t e r a c t i o n i s found between the l e v e l of 
d r i v i n g experience and day/night c o n d i t i o n : The change to the night condi-

Table 7.3.3 Mean observation time(s) to the observation c a t e g o r i e s f o r the 
inexperienced (INEXP) and experienced (EXP) d r i v e r s w i t h the 
FREE and + 100 KM/H task demands, during day- and nighttime. 

day night 

FREE + 100 KM/H FREE + 100 KM/H 

o c c l u s i o n 4.5 4.3 5.8 4.5 INEXP 
4.9 5.0 3.9 3.7 EXP 

m i r r o r s 0.2 0.3 0.3 0.1 INEXP 
0.4 0.2 0.2 0.1 EXP 

speedometer 0 0.8 0 0.5 INEXP 
0 0.5 0 0.5 EXP 

road 2.5 1.6 3.1 2.7 INEXP 
2.0 1.4 2.1 1.9 EXP 

t i o n r e s u l t s i n sho r t e r o c c l u s i o n times f o r the experienced d r i v e r s , 
whereas the inexperienced d r i v e r s allowed themselves then to occlude 
i n f o r m a t i o n f o r longer periods of time (p _< 0.01). Together w i t h the 
increased observation time on the road ahead f o r the inexperienced d r i v e r s 
at n i g h t , i t can be concluded that these d r i v e r s have a t night l e s s changes 
i n t h e i r observations of the d i f f e r e n t c a t e g o r i e s than the experienced 
d r i v e r s . This c o n c l u s i o n i s confirmed by the data of Table 7.3.4, i n which 
the t o t a l and i n d i v i d u a l number of t r a n s f e r s between the observation 
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categories ( l i n k values) are given f o r the vari o u s experimental c o n d i t i o n s : 
The experienced d r i v e r s have more observation t r a n s f e r s at night than the 
inexperienced d r i v e r s (p <_ 0.05). while no d i f f e r e n c e s between both l e v e l s 
of d r i v i n g experience are present during daytime. In general, the number of 
t r a n s f e r s a l s o increases by the a d d i t i o n of the + 100 KM/H c o n d i t i o n i n 
r e l a t i o n t o the FREE c o n d i t i o n (p < 0.01). 

From t h i s Table i t can a l s o be concluded that d r i v e r ' s observation 
s t r a t e g y during the FREE c o n d i t i o n switches between the road ahead and 
o c c l u s i o n . The number of changes between o c c l u s i o n and road, and v i c e 
versa, are about equal. However, during the + 100 KM/H c o n d i t i o n the 
matrices of Table 7.3.4 are asymmetrically, showing more changes from 
o c c l u s i o n towards road than i n the reversed d i r e c t i o n , and l e s s changes 
from o c c l u s i o n towards speedometer than from speedometer towards o c c l u s i o n . 
There are a l s o more changes from the road towards the speedometer than i n 
the reversed d i r e c t i o n . These f i n d i n g s s t r o n g l y suggest that both groups of 
d r i v e r s , a t day and nigh t , give p r i o r i t y to the observation of the road 
above the speedometer and that they have an observation s t r a t e g y w i t h the 
f o l l o w i n g , general sequence: o c c l u s i o n - road ahead - speedometer - o c c l u ­
s i o n , e t c . However, the speedometer i s not observed i n each sequence, as 
can be concluded from the l a r g e r number of t r a n s f e r s f o r the road than f o r 
the speedometer. With respect to m i r r o r use, i t can be no t i c e d that the 
m i r r o r s are mostly scanned immediately before or a f t e r a road observation, 
and not i n combination w i t h the speedometer or o c c l u s i o n . 

D r i v e r ' s observation s t r a t e g y can a l s o be r e l a t e d to the a c t u a l 
p o s i t i o n o f the v e h i c l e on the road. Therefore, the l a t e r a l p o s i t i o n , 
l a t e r a l speed and TLC are analysed on the moments i n time that d r i v e r s 
decide to change t h e i r observations from the road towards a non-road 
category (mostly o c c l u s i o n , see Table 7.3.4), and from o c c l u s i o n towards 
the road ahead. 

The f i r s t type of changes i n observation i n d i c a t e s when d r i v e r s allow 
themselves to ignore d r i v i n g performance. In gen e r a l , r e s u l t s show that 
these d e c i s i o n s are taken by the inexperienced and experienced d r i v e r s over 
a comparable area of l a t e r a l p o s i t i o n s , ranging extremely from l e f t t o 
r i g h t lane marker. However, a t night d e c i s i o n s are taken on somewhat l e s s 
extreme p o s i t i o n s than during daytime (mean distance from the lane center 
0.52 m and 0.45 m at day and nigh t , r e s p e c t i v e l y ) . The l a t e r a l speed on the 
d e c i s i o n moments d i f f e r s between both groups of d r i v i n g experience. E x p e r i ­
enced d r i v e r s attempt to set a lower l a t e r a l speed on these moments than 
the inexperienced d r i v e r s ; the values are 0.16 m/s and 0.21 m/s, respect­
i v e l y (p _< 0.05). An i d e n t i c a l e f f e c t i s found i n the TLC value, and more 
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Table 7.3.4 Number of t r a n s f e r s between the observation categories (occ = 
o c c l u s i o n ; road; spm = speedometer; mir = m i r r o r s ; Z = t o t a l ) 
f o r the inexperienced (INEXP) and experienced (EXP) d r i v e r s 
w i t h the FREE and + 100 KM/H c o n d i t i o n , during day- and 
nighttime. The data are given as mean values over 36 runs of 
32 s each. 

FREE + 100 KM/H 

DAY 
INEXP. 
occ 
road 
spm 
mir 
Z 

DAY 
EXP. 
occ 
road 
spm 
mir 
Z 

NIGHT 
INEXP. 
occ 
road 
spm 
mir 
Z 

NIGHT 
EXP. 
occ 
road 
spm 
mir 
Z 

4.2 
0.1 
0.0 

3.9 
0.0 
0.1 

occ 

3.4 
0.0 
0.0 

5.9 
0.1 
0.0 

road 

4.2 

0.1 
0.4 

road 

4.3 

0.1 
1.1 

road 

3.6 

0.0 
0.4 

road 

5.8 

0.0 
0.4 

spm 

0.1 
0.0 

0.0 

0.0 
0.1 

0.0 

spm 

0.0 
0.0 

0.0 

spm 

0.1 
0.0 

0.0 

mir 

0.0 
0.4 
0.0 

spm mir 

0.0 
1.1 
0.0 

mir 

0.0 
0.5 
0.0 

mir 

0.0 
0.5 
0.0 

9.5 

10.7 

7.9 

12.8 

DAY 
INEXP. 
occ 
road 
spm 
mir 
Z 

DAY 
EXP. 
occ 
road 
spm 
mir 
Z 

NIGHT 
INEXP. 
occ 
road 
spm 
mir 
Z 

NIGHT 
EXP. 
occ 
road 
spm 
mir 
Z 

3.1 
1.2 
0.0 

4.2 
0.7 
0.1 

occ 

2.7 
1.4 
0.0 

occ 

4.4 
1.5 
0.0 

road 

4.1 

1.9 
0.8 

road 

4.8 

0.8 
0.4 

road 

3.7 

0.9 
0.2 

road 

5.1 

0.7 
0.1 

spm mir 

0.5 
2.7 

0.0 

0.3 
1.3 

0.0 

spm 

0.6 
1.8 

0.0 

spm 

0.8 
1.4 

0.0 

0.0 
0.8 
0.0 

spm mir 

0.0 
0.5 
0.0 

mir 

0.0 
0.2 
0.0 

mir 

0.0 
0.1 
0.0 

15.1 

Z 

13.1 

Z 

11.5 

Z 

14.1 

s p e c i f i c a l l y , i n the minimum TLC value immediately a f t e r the d e c i s i o n time. 
Results show that the minimum TLC i s not c o r r e l a t e d w i t h the l e v e l of 
experience w i t h i n the group of inexperienced d r i v e r s (Pearson product-
moment c o r r e l a t i o n c o e f f i c i e n t r = -0.10), but the minimum TLC i s c o r r e l a t ­
ed f o r the group of experienced d r i v e r s (r = 0.61; p < 0.05). Consequently, 
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more experienced d r i v e r s t r y to adjust a more i d e a l i n i t i a l p o s i t i o n of the 
v e h i c l e when they decide to ignore the cues of l a t e r a l v e h i c l e c o n t r o l . 

The second type of changes i n observation i s r e l a t e d to the moments i n 
time when d r i v e r s want to make new observations about the a c t u a l v e h i c l e 
p o s i t i o n . Both the l a t e r a l d e v i a t i o n from the lane centre and l a t e r a l speed 
on the d e c i s i o n times to look again a t the road ahead, are lower f o r the 
experienced d r i v e r s than f o r the inexperienced d r i v e r s (both p £ 0.05). 
Hence, the corresponding minimum TLC values of the experienced d r i v e r s are 
higher than f o r the inexperienced d r i v e r s (2.5 s and 1.9 s, r e s p e c t i v e l y ; p 
_< 0.06) . However, with respect to these median values i t should a l s o be 
r e c a l l e d that on a number of d e c i s i o n times the car had already approached, 
or even exceeded, the lane markers and obviously d r i v e r s t o l e r a t e d l a r g e r 
v a r i a t i o n s i n p o s i t i o n than p r e s c r i b e d by the lane markers. 

