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W h e n dr iv ing a vehicle t h e h u m a n ac t s as a controller in a highly d y n a m i c e n v i r o n m e n t . 

T h u s h u m a n behavior in t h a t control loop h a s t o a large extent been descr ibed us ing con t ro l 

t heo re t i ca l methodology . We develop a dr iver model , in which dr iv ing is seen a s a m o d e l 

p red ic t ive control t a sk in such a way t h a t t h e driver accumula tes knowledge a b o u t h i s / h e r 

vehicle 's hand l ing proper t ies . H e / s h e bui lds a model o u t of t h a t knowledge a n d uses it to 

p r e d i c t t h e vehicle 's fu ture react ions o n h i s / h e r control inputs . T h e h u m a n ' s behav io ra l 

o p t i m i z a t i o n is reflected in t h e driver m o d e l by us ing t h a t predic t ion m o d e l in o rde r to 

o p t i m i z e control i npu t s such, t h a t a set of criteria, which reflect h u m a n wel l -being, a re 

min imized . P red ic t ion models and c r i t e r i a depend on the current d r iv ing s i t u a t i o n a n d 

o n persona l driver preferences. T h e p r inc ipa l proper t ies of the driver mode l a re d iscussed 

u s i n g very s imple s t a n d a r d maneuvers like dr iving s t ra ight and corner ing u n d e r different 

preferences. T h e m e t h o d is t hen appl ied t o a more complex t rack. T h e findings from t h a t 

a r e backed u p by exper iments done in rea l world and in a dr iving s imula to r . 
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E x e c u t i v e S u m m a r y 

W h e n dr iv ing a vehicle t h e h u m a n acts as a control ler in a highly d y n a m i c env i ronmen t . T h e 

h u m a n o p e r a t o r m u s t p rocess different sensory percept ions sui tably to con t inuous ly g e n e r a t e 

con t ro l i n p u t to t h e p l a n t . H e / s h e works as a dynamic controller, which uses h i s / h e r m o d e l 

i n fo rma t ion a b o u t t h e p l a n t , toge ther w i t h h i s / h e r sensory percept ion t o achieve h i s / h e r 

con t ro l a im . T h u s h u m a n behavior in t h a t con t ro l loop can to a large e x t e n t b e desc r ibed 

us ing cont ro l theore t i ca l methodology . 

Rea l i s t i c driver mode l s a re pa r t i cu la r ly useful in th ree respects: first, i t enab les us t o eva lua t e 

vehic le hand l ing p r o p e r t i e s by c o m p u t e r s i m u l a t i o n in a very realistic m a n n e r . T h u s t h e t e s t 

s e t u p in a c o m p u t e r s imu la t ion can b e exac t l y t h e same as in a rea l world expe r imen t , so 

t h a t - p rovided t h e m o d e l is realistic - t h e s a m e conclusions can be d r a w n . Second, w h e n 

deve lop ing driver s u p p o r t sys t ems such as A B S , ESP, brake ass is tant e tc . t he dr iver is a 

non-negl ig ib le pa r t of t h e sys t em, i n t r o d u c i n g h i s / he r own dynamics , if t h e h u m a n in t h e 

con t ro l loop is no t p r o p e r l y considered, h e / s h e can destroy much of t h e benefit ga ined by 

these sys tems . T h i r d , w h e n developing vehicle guidance controllers, t hey should be des igned 

such t h a t t h e h u m a n finds t h e m acceptab le . T h e chance t o achieve t h a t is large, if such 

a cont ro l le r ac ts in a s imi la r way t h a n t h e h u m a n him-/hersel f would do. Thus , in t h i s 

applicat ion- driver m o d e l s are needed for p r ed i c t i on and a d a p t a t i o n . 

S t a r t i n g from basic a s s u m p t i o n s coming f rom every day ' s experience we t r y t o d e d u c t a 

q u a n t i t a t i v e answer t o t h e quest ion of h u m a n behavior as a adynamic control ler . T h e s e 

a s s u m p t i o n s are: 

• M a n c a n u s e a n d c o o r d i n a t e h i s s e n s o r y p e r c e p t i o n . If t h e h u m a n is t o cont ro l 

a dynamic f l a n t , h e / s h e mus t have t h e possibil i ty of perceiving i m p o r t a n t o u t p u t 

quan t i t i e s wi th sufficient accuracy. P r o v i d e d this, t h e h u m a n is able t o re la te different 

percep t ive i n p u t s t o each' o ther , in o rde r t o get a clear image of the ' cu r ren t s y s t e m 

s t a t e . Therefore , w e ' c a n assume' t h a t t h e h u m a n is capable of deduc ing t h e cu r ren t 

s t a t e of m o t i o n f rom h i s / h e r sensory pe rcep t ion . 

• IVlSn h a s t h e ' a b i l i t y t o l e a r n d y n a m i c s y s t e m ' s b e h a v i o r . "Thus, to a c c u m u l a t e 

' i n fo rmat ion a b o u t t h e p l a n t dynamics by ope ra t i ng i t . H e / s h e does so by cont inuous ly 

c o m p a r i n g the p l a n t behav ior in r e sponse t o h i s /he r i n p u t signals versus t h e behav io r 

h e / s h e would-have expec t ed .from h i s / h e r imagina t ion ga the red so far. Consequent ly , 

t h e h u m a n can c o n s t a n t l y improve h i s / h e r imagina t ion of t h e d y n a m i c p l a n t , a n d 

h e / s h e is able t o p r e d i c t i t s behav ior ever m o r e precisely. 

• M a n is a b l e t o o p t i m i z e h i s / h e r ' b e h a v i o r . Exper ience shows t h a t tl\e . human , as 

soon as h e / s h e h a s u n d e r s t o o d t o a c e r t a i n extent t h e sys tem t o b e control led, is ab le 

t o op t imize h i s / h e r behav io r by exerc is ing. I n t h e context of dr iver mode l ing m a i n l y 

t h e vehicle's t r a j e c t o r y on t h e road a n d i t s velocity, b u t also t h e gear sequence are 

ad jus ted o p t i m a l l y by t h e h u m a n dr iver . 
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W e develop a dr iver model , in which d r iv ing is seen as a mode l predic t ive control t a s k in such 

a way t h a t t h e dr iver accumula t e s knowledge abou t h i s / he r vehicle 's hand l ing p roper t i e s . 

H e / s h e bui lds a mode l o u t of t h a t knowledge and uses it to predic t t h e vehicle 's fu ture 

reac t ions on h i s / h e r control i npu t s . T h e h u m a n ' s behaviora l op t imiza t ion is reflected in t h e 

dr iver mode l by us ing t h a t p red ic t ion mode l in order t o opt imize control i n p u t s such, t h a t a 

se t of cr i ter ia , which reflect h u m a n well-being, are minimized. P red ic t ion mode l s a n d c r i t e r i a 

d e p e n d on t h e cu r r en t dr iv ing s i t u a t i o n and on personal driver preferences. 

T h e op t imiza t ion is performed us ing a Sequential Q u a d r a t i c P r o g r a m m i n g a lgo r i t hm. T h e 

object ives f(p) of t h a t op t imiza t ion are connected t o the op t imiza t ion p a r a m e t e r s p by 

d y n a m i c cons t ra in t s . A p rocedure is shown to-calculate-analyt ical p a r t i a l der ivat ives *$**• 

of t h e cost funct ions f(p) w i th respec t t o the op t imiza t ion p a r a m e t e r s p, in order t o improve 

numer ica l convergence of the o p t i m i z a t i o n . -

T h e pr inc ipa l p rope r t i e s of t h e dr iver model are discussed using a one t rack vehicle m o d e l 

as t h e ' p l a n t inc luding a e r o d y n a m i c d rag , an HSRI t i re m o d e l a n d the engine charac te r i s t ics 

b e i n g mode led by a look-up tab le in combina t ion wi th a j i r s t order filter ( P T l ) . 