7.3.5 D i s c u s s i o n 

In general, the v i s u a l o c c l u s i o n c o n d i t i o n r e s u l t e d i n a comparable 
performance and c o n t r o l s t r a t e g y f o r the inexperienced and experienced 
d r i v e r s during the FREE and + 100 KM/H c o n d i t i o n , and during day and night. 
However, during the FREE c o n d i t i o n the forward v e l o c i t y was set some 8 km/h 
lower than during the + 100 KM/H c o n d i t i o n , while without v i s u a l o c c l u s i o n 
the same c o n d i t i o n r e s u l t e d i n a 8 km/h higher v e l o c i t y . With respect to 
the mean l a t e r a l p o s i t i o n , v i s u a l o c c l u s i o n during daytime r e s u l t e d i n a 
Q.H0 m s h i f t to the l e f t and i s then comparable with the mean l a t e r a l 
p o s i t i o n at nigh t , when o c c l u s i o n had no e f f e c t . The exact reason f o r the 
s h i f t to the l e f t i s not known, but i t i s suggested that d r i v e r s adapt to 
the more d i f f i c u l t task demands i n such a way, because smaller distances to 
a reference l i n e r e s u l t i n a higher perspective s e n s i t i v i t y f o r l a t e r a l 
p o s i t i o n v a r i a t i o n s (par. 3.2). Although t h i s might a l s o be true f o r the 
r i g h t lane marker, the l i t e r a t u r e shows some preference f o r the l e f t one 
(Summala and M e r i s a l o , 1978; Hotop and Burger, 1 980. Due to the asymmetric 
p o s i t i o n of the d r i v e r i n the car, d r i v e r s are allowed to make b e t t e r 
estimates of the distance between the l e f t side of the car and the l e f t 
lane marker than f o r distances between the r i g h t side of the car and the 
r i g h t lane marker. Unfortunately, no data on right-hand d r i v i n g were found 
to confirm the opposite e f f e c t s . 

During the runs with temporarily, self-paced o c c l u s i o n , d r i v e r s 
perform d r i v i n g w i t h road observations f o r maximally only H0% of the time. 
Hence, f o r some 60? of the d r i v i n g time, d r i v e r s allow themselves to 
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occlude the roadway and neglect d r i v i n g performance v i s u a l l y . 
Although no d i f f e r e n c e s i n d r i v i n g performance and c o n t r o l s t r a t e g y 

were shown between both groups of d r i v e r s , the observation s t r a t e g y i n ­
d i c a t e s that the inexperienced d r i v e r s need more observation time than the 
experienced d r i v e r s . The observation times are a l s o longer at night than 
during daytime. These r e s u l t s are c o n s i s t e n t w i t h the r e s u l t s of Farber and 
Gallagher (1972) and Triggs and Caple (1970) (par. 7.3.1). although the 
present o c c l u s i o n times are longer due to l e s s s t r i c t c r i t e r i a of the 
d r i v e r s w i t h respect to the acceptable v a r i a t i o n s i n l a t e r a l p o s i t i o n . This 
i n t e r c h a n g e a b i l i t y between o c c l u s i o n times and S.D. of l a t e r a l p o s i t i o n was 
already presented i n F i g . 7.2.4. For these large o c c l u s i o n times and S.D. 
of l a t e r a l p o s i t i o n , again i t i s found that the measured and predicted 
values correspond f o r the experienced d r i v e r s , whereas the predicted o c c l u ­
s i o n times are l e s s than measured e m p i r i c a l l y f o r the inexperienced d r i v ­
e r s . Therefore, i n l i n e w ith the conclusions of par. 7.2.5 i t i s again 
concluded that the inexperienced d r i v e r s are a l s o c o n t r o l l i n g e x p l i c i t l y 
yaw r a t e and/or both a c c e l e r a t i o n cues. 

7.4 D i s c u s s i o n and conclusions 

Both the Supervisory D r i v e r Model study and the e m p i r i c a l data show 
that d r i v e r ' s observation s t r a t e g y , i n terms of o c c l u s i o n times, i s depend­
ent on the speed of the car, and on the cues used by the d r i v e r f o r ob­
s e r v a t i o n and, to a l a r g e r extent, f o r c o n t r o l . In general, i t i s found 
t h a t o c c l u s i o n time increases p r o g r e s s i v e l y w i t h decreasing d r i v i n g speed 
and, consequently, d r i v e r s have longer f r e e times at lower speeds to be 
covered by aspects beyond l a t e r a l c o n t r o l . Thereby, inexperienced d r i v e r s 
have smaller o c c l u s i o n times than experienced d r i v e r s f o r comparable S.D. 
of l a t e r a l p o s i t i o n . 

With respect to the perceptual cues, again i t i s i n d i c a t e d that 
experienced d r i v e r s indeed seem to use the f i v e perceptual cues ( l a t e r a l 
p o s i t i o n , l a t e r a l speed, yaw r a t e , l a t e r a l a c c e l e r a t i o n and yaw a c c e l e r a ­
t i o n ) f o r t h e i r observation and c o n t r o l , while inexperienced d r i v e r s show 
an observation strategy which can be described by the SDM r e s u l t s when a l l 
perceptual cues except l a t e r a l speed, are used f o r observation and c o n t r o l . 
An e x c l u s i v e use of the l a t e r a l p o s i t i o n cue r e s u l t s i n smaller SDM o c c l u ­
s i o n times than measured on the road and, hence, a con c l u s i o n of Chapter 6 
i s confirmed that the inexperienced d r i v e r s seem to use already the yaw 
ra t e cue and/or both a c c e l e r a t i o n cues. 
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In general, the e m p i r i c a l data of Experiment 7 show that v i s u a l 
o c c l u s i o n r e s u l t s i n comparable d r i v i n g performance and c o n t r o l s t r a t e g y 
f o r a l l d r i v e r s and task demands, although on a worse l e v e l than without 
o c c l u s i o n where d i f f e r e n c e s between the experimental c o n d i t i o n s are pres­
ent. However, w i t h i n the o c c l u s i o n c o n d i t i o n , d i f f e r e n c e s are a l s o present 
w i t h respect to the observation s t r a t e g y . I t i s then once more shown that 
inexperienced d r i v e r s need longer observation times and allow themselves 
s h o r t e r o c c l u s i o n times than the experienced d r i v e r s during daytime, 
l e a v i n g them l e s s f r e e time f o r m u l t i t a s k d r i v i n g , or f o r coping w i t h 
d e t e r i o r a t e d d r i v i n g c o n d i t i o n s . Thereby, i t should be r e c a l l e d that the 
experienced d r i v e r s attempt to adjust a more i d e a l i n i t i a l v e h i c l e p o s i t i o n 
i n s i d e the t r a f f i c lane when they decide to occlude the cues f o r v e h i c l e 
c o n t r o l . 

The d e t e r i o r a t e d d r i v i n g c o n d i t i o n s during darkness and the m u l t i t a s k 
+ 100 KM/H c o n d i t i o n both r e s u l t f o r the experienced d r i v e r s i n an i n c r e a s ­
ed number of observation t r a n s f e r s , mainly by smalle r o c c l u s i o n times 
during darkness and smaller observation times w i t h the + 100 KM/H condi­
t i o n . The inexperienced d r i v e r s have l e s s o b s e r v a t i o n t r a n s f e r s a t night 
than the experienced d r i v e r s due to l a r g e r o c c l u s i o n times and road obser­
v a t i o n times. No d i f f e r e n c e s between both groups are present during day­
time. 

F i n a l l y , i t can be concluded that v i s u a l o c c l u s i o n , which i n i t s e l f i s 
rep r e s e n t a t i v e f o r m u l t i t a s k d r i v i n g , r e s u l t s only i n d i f f e r e n c e s w i t h 
respect to d r i v e r ' s observation s t r a t e g y , and e q u a l i z e s d r i v i n g performance 
f o r the va r i o u s l e v e l s of d r i v i n g experience and task demands. 
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8. AN APPLICATION WITH RESPECT TO ROAD DELINEATION AT NIGHT 

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

Results of the foregoing experiments are now used to demonstrate t h e i r 
relevance f o r the e v a l u a t i o n o f road and car design i n terms of supervisory 
d r i v i n g . I t i s assumed that a b e t t e r design w i l l r e s u l t i n an increased 
f r e e time, or o c c l u s i o n time, g i v i n g b e t t e r p o s s i b i l i t i e s f o r the d r i v e r to 
cope w i t h m u l t i t a s k d r i v i n g . In t h i s paragraph an example i s presented w i t h 
respect to road design and, more s p e c i f i c a l l y , w i t h respect to va r i o u s 
c o n f i g u r a t i o n s of road d e l i n e a t i o n a t n i g h t . This experiment was c a r r i e d 
out f o r the Working Committee E9 "Nighttime v i s i b i l i t y of road markings on 
wet roads" of the Study Centre f o r Road C o n s t r u c t i o n and the Study Centre 
f o r T r a f f i c Engineering (Blaauw e t a l . , 1984). The p r o j e c t has been spon­
sored a l s o by the Tr a n s p o r t a t i o n and T r a f f i c Engineering D i v i s i o n of the 
M i n i s t r y of Transp o r t a t i o n . 

The v a r i o u s c o n f i g u r a t i o n s c o n s i s t e d of d i f f e r e n t patterns of r a i s e d 
pavement markers and postmounted d e l i n e a t o r s , which were s e l e c t e d because 
of t h e i r proven c a p a b i l i t i e s to give minimally 3 s preview i n f o r m a t i o n at 
night on wet roads (Blaauw and Padmos, 1982). Because of the f u n c t i o n i n g of 
d e l i n e a t i o n i n presenting perceptual cues on l a t e r a l v e h i c l e c o n t r o l i n s i d e 
the t r a f f i c lane (short-range d e l i n e a t i o n ) , and on road curvature (long-
range d e l i n e a t i o n ) , s t r a i g h t road s e c t i o n s as w e l l as curves were consider­
ed. In general, the geometry of d e l i n e a t i o n c o n f i g u r a t i o n s can be described 
by ( F i g . 3.2.1): 
- height between d e l i n e a t i o n and d r i v e r ' s eyes 
- l a t e r a l distance between d e l i n e a t i o n and d r i v e r ' s eyes 
- ( l o n g i t u d i n a l ) spacing d i s t a n c e , and 
- combinations of d e l i n e a t i o n . 
The e f f e c t of the f i r s t two aspects on d r i v e r ' s perceptual cues has been 
presented i n par. 3.2. The present experiment focusses on both other 
aspects. Thereby, two stages were defined. F i r s t , Experiment 8A with r a i s e d 

The data of t h i s experiment were p r e v i o u s l y presented at the Fourth Europ­
ean Annual Conference on Human Deci s i o n Making and Manual Control (Blaauw, 
1984). 
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pavement markers on va r i o u s l o n g i t u d i n a l d i s t a n c e s and, second, Experiment 
8B w i t h combinations of r a i s e d pavement markers and postmounted d e l i n e ­
a t o r s . The e v a l u a t i o n of the va r i o u s c o n f i g u r a t i o n s i s based on d r i v e r ' s 
observation s t r a t e g y i n terms of f r e e times, on d r i v e r ' s c o n t r o l s t r a t e g y 
i n terms of the amplitudes and frequencies of the steering-wheel movements, 
and on the o v e r a l l d r i v i n g performance. 

8.2 Method 

Si x experienced d r i v e r s drove the instrumented car during darkness. 
There was no p u b l i c l i g h t i n g and the car was d r i v e n w i t h dipped headlamps. 
Each subject drove the road s e c t i o n s w i t h the experimental c o n f i g u r a t i o n s 
twice, i n a two-hour s e s s i o n between 7.00 p.m. and midnight. D r i v e r s made a 
t r a i n i n g run on another road, p r i o r to the experimental s e s s i o n s . There was 
a two-month period between both experimental stages. D r i v e r s had a FREE 
i n s t r u c t i o n f o r l a t e r a l v e h i c l e c o n t r o l and had to d r i v e w i t h 80 km/h. 
Speed was a u t o m a t i c a l l y c o n t r o l l e d w i t h i n d e v i a t i o n s of approx. 1 km/h, by 
maintaining a reasonably constant pressure on the a c c e l e r a t o r , so that 
d r i v e r s could concentrate on l a t e r a l v e h i c l e c o n t r o l . Speed 
reductions were p o s s i b l e by r e l e a s i n g the a c c e l e r a t o r pedal. 

V i s u a l o c c l u s i o n was r e a l i z e d by a p a i r of sp e c t a c l e s making use of 
the c h a r a c t e r i s t i c s of l i q u i d c r i s t a l s (Milgram and van der Horst, 1984; 
F i g . 8.2.1). In i t s normal s t a t e the v i s u a l f i e l d of the d r i v e r was com­
p l e t e l y occluded. The d r i v e r s could request v i s u a l i n f o r m a t i o n as long as 
they pressed the horn l e v e r ; they were urged to do so only f o r short 
periods. Recordings were made of v i s u a l o c c l u s i o n , steering-wheel angle, 
yaw r a t e , a c c e l e r a t o r p o s i t i o n and v e l o c i t y . L a t e r a l p o s i t i o n could not be 
measured i n most experimental road s e c t i o n s , because of the absence of the 
white lane markings. V a r i a b l e s were sampled over periods between 28 and 44 
s (dependent on the length of a s e c t i o n ) , w i t h a 10 Hz sampling frequency. 

The experimental c o n f i g u r a t i o n s were r e a l i z e d at s t r a i g h t s e c t i o n s and 
curves w i t h r a d i i of about 1000 m and 200 m, on a four-lane d i v i d e d motor­
way not i n use yet. The r a d i i o f 200 m were implemented i n roadway d i v e r ­
sions through the median. For each experimental stage 16 d e l i n e a t i o n 
c o n f i g u r a t i o n s were s t u d i e d w i t h i n a 20 km run. 

The experiments were performed under v a r i o u s weather c o n d i t i o n s . Most 
subjects drove during dry weather w i t h f u l l moon ( e s p e c i a l l y i n Experiment 
8B), w h i l e the others drove during r a i n y and/or clouded c o n d i t i o n s . For 
more d e t a i l e d methodological i n f o r m a t i o n see Chapter 4. 
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F i g . 8.2.1 V i s u a l o c c l u s i o n during d r i v i n g . L i q u i d c r i s t a l s i n a p a i r of 
spe c t a c l e s normally occlude d r i v e r ' s v i s u a l f i e l d completely 
( F i g . 8.2.1a). but by pr e s s i n g the horn l e v e r the l i q u i d 
c r i s t a l s allow perception of the road ahead ( F i g . 8.2.1b). 
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8.3 Experiment 8A: Raised pavement markers -on d i f f e r e n t l o n g i t u d i n a l 
d i s t a n c e s 

8.3.1 Con f i g u r a t i o n s 

Table 8.3.1 presents the c o n f i g u r a t i o n s w i t h the white r a i s e d pavement 
markers on the s t r a i g h t and curved s e c t i o n s . The spacing distance between 
the markers was based on the present 3/9 m patte r n of the standard motorway 
s t r i p e s . Spacing d i s t a n c e s were defined as 12 m, 24 m, and 36 m f o r the 
r a i s e d pavement markers lo c a t e d at the l e f t , centre and r i g h t . A f o u r t h 
c o n d i t i o n c o n s i s t e d of a 3/9 m spacing f o r the centre r a i s e d pavement 

Table 8.3.1 D e l i n e a t i o n c o n f i g u r a t i o n s i n Experiment 8A; c o n d i t i o n s and 
spacing d i s t a n c e s . 

c o n f i g ­
u r a t i o n 

d e s c r i p t i o n spacing 

l e f t 

d istance (m) 

centre r i g h t 

s t r a i g h t s e c t i o n s 

3/9 white, r a i s e d pavement markers 12 3/9 12 
12 white, r a i s e d pavement markers 12 12 12 
24 white, r a i s e d pavement markers 24 24 24 
36 white, r a i s e d pavement markers 36 36 36 

s t r i p e s white, r e t r o r e f l e c t i v e t r a f f i c p aint continuous 3/9 continuous 
none no d e l i n e a t i o n - - -

curves w i t h 1000 m radius 

3/9 white, r a i s e d pavement markers 12 3/9 12 
12 white, r a i s e d pavement markers 12 12 12 
24 white, r a i s e d pavement markers 24 24 24 
36 white, r a i s e d pavement markers 36 36 36 

s t r i p e s white, r e t r o r e f l e c t i v e t r a f f i c p a i n t continuous 3/9 continuous 
none no d e l i n e a t i o n - - -

curves w i t h 200 m radius 

3/9 white, r a i s e d pavement markers 12 3/9 12 
12 white, r a i s e d pavement markers 12 12 12 
24 white, r a i s e d pavement markers 24 24 24 
36 white, r a i s e d pavement markers 36 36 36 



Fig. 8.3.1 The 3/9 m pattern on the straight section (Fig. 8.3.1a), the 
1000 m curve (Fig. 8.3.1b) and the 200 m curve (Fig. 8.3.1c). 
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markers, i n combination w i t h 12 m spacing f o r the l e f t and r i g h t r a i s e d 
pavement markers ( F i g . 8.3.1). 

On the s t r a i g h t s e c t i o n s and the 1000 m curves, two c o n t r o l c o n f i g u r a ­
t i o n s were added. The f i r s t c o n f i g u r a t i o n c o n s i s t e d of a standard motorway 
s t r i p i n g w i t h white, r e t r o r e f l e c t i v e t r a f f i c p a i n t . The second c o n f i g u r a ­
t i o n had a bare pavement without any d e l i n e a t i o n . The 200 m curves d i d not 
o f f e r any p o s s i b i l i t i e s to apply s i m i l a r c o n t r o l c o n f i g u r a t i o n s . 