S imple s t a n d a r d maneuve r s like d r iv ing s t ra igh t and corner ing u n d e r different-preferences 

a re used t o s t u d y t h e pr inc ipa l behav ior of .the resul t ing dr iver model . T h e m e t h o d is t h e n 

appl ied t o a m o r e complex t rack , t h e Hockenheim M o t o d r o m , Germany . The. findings from 

t h a t are backed u p by exper imen t s done in real world a n d in a dr iv ing s imula to r . 

T h e results, sljow several th ings : 

• T h e behav io r p red ic ted by t h e dr iver model corresponds well wi th real h u m a n behav io r 

unde r t h e condi t ions , t e s t ed in the . e x p e r i m e n t .Comparison of s imula t ion .and-exper 

iment shows - that t h e h u m a n drivqr is involuntar i ly able to op t imize h i s / h e r behav io r 

^fqr given preferences. Th i s backs, u p t(he hypothes is t h a t d r iv ing can inr p r inc ip le b e 

charac te r ize^ as a .continuous op t imiza t ion task . . -However, i t is necessary t o ex tend 

( the real world exper imen t s to h igher speeds a n $ more complex .tracks. 

• T h e vehic le ' s t r a j ec to ry d u r i n g curve negot ia t ion differs' considerably from t h e curva

tu re m i n i m i z i n g t r a j ec to ry . . I t depends s t ronglv o n v t h e active preferenpe, ai^cl -has t o 

b e cons idered in combina t ion wi t j i ' t he velocity profile a long it.( T h i s cor responds well 

wi th exper iences from rac ing driving. 

• E x p e r i m e n t a l inves t iga t ions in a s t a t i c d r iv ing ' s imu la to r -have 'on ly l imi ted m e a n i n g -

fulness in t h e context of mode l ing driver control behavior . T h e sensory pe rcep t ion 

is s imply t o o different f r o m - t h a t on a real road , since any accelera t ion i n p u t t o t h e 

h u m a n is miss ing. E i t h e r a d y n a m i c dr iving s imula tor or ex tended rea l world t e s t ing 

is .necessary for fur ther va l ida t ion of tfie model . ' 
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C h a p t e r 1 

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

Technology serves m a n . M a n ope ra t e s m a c h i n e s . In teract ion be tween m a n a n d mach ine is 

as old as technology itself. In appl ica t ions , which contain fast m o v e m e n t s a n d non-negligible 

d y n a m i c s , t h e h u m a n o p e r a t o r m u s t p rocess different sensory pe rcep t ions su i t ab ly to con

t inuous ly genera te con t ro l i n p u t td the p l an t . H e works as a d y n a m i c control ler , 'which uses 

his m o d e H n f o r m a t i o n - a b o u t t h e p lant , t o g e t h e r with his sensory percept ion t o achieve his 

con t ro l a im. 
> 

E v e r y ,day's, exper ience shows t h a t t h e h u m a n is able . to control a n d stabi l ize d y n a m i c p lan t s 

of surpr is ingly h igh complexi ty , involving h igh order dynamics a n d nonl inear i t ies of all pos

sible kinds. 

Con'sider for e x a m p l e a child, ba lanc ing a t a r , which rests vertically^ on t h e p a l m of h i s / h e r 

hand.1 I n the, first p lace, t h e child will recognize the.instabilit3r.0f tl^at vert ical ba r . Secondly, 

"he would realize t h a t he can 'know t h e c u r r e n t s^ate of moj;iQn of t h e ba r by watch ing i t 

a n d sensin'g t h e fqrces imposed on his h a n d . He wjll t h e n ^ e e t t h a t he can .influence t h e 

ba'r*s mot ion by m o v i n g ' h i s ' h a n d , and soon - af ter a b i t of, t r a i n i n g - t h e child wilj be able 

t o ba lance t h e ver t ica l ba r on his h a n d , t h u s t o control and essential ly s tabi l ize a formerly 

u n s t a b l y adynamic p l a n t . 

P lay ing-soccer seems' to' b e a really n a t u r a l ' t h ing for "most of lis - a t least in our cul ture . 

F a c t ' i s t h a t t h e h u m a n 'gate, wnich ' is c'fucrai in th i s task^is one df'tjie'rnosl; h ighly developed 

skills1 Of-nian as ;far*as t h e control ' o fx lynamic plah'ts lSjCohcerned. B u t Walking a n d runn ing 

is on ly -pa r t of t h e ' g a m e . -Soccer fis in te res t ing because1 t he players a re in te rac t ing w i th a ball , 

p r e c i s e l y coiifcrdllihg i t s movemen t s a n d ' t a k i n g in to account i t s ' d y n a m i c "motion under t h e 

influence of i m p a c t s , friction, and t r icky a e r o d y n a m i c forces. 

O n e could t h i n k of a lot of o t h e r examples , w h e r e humans cont ro l complex d y n a m i c p lan ts 

w i t h o u t any ' a p p a r e n t difficult^, 'Attd v i r t u a l l y involuntarily". Seemingly, m a n h a s developed 

skills^whicH^allow h i m - t o perform such*ta3ks. O n e of t h e i m p o r t a n t ques t ions ar is ing from 

th i s ' obse rva t i on isS'ff arid How Human b e h a v i o r in ' t h i s c o n t e x t c a n tie descr ibed sys temat i 

cally, anpl if his reac t ion^tp ce r t a in - " inputs" c a n be predic ted- to some extent . 

http://the.instabilit3r.0f


2 Chapter 1. Introduction 

Resea rch in t h i s a r e a is ce r t a in ly m a i n l y biological, behaviora l , a n d t o s o m e e x t e n t psycho

logical . 

Engineers , however, a re concerned w i th these issues as t h e y t ry t o des ign app l i ances t o 

b e o p e r a t e d by h u m a n s . In some cases these appl iances exhibi t non-negl igible dynamics . 

Undoub ted ly , such devices should be bui l t in such a way, t h a t they s u p p o r t t h e o p e r a t o r ' s 

ac t ions and - dynamica l ly - m a k e his intui t ive reac t ions t o a cer ta in pe rcep t ion s t ab i l i ze t h e 

p l a n t , so t h a t i t can be easily control led. 

T o accompl ish th i s a im, we chose a descriptive approach t o h u m a n behav io r , r a t h e r t h a n 

t o t r y to expla in those pa r t i cu l a r h u m a n skills by biological means . T h e t e r m "descr ip t ive" 

m e a n s t h a t we t r y on ly t o descr ibe h u m a n behavior in t h e c o n t r o l loop w i t h o u t exp la in ing i t 

physiological ly or psychologically. S t a r t i n g from basic a s sumpt ions coming from every day ' s 

exper ience , such as t h e examples ment ioned above, we t ry to deduc t a q u a n t i t a t i v e answer 

t o t h e ques t ion of h u m a n behav ior as a dynamic control ler . 