8.3.2 Results 

8.3.2.1 Observation s t r a t e g y 

Table 8.3.2 gives the t o t a l observation time (as a percentage of the 
run time), mean observation time and mean o c c l u s i o n time f o r a l l c o n f i g u r a ­
t i o n s ; each r e s u l t represents the average value over 12 runs (6 subjects x 
2 t r i a l s ) . There were s i g n i f i c a n t d i f f e r e n c e s between the i n d i v i d u a l 
d r i v e r s and a l s o between the weather c o n d i t i o n s . D r i v e r s had a t o t a l 
observation time between 16 and 20$ during dry, c l e a r weather, and between 
32 and 59$ during the wet, clouded c o n d i t i o n s . However, there were no 
i n t e r a c t i o n s w i t h the d e l i n e a t i o n c o n f i g u r a t i o n s and, consequently, the 
c o n f i g u r a t i o n s were not d i f f e r e n t l y ranked f o r the i n d i v i d u a l d r i v e r s or 
weather c o n d i t i o n s . 

In general, i t appears that the mean observation time was about equal 
f o r a l l c o n f i g u r a t i o n s a t the three s e c t i o n s . At the s t r a i g h t roads and 
both curves i t i s shown that the mean o c c l u s i o n time decreased and the 
t o t a l observation time increased w i t h smaller r a d i i of the road s e c t i o n s . 
Hence, a l l c o n f i g u r a t i o n s a t the 200 m curves r e s u l t e d i n more frequent 
observations than the c o n f i g u r a t i o n s a t the 1000 m curves, and the c o n f i g ­
u r a t i o n s a t these l a t t e r curves r e s u l t e d again i n more frequent observa­
t i o n s than a t the s t r a i g h t s e c t i o n s . 

For the three road s e c t i o n s i t i s shown that the t o t a l o bservation 
time increased, and the mean o c c l u s i o n time decreased when l e s s d e l i n e a t i o n 
i n f o r m a t i o n i s a v a i l a b l e per u n i t of road l e n g t h ; again the mean observa­
t i o n time was rat h e r constant. Both c o n t r o l c o n f i g u r a t i o n s were ranked at 
the extremes. The standard motorway s t r i p i n g i n general n e c e s s i t a t e d a 
minimum observation time, w h i l e the bare pavement needed a maximum observa­
t i o n time f o r each road s e c t i o n . Furthermore, a t the s t r a i g h t s e c t i o n the 
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Table 8.3.2 C o n f i g u r a t i o n c l u s t e r i n g (Experiment 8A) based on d r i v e r ' s 
observation s t r a t e g y . The d i f f e r e n c e s between the c l u s t e r 
numbers are r e l a t e d to the t o t a l o b servation time (p < 0.05). 

c l u s t e r 
number 

c o n f i g u r a t i o n o bservation time 

t o t a l (%) mean (s) 

o c c l u s i o n time 

mean (s) 

s t r a i g h t s e c t i o n s 

1 s t r i p e s 
3/9 
12 
24 
36 

none 

36.6 
33.7 
36.7 
35.3 
42.9 
42.2 

1.2 
1.0 
1.4 
1.2 
1.4 
1.2 

2.0 
2.2 
2.2 
2.1 
1.8 
1.6 

curves w i t h 1000 m radius 

3/9 
s t r i p e s 

12 
24 
36 

none 

36.5 
42.8 
43.3 
44.5 
45.2 
53.6 

1.0 
1.2 
1.2 
1.2 
1.1 
1.6 

1.6 
1.5 
1.5 
1.4 
1.4 
1.2 

curves w i t h 200 m radius 

3/9 
12 
24 
36 

50.7 
46.3 
55.7 
65.3 

1.3 
1.2 
1.6 
1.4 

1.1 
1.1 
1.0 
0.8 

3/9. 12 and 24 m c o n f i g u r a t i o n s were s i m i l a r t o the standard s t r i p i n g , 
whereas the 36 m c o n f i g u r a t i o n r e s u l t e d i n an observation s t r a t e g y s i m i l a r 
to the bare pavement. At the 1000 m curves the 3/9 c o n f i g u r a t i o n caused 
l e s s observations than a l l other c o n f i g u r a t i o n s (on the s t r a i g h t road 
s e c t i o n t h i s tendency was already n o t i c e d ) , and the bare pavement again was 
the worst c o n f i g u r a t i o n . At the 200 m curves both 3/9 and 12 m c o n f i g u r a ­
t i o n s r e s u l t e d i n a comparable observation s t r a t e g y . The 24 m c o n f i g u r a t i o n 
f o l l o w s , w h i l e the 36 m c o n f i g u r a t i o n needed most observations. 
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8.3.2.2 Co n t r o l s t r a t e g y and d r i v i n g performance 

Control s t r a t e g y and d r i v i n g performance were not d i f f e r e n t f o r the 
d i f f e r e n t weather c o n d i t i o n s . Although d i f f e r e n c e s were to be observed 
between the i n d i v i d u a l d r i v e r s , there was no i n t e r a c t i o n w i t h the c o n f i g ­
u r a t i o n s . 

The c o n f i g u r a t i o n s at the s t r a i g h t s e c t i o n s and the 1000 m curves d i d 
not force the d r i v e r s to speed reductions or l a t e r a l p o s i t i o n s outside the 
t r a f f i c lane. However, the 24 and 36 m c o n f i g u r a t i o n s at the 200 m curves 
caused speed reductions and lane e r r o r s (Table 8.3.3). About 66Ï of a l l 
runs at the 36 m c o n f i g u r a t i o n was performed i n c o r r e c t l y . 

Table 8.3.3 Percentage of runs a t the 200 m curves causing speed reduc­
t i o n s and/or lane e r r o r s . 

c o n f i g u r a t i o n speed reductions lane e r r o r s 
(*) (*) 

3/9 0 0 
12 4 0 
24 13 8 
36 17 66 

Table 8.3.4 presents d r i v i n g performance i n terms of the standard 
d e v i a t i o n s of yaw r a t e , and d r i v e r ' s c o n t r o l s t r a t e g y i n terms of the 
standard d e v i a t i o n s and frequencies of the steering-wheel movements. Data 
on the l a t e r a l p o s i t i o n are a l s o given f o r the standard motorway s t r i p i n g . 
The S.D. of yaw r a t e and steering-wheel angle increased w i t h decreasing 
r a d i i of the road s e c t i o n s . On each type of road some c l u s t e r s of c o n f i g u ­
r a t i o n s can be defined. On the s t r a i g h t road i t i s found that the 3/9. 12 
and 24 m c o n f i g u r a t i o n s r e s u l t e d i n l a r g e r S.D. of yaw r a t e (p £ 0.05) than 
the other c o n f i g u r a t i o n s , which was not caused by l a r g e r S.D. of the 
steering-wheel angle (these appeared to be ra t h e r c o n s t a n t ) , but by a 
s i g n i f i c a n t s h i f t to higher s t e e r i n g frequencies. This i s c o n s i s t e n t w i t h 
the l a t e r a l v e h i c l e dynamics as presented i n par. 3.1. In l i n e w i t h the 
c o n t r o l s t r a t e g i e s during the previous experiments i t can be s a i d that such 
a s h i f t , together w i t h a constant or even small e r S.D., was caused by 
se l f - p a c e d , higher task demands of the d r i v e r s f o r l a t e r a l v e h i c l e c o n t r o l . 
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Table 8.3.4 C o n f i g u r a t i o n c l u s t e r i n g (Experiment 8A) based on d r i v e r ' s 
c o n t r o l s t r a t e g y and d r i v i n g performance. The d i f f e r e n c e s 
between the c l u s t e r numbers are r e l a t e d to the standard 
d e v i a t i o n (S.D.) of yaw r a t e (p < 0.05). 

c l u s t e r c o n f i g u r a t i o n 
number 

yaw r a t e steering-wheel angle l a t e r a l p o s i t i o n c l u s t e r c o n f i g u r a t i o n 
number 

S.D. 

C/s) 

S.D. 

C ) 

0.3 

0 

- 0.6 Hz 

- 0.6 Hz 
(Ï) 

S.D. 

(m) 

mean 

(m) 

s t r a i g h t s e c t i o n s 

1 s t r i p e s 0.41 1.4 28.7 0.26 1.96 
36 0.41 1.2 29.4 

none 0.42 1.5 22.7 
2 3/9 0.51 1.3 35.7 

12 0.51 1.4 40.4 
24 0.49 1.3 33.7 

curves w i t h 1000 m radius 

1 s t r i p e s 0.61 1.9 22.1 0.30 2.01 
3/9 0.68 3.0 38.6 
12 0.65 3.1 14.3 
24 0.63 2.8 21.9 
36 0.62 2.5 33.1 

2 none 0.78 3.6 19.7 

curves w i t h 200 m rad i u s 

1 3/9 1.36 7.2 3.3 
12 1.42 7.1 3.4 

2 24 1.61 8.2 4.1 
3 36 1.85 9.1 8.6 

un f o r t u n a t e l y , i t was not p o s s i b l e to v e r i f y d r i v i n g performance i n terms 
of l a t e r a l p o s i t i o n v a r i a t i o n s . At the 1000 m curves i t i s found that the 
bare pavement r e s u l t e d i n a s i g n i f i c a n t l y increased S.D. of yaw r a t e . The 
s i g n i f i c a n t l y l a r g e r S.D. of the steering-wheel angle, i n combination w i t h 
the comparable s t e e r i n g f r e q u e n c i e s . i n d i c a t e s another s i t u a t i o n than a t the 
afore-mentioned c o n f i g u r a t i o n s at the s t r a i g h t s e c t i o n s . Increased S.D., 
w i t h or without a s h i f t to higher steering-wheel frequencies, i n d i c a t e s i n 
general l a r g e r and more abrupt c o r r e c t i o n s due to l e s s s k i l l or increased 
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task d i f f i c u l t y to perform l a t e r a l v e h i c l e c o n t r o l during o c c l u s i o n . 
Obviously, the 1000 m curve without any d e l i n e a t i o n presented d r i v e r s w i t h 
increased d i f f i c u l t y . At the 200 m curves the decreased d e l i n e a t i o n i n f o r ­
mation per u n i t of road length r e s u l t e d a l s o i n an increased S.D. of yaw 
r a t e , caused by both an increased S.D. of steering-wheel angle and a s h i f t 
to higher steering-wheel frequencies. Hence, d r i v e r s were faced w i t h a 
s i g n i f i c a n t increase i n task d i f f i c u l t y i n these curves when the l o n g i t u d i ­
n a l spacing of the r a i s e d pavement markers i n c r e a s e s . 

8.3.3 D i s c u s s i o n 

In general, the mean o c c l u s i o n time decreases ( t o t a l observation time 
increases) and d r i v i n g performance d e t e r i o r a t e s when l e s s d e l i n e a t i o n 
i n f o r m a t i o n i s present per u n i t of road l e n g t h . This i s i n p a r t i c u l a r to be 
observed f o r the 200 m curves where the 24 and 36 m spacing distances even 
lead to speed reductions and lane e r r o r s . Therefore, i n these types of 
curves spacing distances of the r a i s e d pavement markers have to be r e ­
s t r i c t e d up to 12 m maximally. D r i v e r ' s s t r a t e g y at the 1000 m curves 
y i e l d s an unfavourable r e s u l t f o r the bare pavement without any d e l i n e ­
a t i o n , whereas the 3/9 c o n f i g u r a t i o n i s more favourable i n terms of l e s s 
frequent observations, even compared w i t h the standard motorway s t r i p i n g . 

On the s t r a i g h t s e c t i o n s the observation and c o n t r o l strategy i n d i c a t e 
two groups of c o n f i g u r a t i o n s . The l e s s favourable group i s formed by the 36 
m c o n f i g u r a t i o n together w i t h the bare pavement. The more favourable group 
c o n s i s t s of the 3/9, 12 and 24 m c o n f i g u r a t i o n s , l e a d i n g to l e s s observa­
t i o n s and s e l f - p a c e d , higher task demands of the d r i v e r s . Hence, spacing 
distances of the r a i s e d pavement markers on s t r a i g h t roads have to be 
r e s t r i c t e d up to 24 m maximally. 

I t should be r e c a l l e d that the r e l a t i v e l y bad weather c o n d i t i o n s 
( r a i n y and clouded weather) were c o r r e l a t e d w i t h more frequent observations 
than dry and clean weather, but d i d not a f f e c t steering-wheel movements and 
yaw r a t e . Hence, d r i v e r ' s observation s t r a t e g y changes w i t h bad weather 
circumstances, while d r i v e r ' s c o n t r o l s t r a t e g y remains unaffected. This 
c o n c l u s i o n i s v a l i d f o r a l l d e l i n e a t i o n c o n f i g u r a t i o n s . 
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8.4 Experiment 8B: Combinations of d e l i n e a t i o n 

8.4.1 Co n f i g u r a t i o n s 

Table 8.4.1 presents the new c o n f i g u r a t i o n s f o r the s t r a i g h t and 
curved s e c t i o n s . The d e l i n e a t i o n c o n f i g u r a t i o n s were formed by r a i s e d 
pavement markers at the centre, and postmounted d e l i n e a t o r s l e f t and r i g h t 
outside the roadway, and t h e i r combinations. The r a i s e d pavement markers 

Table 8.4. 1 D e l i n e a t i o n c o n f i g u r a t i o n s i n Experiment 8B; c o n d i t i o n s and 
di s t a n c e s . 

c o n f i g ­ postmounted d e l . r a i s e d pavement postmounted d e l . 
u r a t i o n LEFT markers CENTRE RIGHT 

distance (m) spacing (m) distan c e (m) 

outside spacing outside spacing 
lane lane 

s t r a i g h t s e c t i o n s 

centre - - 12 _ _ 

1.5 1.5 36 1.5 36 
3.5 1.5 36 3.5 36 

centre + 1 .5 1.5 36 12 1.5 36 
centre + 3 .5 1.5 36 12 3.5 36 

s t r i p e s w h ite, r e t r o r e f l e c t i v e t r a f f i c paint i n a pat t e r n as during 
Experiment 8A 

curves w i t h 1000 m radius 

centre - 12 _ _ 

1.5 1.5 36 1.5 36 
3.5 1.5 36 3.5 36 

centre + 1 .5 1.5 36 12 1.5 36 
centre + 3 .5 1.5 36 12 3.5 36 

curves w i t h 200 m radius 

centre - - 12 _ _ 

1.5 1.5 12 1.5 12 
3.5 1.5 12 3.5 12 

centre + 1 .5 1.5 12 12 1.5 12 
centre + 3 .5 1.5 12 12 3.5 12 
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had a 12 m spacing d i s t a n c e . The postmounted d e l i n e a t o r s were s i t u a t e d 0.50 
m above the pavement. White d e l i n e a t o r s were s i t u a t e d 1.5 m l e f t from the 
l o c a t i o n of the l e f t marker, and red d e l i n e a t o r s were s i t u a t e d e i t h e r 1.5 m 
or 3.5 m r i g h t from the l o c a t i o n of the r i g h t marker. The d i f f e r e n t l a t e r a l 
d i stances were s e l e c t e d f o r roads without or wi t h an emergency lane. The 
l o n g i t u d i n a l spacing distances were chosen roughly i n accordance w i t h the 
d i r e c t i v e s of the Dutch M i n i s t r y of Tra n s p o r t a t i o n (1977). 

One c o n t r o l c o n f i g u r a t i o n w i t h a standard motorway s t r i p i n g w i t h 
white, r e t r o r e f l e c t i v e t r a f f i c p a i n t was added at the s t r a i g h t s e c t i o n s ; a 
s i m i l a r c o n f i g u r a t i o n could not be a p p l i e d at the curves. 

8.4.2 Results 

8.4.2.1 Observation s t r a t e g y 

Table 8.4.2 gives the t o t a l observation time, mean observation time 
and mean o c c l u s i o n time f o r the d e l i n e a t i o n c o n f i g u r a t i o n s . S i g n i f i c a n t 
d i f f e r e n c e s were observed between the i n d i v i d u a l d r i v e r s (ranging from 17 
to 64? t o t a l observation time), but without i n t e r a c t i o n w i t h the d e l i n e a ­
t i o n c o n f i g u r a t i o n s . Weather c o n d i t i o n s d i d not r e s u l t i n d i f f e r e n t obser­
v a t i o n s t r a t e g i e s (44.3 and 31.1% t o t a l observation time f o r the runs w i t h 
and without r a i n y and clouded c o n d i t i o n s , r e s p e c t i v e l y ) . From the r e s u l t s 
f o r the standard motorway s t r i p i n g , as c o n t r o l c o n d i t i o n i n both E x p e r i ­
ments 8A and 8B, i t i s found that the mean observation time decreased (1.2 
s and 0.8 s f o r Experiments 8A and 8B, r e s p e c t i v e l y ) , w i t h a comparable 
mean o c c l u s i o n time. Both values lead to t o t a l o b servation times of 36.6% 
and 28.7% i n Experiments 8A and 8B, r e s p e c t i v e l y . These d i f f e r e n t values 
went together w i t h the weather c o n d i t i o n s i n Experiment 8B where more 
d r i v e r s could d r i v e w i t h dry and c l e a r weather ( f u l l moon), than during 
Experiment 8A. 

In general, mean observation time was again comparable f o r a l l c o n f i g ­
u r a t i o n s at the three types of s e c t i o n s . Mean o c c l u s i o n time decreased and 
t o t a l observation time increased w i t h decreasing r a d i i of the s e c t i o n s . 
J u s t as was found i n Experiment 8A i t again i s noticed that a l l d r i v e r s 
observed the c o n f i g u r a t i o n s at the 200 m curves more f r e q u e n t l y than at the 
1000 m curves, and at the l a t t e r curves again more f r e q u e n t l y than a t the 
s t r a i g h t s e c t i o n s . 