T h e s e a s sumpt ions ' are: 

• M a n can, u s e a n d c o o r d i n a t e h i s . senspry . p e r c e p t i o n . If t he h u m a n , is t o cont ro l a 

d y n a m i c p lan t , he m u s t have the, possibili ty of perceiving i m p o r t a n t o u t p u t quan t i t i e s 

' w i t h sufficient accuracy. P rov ided this, t he h u m a n is able t o re la te different percep t ive 

i n p u t s t o each o the r , in o rde r t o get an even clearer image of t h e c u r r e n t s y s t e m s t a t e . 

There fo re ; we c a ^ a s s u m e - t h a t , t h e human- is capable of deducing t h e - c u r r e n t ' s t a t e of 
1 m o t i o n from his sensory percept ion . 

• M a n h a s t h e a b i l i t y t o l e a r n adynamic s y s t e m ' s , b e h a v i o r . T h u s , t o a c c u m u l a t e 

in format ion a*D0'ut t h e p l a n t dynamics 'by j u s t o p e r a t i n g i t . He does so by cqnt inupus ly 

c o m p a r i n g ' t h e "plant behav ior in ' r esponse t o his inpji t signals versus t h e behav ior .he 

w o u l d ' h a v e expec ted frcfrh his imagination*,gathered^so far. C o n s e q u e n t l y t h e h u m a n 

' ( dan 'constant ly improve' h is imagina t ion of t h e dynamic .plant, 'and he is ab le t.o p red ic t 

i t s behav ior m o r e a n d m o r e precisely. 
t-j 

'i » 

M a n is a b l e t o o p t i m i z e h i s b e h a v i o r . Exper ience shows t h a t t h e h u m a n , as soon 

as he }ias u n d e r s t o o d t o a cer ta in extent the . sys tem to be control led, is ab le t o op t imize 

his behavior . Seemingly^ th i s op t imiza t ion skill, is somehow, pa r t of h u m a n , n a t u r e . (In 

m o s t cases, th i s h a p p e n s alrnost .invojuntarily,, as i t is . the .case when4earni irg»to ' \ t falk 

or to r ide^a S i c v c l e . ^ B u t there , a re o ther cases r wher,e, rea l ly-conscious decis ions *are 

involved .in, t h i s opt imizat ion^ .for .example ,when .playing, chess1 o r , jn, t h e . socce r game 

men t ioned above. < Sj , > *n<'*t/'i'* 

Dr iv ing a Vehicle js.,a. t a sk , which ,!& nowadays perforjnec^ b y - a l m p s t eve,ryvaalult .person 

in indus t r i a l i zed cquntr ies . t / n d e r n o r m a l condit ions, , most , people a re ab l e t o d r ive safely. 

S ta t i s t i c s show however, t h a t . road accidents keep happen ing , which m e a n s t h a t under , ce r ta in 

1 Chess can be considered aSaiiighly complex? 'discrete-time dynamic system. in /Jlf'"> 
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c i r cums tances h u m a n beings are n o t able t o keep the i r vehicle safely u n d e r control . T h u s , 

. h u m a n s fail t o s tab i l ize the i r cars in pa r t i cu la r s i tua t ions . 

T h e need for e n h a n c e d driver" assis tance sys tems t o suppor t t h e dr iver in his t a sk in t o d a y ' s 

Vehicles is therefore obvious'. O n 'the o ther h a n d , t o de termine , if a p a r t i c u l a r sys t em real ly 

fulfills t h e r equ i r emen t s i t is designed for, a n d if it still d o e s . s o in in te rac t ion wi th t h e 

h u m a n , is n o t t r iv ia l . Driver ass is tance sys tems usual ly influence t h e d y n a m i c p rope r t i e s 

; q f t h e vehicle, caus ing t h e o p e r a t o r to change his behavior and ' pos s ib ly des t roy t he ' de s i r ed 

effect. 

I t is therefore necessary t o s tudy^ the human- ope ra to r ' s act ions a n d reac t ions as p a r t of t h e 

•dynamic plant , in o rde r ' t o i eva lua te the i m p a c t of driver ass is tance sys tems on road safety. 

Vehic le dr iving i s - thus a good arid useful e x a m p l e for the s t u d y of h u m a n behav io r in t h e 

l 'oop. I t has become even m o r e i m p o r t a n t d u r i n g the last couple of years ; s ince s u b s t a n t i a l 

i m p r o v e m e n t s in c o m p u t e r technology and ever more e labora te s imula t ion techniques Allow 

a g r e a t deal of design a n d development work t o be done by s imula t ion . A c c u r a t e s imula t ion 

m o d e l s of the dr iver s u p p o r t this : 

1 . 1 R e s e a r c h c o n c e p t 

external disturbance w 

, 

,_ 

t 

plant 
i. (vehicle1 dynamics) 

dnver * 
itnput 

i'y. 

driver 

visual 
information 

system state 

* [ < ' 

driver perception 

1 ! 

, i M T E i g u r e l . l : CoritroL loop .consisting, of vehicle, p l a n t , a n d 

-external d i s tu rbances •' ' •> i 

Theadr iver . of .a vehicle* is>parVof a x l o s e d con t ro l lo*o]>consisting of a p l an t , which is t h e 

vehic le itself, and-.fche driven, w h o is. t o x o n t r o l t h e p lan t , see-Fig. 1.1: T h e vehicle 's d y n a m i c s 
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is exci ted by e x t e r n a l d i s tu rbances , which p a r t l y can b e perceived by t h e d r ive r a cer ta in 

t i m e in advance . T h e i n p u t passed from vehicle a n d env i ronment t o t h e dr iver consists 

of visual in fo rmat ion , accelerat ions ; veloci ty informat ion, pos i t ion and veloci ty of po ten t i a l 

obs tacles etc. . I t p rov ides ' t he in format ion needed by t h e h u m a n t o j u d g e a c e r t a i n s i tua t ion 

a n d react, app ropr i a t e ly . 

In doing so, t h e dr iver can essentially ac t on t h e s teer ing wheel, t he acce le ra to r a n d brake 

peda l s , as well as on t h e gear shift a n d the, c lu tch pedal . T h e s e devices a re t h e cont ro l i npu t s 

the driver uses for h is ac t ion . 

Research on dr iver behav io r m u s t s t a r t w i t h a-proper descr ip t ion of t h e p l a n t t o b e control led, 

n a m e l y the vehic le ' s dynamics . We will i n t roduce two, d y n a m i c .vehicle m o d e l s in c h a p t e r 2. 

T h e vehicle m o d e l m u s t conta in all effects, which can poss ib ly affect t h e dr iver ' s behavior . 

However, t h e m o d e l i n g techniques "to be used for th is p a r t a re qui te s t r a igh t fo rward , and 

since, in Addition, t h e y are n o t pa r t of t h e research, t he i r descr ipt ion is very compressed in 

chap t e r 2. 