On the s t r a i g h t road, the standard motorway s t r i p i n g and the e x c l u s i v e 
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Table 8.4.2 Configuation c l u s t e r i n g (Experiment 8B) based on d r i v e r ' s 
observation s t r a t e g y . The d i f f e r e n c e s between the c l u s t e r 
numbers are r e l a t e d to the t o t a l observation time (p < 0.05). 

c l u s t e r c o n f i g u r a t i o n o b s e r v a t i o n time o c c l u s i o n time 
number 

t o t a l (%) mean (s) mean (s) 

s t r a i g h t s e c t i o n s 

1 s t r i p e s 28.7 0.8 1.9 
centre 28.7 0.7 1.7 

2 1.5 32.2 1.0 1.8 
3.5 33.3 1.0 1.7 

centre + 1.5 34.6 1.1 1.7 
centre +3.5 32.7 1.0 1.7 

curves w i t h 1000 m rad i u s 

centre 33.8 0.8 1.4 
1.5 35.5 0.8 1.3 
3.5 33.6 0.8 1.4 

centre +1.5 32.2 0.8 1.4 
centre +3.5 33.1 0.8 1.4 

curves w i t h 200 m radius 

1 1.5 38.3 0.9 1.1 
centre +1.5 35.1 0.9 1.2 
centre +3.5 40.7 1.0 1.1 

2 centre 43.9 1.0 1.0 
3 3.5 51.6 1.3 0.9 

a p p l i c a t i o n of r a i s e d pavement markers a t the centre both r e s u l t e d i n l e s s 
observations than a l l other c o n f i g u r a t i o n s . No s i g n i f i c a n t d i f f e r e n c e s were 
observed at the 1000 m curves. However, a t the 200 m curves three c l u s t e r s 
of c o n f i g u r a t i o n s can be def i n e d . A f i r s t group, w i t h the fewest observa­
t i o n s , c o n s i s t s of r a i s e d pavement markers a t the centre i n combination 
w i t h postmounted d e l i n e a t o r s e i t h e r on 1.5 m or 3.5 m outside the lane, and 
the e x c l u s i v e use of postmounted d e l i n e a t o r s on 1.5 m d i s t a n c e . The second 
group i s formed by the r a i s e d pavement markers a t the centre, whereas the 
t h i r d group w i t h the postmounted d e l i n e a t o r s on 3.5 m distance r e s u l t e d i n 
the most frequent observations. 
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8.4.2.2 Control s t r a t e g y and d r i v i n g performance 

Control s t r a t e g y and d r i v i n g performance were not d i f f e r e n t f o r the 
weather c o n d i t i o n s . Although again d i f f e r e n c e s were to be observed between 
the i n d i v i d u a l d r i v e r s , there was no i n t e r a c t i o n w i t h the c o n f i g u r a t i o n s . 
The c o n f i g u r a t i o n s at the s t r a i g h t s e c t i o n s and curves d i d not r e s u l t i n 
speed reductions or l a t e r a l p o s i t i o n s beyond the t r a f f i c lane. 

Table 8.4.3 presents d r i v i n g performance i n terms of the S.D. of yaw 
r a t e , and d r i v e r ' s c o n t r o l s t r a t e g y i n terms of the S.D. and frequencies of 
the steering-wheel movements. Data on the l a t e r a l p o s i t i o n are a l s o give., 
f o r the standard motorway s t r i p i n g . Both S.D. increased w i t h decreasing 
r a d i i of the s e c t i o n s . On each s e c t i o n , the v a r i o u s c o n f i g u r a t i o n s can a l s o 
be d i s t i n g u i s h e d . In c o n t r a s t w i t h some c o n d i t i o n s of Experiment 8A, i t i s 
found that no c o n f i g u r a t i o n of Experiment 8B r e s u l t e d i n s e l f - p a c e d , 
higher task demands of the d r i v e r s . In that case, a c o n f i g u r a t i o n should be 
c h a r a c t e r i z e d by a l a r g e r S.D. of yaw r a t e r e s u l t i n g from more h i g h - f r e ­
quent steering-wheel movements, w i t h comparable or even smaller amplitudes. 
The present l a r g e r S.D. of yaw r a t e , due to the l a r g e r S.D. of the s t e e r ­
ing-wheel movements, at some c o n f i g u r a t i o n i n Experiment 8B can therefore 
be imputed to increased, e x t e r n a l task demands. On the s t r a i g h t roads the 
c o n f i g u r a t i o n w i t h postmounted d e l i n e a t o r s on 3.5 m d i s t a n c e , i s ranked as 
r e l a t i v e l y unfavourable, whereas the standard motorway s t r i p i n g has to be 
considered as r e l a t i v e l y favourable. No d i f f e r e n c e s were found between the 
c o n f i g u r a t i o n s a t the 1000 m curves. At the 200 m curves again three 
c l u s t e r s of c o n f i g u r a t i o n s can be d e f i n e d . The f i r s t , r e l a t i v e l y favour­
a b l e , group i s formed by the c o n f i g u r a t i o n s w i t h the postmounted d e l i n e ­
a t o r s on 1.5 m d i s t a n c e , w i t h or without the r a i s e d pavement markers a t the 
centre. The second group c o n s i s t s of the same c o n f i g u r a t i o n s , but now w i t h 
respect to a 3.5 m d i s t a n c e . The r e l a t i v e l y most unfavourable c o n f i g u r a t i o n 
i s found f o r the e x c l u s i v e a p p l i c a t i o n of r a i s e d pavement markers a t the 
centre. 

8.4.3 D i s c u s s i o n 

In general, i t i s found that d e l i n e a t i o n c o n f i g u r a t i o n s lead to more 
frequent observations and a worse d r i v i n g performance when l a t e r a l distance 
between d e l i n e a t i o n and d r i v e r increases. 

At the 200 m curves the postmounted d e l i n e a t o r s on 1.5 m d i s t a n c e , 
w i t h or without r a i s e d pavement markers at the centre, l e a d to the fewest 
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Table 8.4.3 C o n f i g u r a t i o n c l u s t e r i n g (Experiment 8B) based on d r i v e r ' s 
c o n t r o l s t r a t e g y and d r i v i n g performance. The d i f f e r e n c e s 
between the c l u s t e r numbers are r e l a t e d to the standard d e v i a ­
t i o n s (S.D.) of yaw rate (p < 0.05). 

c l u s t e r c o n f i g u r a t i o n yaw r a t e steering-wheel angle l a t e r a l p o s i t i o n 
number 

0.3 - 0.6 Hz 
S.D. S.D. S.D. mean 

0.6 Hz 
C/s) C) (.%) (m) 

s t r a i g h t s e c t i o n s 

1 s t r i p e s 0.44 1.9 33.3 0.28 
2 centre 0.55 1.7 36.2 

1.5 0.49 1.6 35.5 
centre + 1.5 0.51 2.2 22.9 
centre + 3.5 0.53 1.7 33.8 

3 3.5 0.59 2.5 29.4 

(m) 

2.03 

curves w i t h 1000 m radius 

1 centre 0.66 3.2 26.4 
1 .5 0.69 3.6 23.3 
3 .5 0.69 3.7 25.3 

centre + 1.5 0.64 3.6 27.3 
centre + 3.5 0.72 3.8 28.7 

curves w i t h 200 m radius 

1 1 .5 1.35 7.0 5.2 
centre + 1.5 1.34 6.9 3.5 

2 3 .5 1.45 8.0 5.4 
centre + 3.5 1.51 8.3 3.7 

3 centre 1.79 9.1 4.1 

observations and s m a l l amplitudes of the yaw rate and sm a l l , low-frequent 
steering-wheel movements. However, when the postmounted d e l i n e a t o r s are 
locat e d on 3.5 m di s t a n c e , both the observation and c o n t r o l s t r a t e g y 
d e t e r i o r a t e , whereas these e f f e c t s are a l s o found f o r the e x c l u s i v e use of 
r a i s e d pavement markers at the centre ( r e l a t i v e l y many observations i n 
combination with r e l a t i v e l y l a r g e , high-frequent steering-wheel movements). 
Obviously, the l a t t e r c o n f i g u r a t i o n s f a i l to give a d e l i n e a t i o n to the 
d r i v e r s as an outer l i m i t a t i o n of the road to be foll o w e d . Hence, at curves 
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w i t h these r a d i i both sides of the lane or roadway have to be d e l i n e a t e d . 
For i n s t a n c e , r a i s e d pavement markers at the centre can be used i n combina­
t i o n e i t h e r w i t h r a i s e d pavement markers a t the l o c a t i o n of the r i g h t 
marker (12 m c o n f i g u r a t i o n of Experiment 8A). or w i t h postmounted d e l i n e a ­
t o r s c l o s e (1.5 m distance) to the l o c a t i o n of the lane marker. These 
a l t e r n a t i v e s are roughly e q u i v a l e n t . Instead of the r a i s e d pavement markers 
at the centre i t i s a l s o p o s s i b l e to apply postmounted d e l i n e a t o r s on a 1.5 
m distance outside the l e f t lane ( f o r a two-lane motorway). 

At the 1000 m curves no d i f f e r e n c e s between the c o n f i g u r a t i o n s are 
shown. At the 200 m curves the observation and c o n t r o l strategy of the 
d r i v e r s again i n d i c a t e a c l u s t e r i n g of c o n f i g u r a t i o n s . The most favourable 
group ( l e s s observations) i s formed by the standard motorway s t r i p i n g and 
r a i s e d pavement markers a t the centre. The postmounted d e l i n e a t o r s on 3.5 m 
distance lead to an l e s s favourable c o n t r o l s t r a t e g y and d r i v i n g perform­
ance, as compared to a l l other c o n f i g u r a t i o n s . An a d d i t i o n a l a p p l i c a t i o n of 
postmounted d e l i n e a t o r s a t a s t r a i g h t road or at curves w i t h 1000 m r a d i u s , 
does not r e s u l t i n a more favourable observation and c o n t r o l s t r a t e g y as 
compared to the e x c l u s i v e use of r a i s e d pavement markers at the centre. I t 
should be r e c a l l e d that t h i s c o n c l u s i o n i s not v a l i d f o r the 200 m curves. 

8.5 Recommendations f o r road d e l i n e a t i o n at night 

D r i v e r ' s observation and c o n t r o l s t r a t e g y , and d r i v i n g performance 
were studied to evaluate v a r i o u s c o n f i g u r a t i o n s a t night f o r t h e i r func­
t i o n i n g i n presenting perceptual cues on l a t e r a l v e h i c l e c o n t r o l i n s i d e the 
t r a f f i c lane (short-range d e l i n e a t i o n ) and on road curvature (long-range 
c u r v a t u r e ) . 

In general, no d i f f e r e n c e were observed a t the 1000 m curves. The 
r e s u l t s f o r the 200 m curves with an accent on long-range d e l i n e a t i o n , and 
f o r the s t r a i g h t s e c t i o n s w i t h an accent on the short-range d e l i n e a t i o n , 
can be i n t e g r a t e d i n t o a number of general recommendations: 
- Road d e l i n e a t i o n , i . e . r a i s e d pavement markers, e x c l u s i v e l y a t the centre 

i s favourable f o r l a t e r a l v e h i c l e c o n t r o l i n s i d e the lane (short-range 
d e l i n e a t i o n ) , but i s l e s s s u f f i c i e n t f o r preview i n f o r m a t i o n on the lane 
to be followed (long-range d e l i n e a t i o n ) . Hence, i t i s necessary to 
d e l i n e a t e both lane boundaries. 

- D e l i n e a t i o n at the centre can be r e a l i z e d w i t h r a i s e d pavement markers. 
- D e l i n e a t i o n at the outside of the t r a f f i c lane can be r e a l i z e d w i t h 

r a i s e d pavement markers at the l o c a t i o n of the lane boundary, or w i t h 
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postmounted d e l i n e a t o r s on 1.5 m d i s t a n c e ; both c o n f i g u r a t i o n s are about 
equal. Postmounted d e l i n e a t o r s on 3.5 m distance are l e s s e f f i c i e n t . 

- Raised pavement markers a t the l o c a t i o n of the centre and/or lane bound­
a r i e s , have to be a p p l i e d w i t h a spacing distance of 12 m maximally (200 
m curves) or 24 m maximally ( s t r a i g h t s e c t i o n s ) . I t may be u s e f u l to 
r e l a t e spacing d i s t a n c e s to road curvature i n a corresponding way as 
already used i n p r a c t i c e f o r spacing distances between s t r i p e s or post-
mounted d e l i n e a t o r s . 

- Instead of r a i s e d pavement markers a t the l o c a t i o n of the centre and lane 
boundaries a l s o w e t - r e s i s t e n t s t r i p e s can be used. 

8.6 D i s c u s s i o n and conclusions 

Both experiments show that c r i t e r i a r e l a t e d to the d e s c r i p t i o n of 
m u l t i t a s k d r i v i n g i n terms of s u p e r v i s o r y c o n t r o l can be used f o r the 
e v a l u a t i o n of road design i n p r a c t i c e . Thereby, i t i s shown that the 
o c c l u s i o n time f o r l a t e r a l v e h i c l e c o n t r o l i s a s e n s i t i v e c r i t e r i o n f o r the 
v a r i o u s d e l i n e a t i o n c o n f i g u r a t i o n s , according to the r e l a t i o n that b e t t e r 
d e l i n e a t i o n s lead to b e t t e r o b s e r v a t i o n s / p r e d i c t i o n s of d r i v i n g performance 
(Supervisory D r i v e r Model; par. 2.3). Hence, d r i v e r s occlude t h e i r v i s u a l 
cues f o r l a t e r a l c o n t r o l f o r longer p e r i o d s , and have more p o s s i b i l i t i e s to 
cope w i t h other tasks beyond l a t e r a l c o n t r o l . Thereby, i t i s found that 
d r i v e r s need about equal observation times i n each c o n d i t i o n . D e t e r i o r a t e d 
circumstances due t o bad weather c o n d i t i o n s r e s u l t e d i n Experiment 8A i n 
increased observations, w h i l e d r i v e r ' s c o n t r o l s t r a t e g y was unaffected. 
These r e s u l t s are c o n s i s t e n t w i t h the Supervisory D r i v e r Model s t r u c t u r e 
when bad weather c o n d i t i o n s are a s s o c i a t e d w i t h increased l e v e l s of obser­
v a t i o n noise, which a f f e c t only the o b s e r v a t i o n / p r e d i c t i o n block, and not 
the c o n t r o l block. 

With respect to d r i v e r ' s c o n t r o l s t r a t e g y , the amplitudes and f r e ­
quencies of the steering-wheel movements confirmed some r e s u l t s of the 
previous experiments. In general, two types of conclusions can be drawn. 
F i r s t , a s h i f t to higher steering-wheel frequencies, i n combination w i t h 
s i m i l a r or even s m a l l e r standard d e v i a t i o n s , i s r e l a t e d to s e l f - p a c e d , 
higher task demands i n a given d r i v i n g s i t u a t i o n . S i m i l a r s h i f t s i n task 
demands were found p r e v i o u s l y f o r experienced d r i v e r s when the l o n g i t u d i n a l 
c o n t r o l c o n d i t i o n was added, or when they drove during darkness. Second, a 
s h i f t to l a r g e r standard d e v i a t i o n s of steering-wheel movements, with or 
without a s h i f t to higher frequencies, i s r e l a t e d to l a r g e , abrupt c o r r e c -
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t i o n s of l a t e r a l p o s i t i o n a f t e r periods of o c c l u s i o n . These s i t u a t i o n s 
occur mostly when d r i v e r s are faced w i t h high e x t e r n a l task demands, or 
when they have l e s s s k i l l s and cannot combine l a t e r a l c o n t r o l and other 
tasks ( l i k e v i s u a l o c c l u sion) s u f f i c i e n t l y . In some previous experiments, 
f o r instance during the i n s t r u c t i o n t o scan the o f f - r o a d environment, 
s i m i l a r r e s u l t s were already shown f o r the experienced d r i v e r s , and to a 
l a r g e r extent f o r the inexperienced d r i v e r s . 
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9. EPILOGUE 

The purpose of the t h e s i s was to describe and p r e d i c t d r i v e r ' s cap­
a b i l i t i e s t o cope w i t h the m u l t i t a s k s i t u a t i o n s of everyday d r i v i n g . To do 
so. d r i v i n g was studied i n terms of supervisory c o n t r o l . D r i v e r s were 
assumed to perform b e t t e r , or s a f e r , when they cope b e t t e r w i t h the m u l t i ­
task d r i v i n g s i t u a t i o n s by behaving more as a supervisory c o n t r o l l e r . In a 
s i m i l a r way, car and road designs were considered to be b e t t e r when they 
allow d r i v e r s to spend a t t e n t i o n to other tasks and, hence, to behave a l s o 
more as a supervisory c o n t r o l l e r . Supervisory c o n t r o l was made o p e r a t i o n a l 
during l a t e r a l v e h i c l e c o n t r o l by the study of the f o l l o w i n g c r i t e r i a : 
d r i v e r ' s observation s t r a t e g y i n terms of f r e e times, d r i v e r ' s c o n t r o l 
s t r a t e g y i n terms of the amplitudes and frequencies of the steering-wheel 
movements, and the o v e r a l l d r i v i n g performance i n terms of the v a r 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 yaw r a t e . The r e s u l t s of both the f i e l d s t u d i e s and 
the c a l c u l a t i o n s w i t h the Supervisory D r i v e r Model, the SDM, showed i n 
general that these c r i t e r i a were u s e f u l to describe m u l t i t a s k d r i v i n g i n 
r e l a t i o n to the a v a i l a b i l i t y of perceptual cues, task demands and d r i v i n g 
s k i l l s . 