^ h e proposed a p p r o a c h to dr iver mode l ing is essentially a, mode l predic t ive cont ro l m e t h o d 

based on the above men t ioned a s s u m p t i o n s on t h e n a t u r e of h u m a n behav ior in t h e control 

loop. W i t h increas ing dr iv ing experience t h e h u m a n accumula t e s mode l i n fo rma t ion a b o u t 

t h e vehicle's -dynamic behavior . He uses th i s mode l cont inuously , together, wj,th; h is sensory 

percept ion to g e n e r a t e s teer ing, t h ro t t l e , b rake , gear, a n d c lu tch inpu t s as needed t o stabil ize 

t h e car : 

T h e r e are threes t a s k s _to be carr ied o u t by t h e dr iver . T h e y c o n s t i t u t e a n hierarchical 

controller , which) reflects the h u m a n ' s t h i n k i n g durih~g"the r ide: - ^ 

• C o g n i t i v e decis ion:" T h i s is' t h e h ighes t h ierarchical level in t h e cont ro l le r . Based 

upon his e x p e r t knowledge a b o u t dr iv ing, the h u m a n decides on his preferences dur ing 

t h e r ide in a pa r t i cu l a r s i t ua t ion , e. g. if he w a n t s t o go as fast as poss ib le or, on 

the o ther t jand, he considers a s i t u a t i o n dangerous a n d t r ies t o , dece l e r a t e a s quickly 

as possiblei A n o t h e r possible goal is to min imize accelerat ions -on t h e passengers ' to 

enhance - r id ing comfort . T h e cogni t ive decision t a s k m u s t therefore p rov ide a set of 

^weighting fac tors t o give a trade-off between t h e cost functions of t h e subsequent 

t r a jec to ry ' op t imiza t ion . * 

I t is "also necessary in t h e cognit ive decision t a sk t o decide, on t h e m o d e l t o be used 

for op t imiz ing a t ra jectory. Some_ possible mojiejs a re described m- c h a p t e r 3. This, is 

i m p o r t a n t t o descr ibe t h e h u m a n abi l i ty t o a d a p t t o chang ing d y n a m i c behav io r of the 
» 

p lant . 
T h e cogni t ive decision t a sk is m a i n l y j i decision n jak ing process, based on t h e dr iver 's 

exper t knowledge . I t is also a process , where poss ib le decisions a r e n o t marked ly 

sepa ra t ed f rom each 6 ther . Therefore , a fuzzy^rule Based1 decision m a k i n g ,apprpach 

seems s u i t a b l e t o imp lemen t t h i s .task effectively: 

• T r a j e c t o r y o p t i m i z a t i o n : . Once t h e driver has decided, on his .preferences d u r i n g the 

ride, he m u s t conver t th i s in to p r 6 p e r act ion by gene ra t i ng a t ra jec tory , which He wants 

1.1. Research concept 
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F i g u r e 1 .2 : Basic 3-s tage control concept for t h e descr ip

t ion of dr iver behavior 

t h e vehicle to follow, a n d a veloci ty profile a long i t . He uti l izes his sensory percept ion 

to e s t i m a t e t h e cu r ren t s t a t e of mot ion . Toge the r wi th his in fo rmat ion from looking 

a h e a d a n d t h e m o d e l in fo rmat ion a b o u t his vehicle he is ab le t o p red i c t t h e reac t ions 

of h is vehicle t o ce r t a in dr iv ing inpu ts . 

According to t h e above a s s u m p t i o n s on h u m a n behavior , m a n is ab le to opt imize 

h i s ' a c t i on , p rov ided t h a t he h a s sufficient knowledge ^expe r i ence" ) a b o u t t h e p l a n t 

dynamics . He is t hus able to work in a model -pred ic t ive control ler fashion, i. e. t o 

op t imize his fu ture ac t ion a t one t ime , a p p l y t h e op t imized ac t ion for one t i m e instance, 

a n d op t imize aga in . D e p e n d i n g o n t h e complex i ty of t h e s i t ua t ion , t h e sampl ing t i m e 

of th i s ac t ion var ies from a b o u t .0.2 s t o 3 s, according t o [15]. 

In m a t h e m a t i c a l t e r m s t h e t r a j ec to ry op t imiza t ion t a s k cons t i t u t e s a nonl inear vector 

i - -
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op t imiza t ion p r o b l e m under d y n a m i c equal i ty a n d inequal i ty cons t ra in t s . In c h a p t e r 5 

the co r r e spond ing op t imiza t ion p rob lems are formulated, such t h a t t h e y can b e solved 

using s t a n d a r d numer ica l op t imiza t ion a lgor i thms. 

C o n t r o l a n d s t a b i l i z a t i o n : T h e lowest control level reflects t h e con t inuous s tab i l iza

t ion of t h e p l a n t by t h e driver. T h e t a sk is to cont inuously ad jus t t h ro t t l e , b rake , a n d 

steering a n g l e t o minimize dev ia t ions from t h e trajectory, which has been p r ep l anned 

in the t r a j e c t o r y op t imiza t ion level. 

Dur ing s i m u l a t i o n , th is is done a t a sampl ing rate , which makes i t v i r t ua l l y ac t as 

a con t inuous control ler when consider ing the high t ime 'cons tants involved in h u m a n 

action. 

Th i s s t ab i l i za t ion t a sk general ly cons t i tu tes a nonlinear vector op t imiza t ion p rob lem, 

which is t o b e solved considerably more often t h a n the ' t r a j ec to ry p l a n n i n g p rob lem. I t s 

formulat ion a n d solut ion are g iven in chapter 6. However, t h e h igh s amp l ing frequency 

required m a k e s t h e s imula t ion of this , task very costly in t e r m s of C P U - t i m e . Several 

possibil i t ies a r e be ing discussed therefore in chap te r 6 to reduce c o m p u t a t i o n a l effort. 
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C h a p t e r 2 

V e h i c l e s i m u l a t i o n m o d e l s 

T h e mechan ica l mode l of the p l an t , which is to be control led, is t he basis of all fur ther 

inves t iga t ions . All effects necessary for the h u m a n control t a sk m u s t be inc luded . Since 

our focus is on t h e h u m a n cont ro l l ing the dynamics of a vehicle, we have t o set u p a mode l 

descr ib ing a r o a d vehicle's la te ra l a n d longi tudinal dynamics in t h e frequency range , in which 

h u m a n cont ro l t akes place. 

4 
T h i s mode l m u s t be d is t inguished from the simplified models descr ibed in c h a p t e r 3. T h e 

l a t t e r a re used by t h e driver t o gene ra t e his i npu t signals. Unlike t h a t , we t r y here t o descr ibe 

t h e physics of t h e p l an t , regardless of t h e driver 's knowledge a b o u t i t . T h e mode l s developed 

in th i s c h a p t e r a r e used as p lan t mode l s as depic ted in Fig . 1.1. 

T h e m e t h o d s used therefore a re s t a n d a r d mu l t i body mode l ing techniques . T h e y are n o t 

descr ibed , in de ta i l here. We r a t h e r refer t o a variety of t e x t b o o k s on th is topic , e. g. 

[1, 5, 8," 12]. 

S t a r t i n g from t h e k inemat ic p rope r t i e s of the vehicle, t h e d y n a m i c equa t ions of m o t i o n of 

second order 

M(q)q + h(q, q) = B(q)f(tt q, q) (2.1) 

a re der ived £Q prescribe .its mechanica) dynarnic behavior , q € IRn deno tes t he reby a vector 

of su i t ab ly chosen m i n i m a l coordinates , wi th n be ing t h e n u m b e r of degrees of freedom. 

M(q) e-JRnxn is t h e posi t ive definite mass m a t r i x , depend ing on q. h(q, q) € IRn conta ins 

possible centr i fugal a n d Cqriolis-forces. 
i» 

f(t,'q, q)As a vector consis t ing of all forces ac t ing on t h e sys tem d u e t o b o t h ex t e rna l exci

t a t i o n s a n d force e lements . B is t h e i npu t m a t r i x for those forces. 
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2 . 1 V e h i c l e d y n a m i c s 

2 . 1 . 1 O n e - t r a c k v e h i c l e m o d e l 

T h e kinemat ics of t h e one- t rack vehicle mode l is depicted in Fig. 2.1. T h e bas ic a s s u m p t i o n 

direction 
of motion 

F i g u r e 2 .1 : One- t r ack vehicle mode l 

under ly ing th is m o d e l is t h a t t h e respect ive left a n d ' r i g h t wheels c a n b e ' c o n s i d e r e d as one 

wheel in the midd le of t h e vehicle. Consequent ly , no roll mot ion a long t h e ca r ' s l ong i tud ina l 

axis (x-axis in F ig . 2.1) is considered. T h e r e is also no suspens ion k inema t i c s inc luded; 

f ront and-rear suspens ion consist of l inear s p r i n g / d a m p e r units ; wh ich connec t t h e u h s g r u n g 

masses (—wheels) w i t h t h e sp rung m ' a s s ' ( = b o d y ) . ' '* 

cF denotes thereby t h e froni suspension spr ing stiffness, dF is, t h e front suspens ion d a m p i n g 

coefficient, and ctF is t h e front t i re ver t ical stiffness. cR, dR, a n d ctR a r e t h e respect ive 

quanti t ies7for t h e r ea r axis, m a n d 0 € IR 3 x 3 denotq mass and r o t a t i o n a l iner t ia 'o f t h e t ipdy 

w i t h respect to i t s cen te r of gravi ty CG,. T h e *pairs m , QF a n d m, ®R a r e ' t h e respect ive 
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iner t ia l p a r a m e t e r s for t h e front a n d t h e rea r wheel. lF a n d IR a r e t h e hor izonta l d i s tances 

of front a n d rea r axles from C G . s is t h e he ight of C G above t h e wheel axes u n d e r s t a t i c 

load. 

T h e b o d y ' s pos i t ion is given by t h e pos i t ion vector of C G rB :— \ x y z ] . I t s o r i en ta t ion 

is descr ibed by t h e yaw angle tp a n d t h e p i tch angle d. zF a n d ZR give the front a n d rea r 

suspens ion deflections, tp is t h e s teer ing angle a t t he front wheel , re la t ive to t h e body . aF 

a n d aR a re t h e abso lu t e angle of r o t a t i o n of t h e front a n d -rear wheels, respectively. 

F r o m th is mode l a se t q of m i n i m a l coo rd ina t e s can be de t e rmined : 

= x y z -0 $ 4> ZF ZR <*F CtR I q = 

K i n e m a t i c s 

€ 1 R 10 (2.2) 

T h e t r ans l a t iona l a n d ro ta t iona l velocity vectors of the t h r ee bodies , in t e r m s of t h e m i n i m a l 

coord ina tes q accord ing t o Eq. 2.2, c a n b e calculated from t h e k i n e m a t i c p rope r t i e s of t h e 

sys tem, which are given in Fig. 2.1. 

Let us define: 

LJB 

vB 

UJF 

VF 

UR 

VR 

a n g u l a r velocity of car b o d y 

t r ans l a t i ona l velocity of car b o d y 

a n g u l a r velocity of front wheel 

t r ans l a t i ona l velocity of frorit wheel 

singular Velocity of rea r wheel 

t r ans l a t i ona l velocity of rear- wheel 

a n d t h e J acob i ans of t h e t h r ee bodies w i t h respect to t r a n s l a t i o n a n d ro t a t ion : 

JBT 

^Bt 

JFr 

JFt 

JRT 

du>B 

7* 
OVB 

OVF 

OUR 

b o d y J a c o b i a n ( ro ta t ional ) 

b o d y J a c o b i a n ( t rans la t ional ) 

front wheel J a c o b i a n ( ro ta t ional ) 

front^wheel J a c o b i a n ( t rans la t iona l ) 

rear wheel J a c o b i a n ( ro ta t ional ) 

rear wheel J a c o b i a n ( t rans la t iona l ) 

T h e t r ans l a t i ona l accelera t ion Vi\i = B,F;R a n d ro t a t i ona l acce le ra t ion c j j j i = B,F,R for 

each b o d y can. n'ow be-given a s suming t h a t 'none o f t h e l n i n i r h a l coo rd ina t e s is ah explici t 
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funct ion of t ime, see [5]: 

Vi = 

=;*; 

U>,f = 

K i n e t i c s 

T h e mass m a t r i x M(q) in E q : 2..1 is calculated us ing t h e Jacobians, see [1, 5]: 

M(q) = JT(q)MJ{q), 

where 

M = 

ml3 0 

0 . mFI$ 

0: 

mRIz 

0 
M f 

0 

r-
S . , ,* 

I i* *r 1 * * H, j * A 

ffi!?i 

J * 

•^(QO — [ ^Bt JFt JRt JBT JFT "JRTI\ J '* v M 

T h e vector h(q, q) is 

h{q,q)=JT{q) 

mvB 

mFvF 

mRv% 

'' n S -i 

I r 

,* 

(2.3) 

(2.4) 

i> / v. r * 

0FOJF + CJF0F(JJF ' 

®R&R-^'UR&RUR 

r 
S p r i n g a n d d a m p e r f o r c e s i n s u s p e n s i o n a n d s t e e r i n g 

Suspens ion forces ac t -vertically^betweeji . sprung a n d u n s p r u n g jnass,-. see F ig ! 2.2 >. 

(2.5) 
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direction 
of motion 

F i g u r e 2.S: Suspension forces 

A s s u m i n g t h a t front a n d rear suspens ion consist of l inear s p r i n g / d a m p e r e lements , t h e forces 

a c t i n g between b o d y a n d wheel are l inear functions of the suspension deflections zF, zR, a n d 

t h e i r velocities zFi zR: 

frontsuspension 

rears uspension 
(2.6) 

FF = cFzF + dFzF 

FR = cRzR + dRzR 

2 . 2 E x t e r n a l f o r c e s 

T h e sys tem Eq. 2.1 is exci ted by ex te rna l forces, which are due t o t h e con tac t be tween t i r e 

a n d road , a e r o d y n a m i c forces, engine to rque , and braking. 

2 . 2 . 1 T i r e m o d e l 

T h e t i res are t h e p r i m a r y e lement to b o t h car ry the vehicle load and guide i t a long i t s t rack . 

T h e correct ca lcula t ion: o f t h e con tac t forces between road a n d t i re a r e therefore crucia l in 

a n y s imula t ion of vehic le behavior . 

T h e a i m is to find a v m a p p i n g - p r e f e r a b l y a fprce law - which relates t h e k i n e m a t i c quan t i t i e s 

descr ib ing the re la t ive m o t i o n between t i r e a n d road t o resul t ing t i r e forces a n d torques . 

T h e t i r e model used in our context was first developed by Dugoff e t a!., [3] a n d is c o m m o n l y 

cal led HSRI-model (Higj iway Safety Resea rch , In s t i t u t e ) . Wiegner , [17], a d d e d t h e al ign

ing torque , and Uf fe lmann ' inc luded t h e .influence of vary ing 'whee l load. A comprehens ive 

overview over t h e so e n h a n c e d HSRI t i r e mode l can be found e. g. in [5, 6, 7]. 

R e l a t i v e k i n e m a t i c s b e t w e e n t i r e a n d r o a d 

T h e motion-.'of tlie t i r e is described by Several k inemat ic quant i t ies , wh ich a re dep ic ted in 
Fig . 2.3: 
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d 

t ' 

rM 

F i g u r e 2 .3: Rela t ive k inemat ics and resu l t ing c o n t a c t 

forces be tween t i re a n d road 

* * 

7 

a 

T a b l e 2 .1: K inemat ic quan t i t i e s 

p l ana r abso lu te velocity vector of t h e wheel center , 

angu la r velocity of t h e wheel a round i ts axle, 

c a m b e r angle , 

slip angle. 