In many m u l t i t a s k s i t u a t i o n s , d r i v i n g performance of l a t e r a l v e h i c l e 
c o n t r o l appeared to be q u i t e s a t i s f a c t o r y , i . e . both s k i l l e d and u n s k i l l e d 
d r i v e r s stayed w i t h i n the t r a f f i c lane. Thereby, the s k i l l e d d r i v e r s had 
longer f r e e times f o r observations than the u n s k i l l e d d r i v e r s f o r compar­
able l e v e l s of l a t e r a l c o n t r o l performance. The observation s t r a t e g y of the 
s k i l l e d d r i v e r s showed an increased number of observation t r a n s f e r s during 
m u l t i t a s k d r i v i n g or during d e t e r i o r a t e d c o n d i t i o n s . Their c o n t r o l s t r a t e g y 
then showed s e l f - p a c e d , higher task demands f o r l a t e r a l v e h i c l e c o n t r o l , 
i . e . higher steering-wheel frequencies, i n combination w i t h s i m i l a r or 
smalle r standard d e v i a t i o n s of the steering-wheel movements. These higher 
task demands caused mostly a l s o a b e t t e r l a t e r a l c o n t r o l performance. In 
s i t u a t i o n s where the v i s u a l cues f o r l a t e r a l v e h i c l e c o n t r o l were occluded 
temporarily, the s k i l l e d d r i v e r s a l s o s e t a more i d e a l i n i t i a l v e h i c l e 
p o s i t i o n immediately before o c c l u s i o n . However, the u n s k i l l e d d r i v e r s had a 
completely d i f f e r e n t c o n t r o l s t r a t e g y during m u l t i t a s k d r i v i n g and/or 
d e t e r i o r a t e d c o n d i t i o n s . They lacked not only the s h i f t to se l f - p a c e d , 
higher task demands, but even showed l e s s s k i l l s i n combining tasks l i k e 
l a t e r a l and l o n g i t u d i n a l c o n t r o l , r e s u l t i n g i n t o a c o n t r o l s t r a t e g y w i t h 
l a r g e , and more abrupt steering-wheel movements. 
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These r e s u l t s c l e a r l y show that s k i l l e d d r i v e r s perform b e t t e r , or 
s a f e r , d u r i n g m u l t i t a s k d r i v i n g and/or d e t e r i o r a t e d c o n d i t i o n s than the 
u n s k i l l e d d r i v e r s , due to the learned adaptations i n t h e i r observation and 
c o n t r o l s t r a t e g y . The SDM c a l c u l a t i o n s showed, f o r in s t a n c e , an increased 
use of the l a t e r a l speed cue by the more s k i l l e d d r i v e r s . With d r i v i n g 
s k i l l development, d r i v e r s then behave more as a supe r v i s o r y c o n t r o l l e r and 
have more p o s s i b i l i t i e s to monitor aspects beyond the task demands, which 
indeed may lead to the e a r l y d e t e c t i o n and compensation of unexpected 
t r a f f i c events and, thus, may lead t o increased t r a f f i c s a f e t y . 

These f i n d i n g s s t r o n g l y pronounce that an a n a l y s i s of d r i v e r ' s obser­
v a t i o n and c o n t r o l s t r a t e g y gives r e l e v a n t data i n a d d i t i o n to the "normal" 
measures of o v e r a l l d r i v i n g performance, and focusses on d r i v e r ' s c a p a b i l ­
i t i e s f o r m u l t i t a s k d r i v i n g . The f r e e times d e s c r i b i n g d r i v e r ' s observation 
s t r a t e g y during l a t e r a l v e h i c l e c o n t r o l , and the steering-wheel amplitudes 
and frequencies d e s c r i b i n g d r i v e r ' s c o n t r o l s t r a t e g y , can e a s i l y be used as 
c r i t e r i a i n new s t u d i e s , a l s o w i t h respect to road and car design. The 
m u l t i t a s k aspects of d r i v i n g can experimentally be obtained by the v i s u a l 
o c c l u s i o n technique. The a p p l i c a t i o n study w i t h respect t o roadway d e l i n e a ­
t i o n at night c l e a r l y demonstrated the relevance of these c r i t e r i a i n the 
f i e l d of road design. S i m i l a r s t u d i e s can be conducted to study the e f f e c t s 
of v e h i c l e dynamics, i . e . s t a b i l i t y , manoeuvrability and side-wind e f f e c t s . 

Some f i n a l remarks can be made about the Supervisory D r i v e r Model. The 
SDM was introduced t o provide a framework f o r m u l t i t a s k d r i v i n g w i t h i n a 
supervisory c o n t r o l context. The SDM c a l c u l a t i o n s have proven to be v a l u ­
able as a mathematical t o o l to p r e d i c t the e f f e c t s of changes i n the use of 
the perceptual cue3 on the o v e r a l l d r i v i n g performance and d r i v e r ' s obser­
v a t i o n s t r a t e g y . S i m i l a r s e n s i t i v i t y s t u d i e s can, of course, be performed 
w i t h respect to v e h i c l e dynamics, (time-dependent) side-wind e f f e c t s , e t c . 
However, i t was found exp e r i m e n t a l l y that i n t e r a c t i o n s between tasks may 
r e s u l t i n t o s e l f - p a c e d , higher task demands f o r l a t e r a l c o n t r o l . These 
i n t e r a c t i o n s cannot be pred i c t e d by SDM and n e c e s s i t a t e e m p i r i c a l s t u d i e s . 
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NOMENCLATURE 

a distance between v e h i c l e centre of g r a v i t y and f r o n t a x i s m 
2 

l a t e r a l a c c e l e r a t i o n m/s 
A system matrix 
b d i s t a n c e between v e h i c l e centre of g r a v i t y and rear a x i s m 
B input matrix 
C d i s p l a y matrix 

2 2 C, aerodynamic c o e f f i c i e n t Ns /m 
A 

C R c o e f f i c i e n t of r o l l i n g r e s i s t a n c e 
C 1 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 c o e f f i c i e n t f r o n t wheel t i r e s N/rad 

e f f e c t i v e c ornering s t i f f n e s s c o e f f i c i e n t r e a r wheel t i r e s N/rad 
E disturbance matrix 

2 
g g r a v i t a t i o n a l a c c e l e r a t i o n 9.81 m/s 
G height of a marker above the road surface m 
G R yaw ra t e g a i n , or yaw rate s e n s i t i v i t y 1/s 
H height of d r i v e r ' s eyes above the road surface m 

2 
I_ moment of i n e r t i a around Z-axis kgm 

2 2 
K v e h i c l e s t a b i l i t y f a c t o r s /m 
1 wheel base m 
m v e h i c l e mass kg 
M g engine torque Nm 
N s t e e r i n g system gear r a t i o 
r yaw r a t e rad/s 

2 
r yaw a c c e l e r a t i o n rad/s 
r w t i r e e f f e c t i v e r a d i u s m 
R curve ra d i u s m 
s Laplace operator 
s a c c e l e r a t o r p o s i t i o n (range 0-1) 

3 

s g gearbox r a t i o 
t time s 
T preview time s 
T^ lead time constant s 
u l o n g i t u d i n a l v e l o c i t y m/s 

2 
u l o n g i t u d i n a l a c c e l e r a t i o n m/s 
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5 mean l o n g i t u d i n a l v e l o c i t y m/s 
V l a t e r a l v e l o c i t y m/s 
V l a t e r a l a c c e l e r a t i o n . 2 m/s 
V covariance 
w white noise 

w g f i l t e r e d white noise, added to d r i v e r ' s a c t u a l steering-wheel angle 
w f i r s t d e r i v a t i v e of f i l t e r e d white noise w 
g g 

X s t a t e vector 
X f i r s t d e r i v a t i v e of the s t a t e vector 
« e s t i m a t i o n of the s t a t e vector x 
X A aerodynamic f o r c e N 
XB braking force N 
XD d r i v e force N 
XR r o l l i n g r e s i s t a n c e force N 
y l a t e r a l d e v i a t i o n m 
y l a t e r a l speed m/s 

1 d i s p l a y vector 
Y l a t e r a l d i s t a n c e between a marker and d r i v e r ' s eyes m 
Y mean l a t e r a l d i s t a n c e between a marker and d r i v e r ' s eyes m 
Y1 l a t e r a l t i r e f o r c e s at f r o n t wheels N 
Y 2 l a t e r a l t i r e forces at rear wheels N 
z_ c o n t r o l vector 

a i n c l i n a t i o n d e v i a t i o n rad 
a i n c l i n a t i o n speed rad/s 
a1 s l i p angle f r o n t wheels rad 
a 2 s l i p angle r e a r wheels rad 
6 r yaw r a t e damping c o e f f i c i e n t 
5 s a c t u a l steering-wheel angle rad 

*s a c t u a l steering-wheel r a t e rad/s 
6 
sc 

commanded steering-wheel angle rad 
6 
w 

f r o n t wheel s t e e r i n g angle rad 
A i n c l i n a t i o n angle rad 
A mean i n c l i n a t i o n angle rad 
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heading angle 
yaw r a t e 

T1 time constant 

T 2 time constant 
u 
r 

yaw r a t e n a t u r a l frequency 

Abbreviations 

ANOVA ANalysis Of VAriance 
e.g. centre of g r a v i t y 
FFT Fast F o u r i e r Transform 
OCM Optimal C o n t r o l Model 
OCDM Optimal C o n t r o l D e c i s i o n Model 
S.D. Standard D e v i a t i o n 
SDM Supervisory D r i v e r Model 
TLX Time to Line Crossing 
VPS Vanishing Point of S t r a i g h t road 
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