T h e longi tud ina l slip s be tween t i re a n d road is defined as 

s — 

t «* 

\\VM\\ cosa — Ruj 

| | l>M| | cosa 

7 S J 

J t 
\VM\\ cosa > RUJ, brake. 

VAfllcosa < Ru accelerate 

(2J.7) 

T h e m o d i f i e d H S R I t i r e m o d e l . 
* • * 

T h e following descr ipt ion of t h e modi f i ed HSRI t i re mode l is an excerpt o f al l the1 l i t e ra tu re 
men t ioned .above. I t can be comprehended in de ta i l e. g. i n [5]. 

G iven several p a r a m e t e r s descr ibing t h e mechanical p rope r t i e s of the t i re : 

W i t h the k inemat ic quan t i t i e s defined in TaSle 2.1 a n d in Eq . 2.7, t h e fol lowing in t e rmed ia t e 

quan t i t i e s are ca lcu la ted w i th Fz be ing t h e current ver t ica l t i re force, a n d Fz0 b e i n g i ts s t a t i c 

value: f 

5 L 2-2. External forces 13 

f 

fR 

kR 

Cs 

Ca 

21R 

<.CR 

'Tab le 2 .2 : T i r e p roper t i e s 

t r a c t i o n p o t e n t i a l 

t r a c t i o n coefficient 

l6n"gitudinal slip stiffness 

co rner ing stiffness 

l e n g t h of t i r e con tac t pa tch 

^carcass l a te ra l stiffness 

T h e slip ve loci ty v3 becomes 

b3 = ||«jif II cos a y s 2 + t a n 2 a . 

W i t h th i s we c a n give an e s t i m a t e for the coefficient of friction fi: 

lt = fR(l- kRvs) . 

Using an i n t e r m e d i a t e q u a n t i t y s, where 

(2.8) 

(2.9) 

(2.10) 
_ J(Css)2 + (Paia.na)2 

S~" Ml-*} 

t he long i tud ina l t i re force FX1 t h e la teral t i re force Fy, a n d the resu l t ing a l igning t o r q u e M , 

see F i g - ^ . ^ c a n ^ b e ^ c a l c u l a t e d depend ing on . the value of s. 

If s < 0.5, p u r e s t ic t ion is a s sumed between t i re a n d road . T h e resu l t ing forces a n d torques 

are: 

Fx = -C& 

lF„" = CnF tar io ; 
<t**T=s (2.11) 

M = Fy
lf + Fx(ilRtzna + CR 

If s > 0.5, m i x e d s t i ck ing / s l id ing friction is a s sumed , a n d t h e resu l t ing forces a n d to rques 

are c o m p u t e d as: 

^ ' * ' ' , ' d * -J0.fc5 Fx = ~CSFZ ~W 'S**Y=S 

r? — n r? t a n a s — 0.25 
(2.12) 

« ' - - * ( f c f - f : « ( l | ^ - - g ) . 
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x i o 

-1 

slip angle [deg] 15 1 long, slip [-] slip angle [deg] 15 l long, slip [ - ] 

F i g u r e 2 .4: Charac te r i s t i c s of modified HSRI t i r e m o d e l 

Eqs . 2.8 th rough 2.12 provide a m a p p i n g from k inema t i c quant i t i es , wh ich d e p e n d only, on 

t h e sys tem s ta te , to forces ac t i ng on t h e sys tem. Therefore, mecnan ica l ly t h e modified H S R I 

t i r e mode l is a force law, which conta ins n o inherent dynamics : For m o s t cases, especial ly for 

sma l l slip angles a , t h e r e su l t ing forces m a t c h well w i th m e a s u r e d " d a t a . T h e r e is, however, 

d y n a m i c s involved, p a r t i c u l a r l y a t fast t r ans i en t movements . For fu r the r in fo rmat ion on how 

such effects canjbe, t a k e n in to account s e e j 5 , 6l. T 

T h e character is t ics resu l t ing from t h e modif ied H S R I t i re model a re d e p i c t e d in Fig . 2.4' for 

a typ ica l t i r e / r o a d combina t i on . c i . „ ̂  > , 

2 . 2 . 2 A e r o d y n a m i c d r a g , 

. Ae rodynamic forces on to t h e vehicle resul t from both" t h e vehic le m o v e m e n t a n d t h e wind 

* speed . Assuming t h e vehicle 's velocity vector a t t h e center of gravity* ( C G ) is VB, a n d t h e 

w i n d speed vector is Vw, t h e re la t ive m o t i o n be tween C G a n d air is expressed by t h e re la t ive 

veloci ty vector ' * ' * 

, Av/=vm-vB.- *t fl, j < , *• i - * " (2.13) 

T h e horizontal a e r o d y n a m i c force Fw o n t o t h e vehicle can t then b e a p p r o x i m a t e d by 

, . . . . (2-14) 

2.2. External forces 15 

_ . g,, „ I F 9 Av 
Fw = cwA^\\Av\\*-^— 

w h e r e cw is t h e vehicle's ' coefficient of d rag , A i s i t s projected a r e a , and , Q deno tes t h e 

dens i ty of air. T h e resu l t ing a e r o d y n a m i c force is assumed- to ac t o n *the c e n t e r o f pressure , 

as dep ic ted in Fig. 2.5. ' ' 

F i g u r e 2 . 5 : W i n d veloci t ies a n d resu l t ing a e r o d y n a m i c 

forces 

2 . 2 : 3 D r i v e t r a i n d y n a m i c s 

A simplified t inodel o f - t he vehicle 's dr ive t r a in has been bui l t , see Fig . 2.6. Th'e engine 

p roduces a i t p rque Me,idepending.on t h ro t t l e , pos i t i on a n d engine-speed. Me is t r a n s m i t t e d 

v ia clutch, gearbox , a n d differential gear t o t h e wheels, which finally dr ive t h e vehicle. 

A lookup t ab l e , a s shown . in Fj.g. 2.7 is used t o de te rmine t h e s t a t i ona ry engine t o r q u e Me as 

a function*of engine speed n e a n d t h r o t t l e pos i t ion Q. T h e t r ans ien t behav ior of t h e engine 

is t h e n a p p r o x i m a t e d by a first order d y n a m i c filter of t h e form , 

rMe + Me = Me, (2.15) 

where r is a t i m e c o n s t a n t . 

The /c lu t ch ope fa t e s as1 a d iscre te switch, which is m a n u a l l y ope ra t ed by t h e dr iver : 

W e assume fu r the r on a convent ional m a n u a l gear shift w i t h discrete, fixed gea r ra ' t ios 

'igeoriv) ; r? = 1 , . . . , ngear, (2.17) 
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throttle 
position 

engine 
speed 

engine 

clutch 

lchah 

gearbox ldff 

differential 
gear 

0 ; clutch open 
1 ; clutch engaged; 

F i g u r e 2 .6: Vehicle dr ive t ra in 

which can be manua l l y chosen by t h e driver . 

T h e drive to rque Mw t r a n s m i t t e d t o t h e [wheel is t hen 

M o = i>clutchigeaAdiffMe . 

2 . 3 R o a d p a r a m e t e r i z a t i o n 

(2.18) 

T o keep t h e descr ip t ion of t h e r o a d proper t ies s i m p l e ^ a s imple . twte lane r o a d w i th no ' i n t e r -

sec t ions is a ssumed for all fu r the r invest igat ions. However, t he deve lopment of a driver mode l 

-does n o t ' d e p e n d .oh t h a t p r o p e r t y . - T h u s , more complex traffic s i t ua t i ons involving traffic a t 

^ i n t e r s e c t i o n s can b e i m p l e m e n t e d by ad jus t ing the? road parameter izat ion 5 appropr ia te ly . 

Accord ing to Fig. 2.8 t h e ' m i d d l e line 'of the ro3d 'is a space curve rR{sR)\ defined in t h e 

„ i n e r t i a ! c o o r d i n a t e f r a m e b y i t s ' c o m p o n e n t s JXR{&R)-, IVR{SR% a n d IZR(SR)T1' 

irR{sR) = 

f IXR(SR) 

IVR(SR) 

\ IZR{SR) 

•f \l 1 ! ' I. 

, (2.19) 

^ f 0 t * 

T h e d i s t ance sR t rave led from, a zero, position1 r ^ o ' ^ ' r ^ S / a - ^ 0) a c t s a s a curve p a r a m e t e r 
t o descr ibe t h e midd le line. 

- , - ^ t ached to t h e midd l e l ine a re l ane w i d t h wi(sR) a n d sight distance ' dR(sR)\ ,__. , 

I n t h e numerical i m p l e m e n t a t i o n VR(SR) is given by discretely sampled pos i t i on vectors, see 

F i g . 2,9 

rRi = rR{iAsR) i = 0y...,nR; 

i >> 

J *(2.20) 

2.3. Road parameterization 17 

-50 
6000 

engine speed [1/min] 1 0 0 ° 0 throttle signal [-] 

F i g u r e 2 .7: Lookup t ab l e for s t a t iona ry engine t o r q u e 

w i t h AsR be ing a ( cons tan t ) smal l r oad length increment . Discret ized values for l ane w i d t h 

a n d s ight d i s t ance a r e defined accordingly: 

wn = wi{iAsR) 

dRi = dR(iAsR) i = 0 , . . . , UR . 
(2.21) 

V e h i c l e ' s p o s i t i o n r e l a t i v e t o r o a d 

S t a r t i n g from t h e r o a d discre t iza t ion (2.20), (2.21), a first o rder a p p r o x i m a t e for t h e vehicle 's 

pos i t ion and o r i e n t a t i o n wi th respect t o t h e road ' s middle line can b e s t a t e d . 

W e in t roduce t h e u n i t y vectors UR a long t h e road middle l ine a n d U g a long t h e vehicle 's 

m i d d l e axis 

uR = 

iuB = 

_ rR(i+i) - rRi 

TRfi+l) — rRi\ 

COSl/* 

s i n ^ 

(2.22) 

T h e dis tance sR(t) t rave led by t h e vehicle wi th respect to t h e road ' s m idd l e l ine a t t h e t i m e 

t is 

sR(t) = iAsR + A s (2.23) 
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F i g u r e 2 .8 : R o a d pa ramete r i za t ion 

As.= u^{rB(t)-rRi) . 

T h e la te ra l dev ia t ion Aw(t) from t h e middle l ine is 

Aw(t) = nl(rB{t) - rRi) ; 

T h e vehicle's o r ien ta t ion A-i/j(t) re la t ive t o the road' is 

Aip(t) = ip(t) - a r c t a n ^ . 

0 - 1 
" = l Q J UR • 

1 / t I 

19 

(2.24) 

(2.25) 

F i g u r e 2 . 9 : Discre t iza t ion of road descr ipt ion; vehicle 's rel

a t ive posi t ion a n d or ien ta t ion 
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C h a p t e r 3 

T h e d r i v e r ' s p r e d i c t i o n m o d e l s 

A p p a r e n t l y h u m a n drivers have t h e abi l i ty to p red ic t t he vehicle fu ture t r a j ec to ry t o a 

c e r t a i n extend. T h e accuracy of th i s forecast d e p e n d s s t rongly on the d r ive r ' s experience. In 

o rde r t o a c c o m p l i s h th is t a s k , t h e dr iver needs a p i c t u r e of the p lant . In t h i s p ro jec t several 

different pred ic t ion models a re -assumed accordingly t o t h e different levels of d r iv ing skills. 

All mode l s have in common t h a t ^ t h e y have simplified la teral a n d l ong i tud ina l dynamics . 

T h e s implest model-consis ts of a 'mass , poin t mode l w i thou t any drive t r a i n dynamics . T h e 

m o s t complex modelTusedlin th i s s imula t ion is^a one t r ack model which t akes in to account 

d r ive t r a in d y n a m i c s as well a s ' t i r e . s a t u f a t i o n . 

S i n g l e p o i n t m a s s m o d e l w i t h s t a t i c d r i v e t r a i n a n d l i n e a r e n g i n e c h a r a c t e r i s t i c s 

T h i s simplified m o d e l can b e r e l a t ed t o a beginner , b u t also skilled dr ivers are supposed 

t o employ th i s k i n d of mode l in uncr i t i ca l s i tua t ions , in which t h e very simplified vehicle 

d y n a m i c s is sufficient to p l an a sensible t ra jec tory . T?his model appl ies by m o d e r a t e 

velocit ies and smal l la te ra l acce le ra t ion . 

T h e driver a s sumes a s t a t i o n a r y engine character is t ic . T h e engine t o r q u e Me is p iecemeal 

p r o p o r t i o n a l t o t h e t h r o t t l e pos i t ion Q a n d does n o t depend on the engine speed . Beginners 

a r e n o t supposed t o have a very a c c u r a t e image of t h e vehicle's l ong i tud ina l dynamics . 

Therefore , a very s imple engine m o d e l is sufficient. T h i s engine mode l c a n also be used by 

skil led drivers in re laxed d r iv ing s i t ua t ions , such as und i s tu rbed highway c ru i s ing or dr iv ing 

in low-density traffic wi th a m o d e r a t e speed. In these cases it is no t i m p o r t a n t t o describe 

precisely the long i tud ina l behav io r of t h e vehicle. 

S i n g l e p o i n t m a s s m o d e l w i t h d y n a m i c d r i v e t r a i n a n d l i n e a r e n g i n e c h a r a c t e r 
i s t i c s 

T h i s engine m o d e l represents a m o r e accura te m o d e l of the vehicle engine a n d , therefore, a 

b e t t e r image of t h e vehicle's l ong i tud ina l behavior . T h i s model becomes i m p o r t a n t , when 

t h e driver has t o e s t i m a t e t h e vehicle 's longi tud ina l acceleration, e.g. if he w a n t s t o overtake 

w i t h i n a cer ta in d i s t ance or t r ies t o merge into t h e traffic from a lane w i t h lower speed. 

21 

T h e mode l can be r e l a t e d /to a beginner wi th l i t t le driving experience, so t h a t he is able t o 

foresee b e t t e r t h e vehicle 's fu tu re longi tud ina l behavior . 

I n ^ h i s case t h e s t a t i c eng ine t q rque Me is passed th rough a P T l filter in o rde r to descr ibe 

t h e engine ' s dynamics ,o f 1st order . 

*• 

S i n g l e p o i n t m a s s m o d e l w i t h s t a t i c d r i v e t r a i n an<l ' f i e l d - i n t e r p o l a t e d e n g i n e 

c h a r a c t e r i s t i c s 

Drivers wi th m o r e d r i v i n g exper ience are supposed to be able t o descr ibe t h e engine 's 

' behav io r b e t t e r t h a n j u s t w i t h a pTecem'eal l inear engine to rque s o l e l y ' d e p e n d e n t on t h e 

t h r o t t l e pos i t ion . T h e y also take in to accoun t t h e dependency of- t h e engine to rque on 

tKe engine speed? Therefore , t h e engine is mode led no t only as a funct ion of t h e t h r o t t l e 

pos i t i on Q But a lso as1 a1 func t ion of ' the ' eng ine 'speed ne. 

This*riiodel is app l icab le 'in t h e sairfe s i tua t ions as the s ta t ic engine t o r q u e only as a function 

of Q\ like e.g. h ighway c ru i s ing and u n d i s t u r b e d driving* in general.1 T h e nerd*'interpolation 

have exclusively exper ienced drivers t hough , w h o have a be t t e r p i c tu re of t h e vehicle in 

genera l . Therefore , t h e y also have a b e t t e r image of the engine to rque character is t iqs . 

S i n g l e p o i n t m a s s m o d e l w i t h d y n a m i c d r i v e t r a i n a n d field-interpolated e n g i n e 

c h a r a c t e r i s t i c s 

If precise long i tud ina l forecas ts become i m p o r t a n t for the driver, dr ive t r a i n dynamics 

m u s t be inc luded . Expe r i enced drivers w h o need to accelerate very quickly in o rde r 

e.g. t o over take or m e r g e i n t o traffic are supposed t o use t h i s m o d e l . It- t akes dr ive 

t r a i n dynamics i n to a c c o u n t as well as a b e t t e r torque represen ta t ion . T h e engine 

* t o r q u e is a funct ion of t h e tnrot ' t le 'po 's i t ion Q a n d of the engine speed n e . In order to de

scr ibe the engine 's d y n a m i c behavior , t he s t a t i c engine torque is passed t h r o u g h a P T l filter. 

O n e t r a c k m o d e l w i t h - l i n e a r t i r e m o d e l a n d d y n a m i c d r i v e t r a i n w i t h field-

i n t e r p o l a t e d e n g i n e c h a r a c t e r i s t i c s 

W i t h increasing speed , or d u r i n g fast maneuve r s a precise imag ina t ion of t h e vehicle d y n a m 

ics becomes m o r e i m p o r t a n t . In this respect t h e one track model gives a b e t t e r descr ip t ion 

of the?.vehicte?than.just a m a s s po in tunbde l . "So-does' the one j t rack-model take1 ' into account 

, dy r i amic s . a rbund ! th6yaw axis1, 'which'-is'neglected*in t h e s ingle mass -po in t models-. In order 

t o preciselyidescr ibe t h e vehic le ' s - longi tudinal -behavior ; a d y n a m i c engirfe n iode l (1** o rde r 

dynamics ) is used. In a d d i t i o n , the used engine mode l is a function of t h e t h r o t t l e pos i t ion 

Q a n d the" engine speed" nes W i t h higher veloci t ies it is also jeasily poss ib le t o exceed t h e 

t i r e s a t u r a t i o n forces which leads t o sk idd ing a n d following from t h a t id*'a*'possible loss of 

t h e vehicle 's control . Therefore , the-dr iver m u s t t ake t i re s a tu r a t i on i n to cons idera t ion . In 

th is*predict ion m o d e t a l inear - t i re niodel is used. Fo l lowing from t h a t i t is only possible for 

t h e dr iver vto" e s t i m a t e roiigHly tne t i re s a t u r a t i o n . "Driver who are n o t ve ry familiar w i th 

e x t r e m e dr iv ing m a n e u v e r s m a y have such a p i c tu re of the t i re s a t u r a t i o n force's. However 

t h e y Jiave enough experience* in- order tp have a* goodirepf esenta t ion of t h e vehicle-'s- dynamics . 

% 0 *' i i 
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O n e t r a c k m o d e l w i t h f o r c e s a t u r a t i o n t i r e m o d e l a n d d y n a m i c d r i v e t r a i n w i t h 

field-interpolated e n g i n e c h a r a c t e r i s t i c s 

I n t h i s research p ro j ec t i t is a ssumed t h a t very exper ienced dr ivers have such a i m a g i n a t i o n 

of t he i r vehicle. I t represents a b e t t e r dynamic p ic tu re of the vehicle d u e t o a' one t r ack 

m o d e l ins tead of m a s s point model . T h e s e dr ivers also have a refined p i c tu re of t h e vehicle 's 

long i tud ina l b e h a v i o r w h i c h i s descr ibed by a 1st o rde r dynamic dr ive t r a i n . T h e .engine 

charac te r i s t ic is d e p e n d e n t on the t h r o t t l e pos i t ion a n d the engine speed . I n o rde r t o dr ive 

safely even in d e m a n d i n g s i tua t ions t h e y have a precise imagina t ion of t h e t i r e s a t u r a t i o n . 

Therefore , t hey c a n m a k e use of the en t i re s a t u r a t i o n spec t rum w i t h o u t r u n n i n g t h e risk of 

un in ten t iona l ly exceeding the possible t ire.forces. 

T h o u g h it m u s t "be ment ioned t h a t t h i s vehicle stil l does no t include roll m o t i o n a long t h e 

long i tud ina l axis wliich is i m p o r t a n t for the . t ransient behavior of t ^ e vehicle by d ras t i c 

changes o( d i rec t ion . Vertical a e r o d y n a m i c forces which become crucial .a t , ve ry h igh speed 

a r e a lso n o t cons idered in t h i s model . I n th i s cases, t h e used predic t ion m o d e l is n o t valid. 

3.1. General model description 23 

-1 +1 

full 
brake 

P 
no pedal 

input 
full 

acceleration 

F i g u r e 3 .1 : Definit ion of the long i tud ina l i npu t s ignal g. 

i nd ica tes a fully opened th ro t t l e . T h e accelerator a n d b rake pedal s ignals g+ a n d g~ can b e 

un ique ly ex t rac ted from g 

g+ = \g (1 + sgn^) acce lera tor signal 

Q~ = \Q(1 - s g n e ) b r ake s ignal . 
(3-1) 

3 . 1 G e n e r a l m o d e l d e s c r i p t i o n 

All" t h e models m e n t i o n e d above have t h e following under ly ing m a i n a s sumpt ions . 

> i 

• Con tac t forces between tire, and r o a d on b o t h , left and r ight vehicle -sides a r e equal 

(one; t rack a s s u m p t i o n ) . *• 

• Ae rodynamic forces, a re p ropo r t i ona l t q ^ h e squa re pf t h e vehicle 's velocity, a n d ac t 

solely in t h e oppos i t e d i rec t ion of t h e vehicle's. longi tudina l axis. , 

• T h e dr iv ing t o r q u e a t t h e wheel is dependen t on t h e used engine mode l . T h e engine 

t o rque is t hen -mul t ip l i ed by t h e p re sen t gearratio.,- see; chapter«3.'1.2*. / v 

• No roll m o t i o n a long t h e long i tud ina l axis of the . vehicle. t, 

0 T h e s e a s sumpt ions a p p l y for t h e sjngle m a s s po in t m o d e l s as»well,as for ' the o n e track1 models . 

D e t a i l s i n respect of t h e different m o d e l s are-descr ibed in chap te r 3 .2f l '<and'3.3^k 'Fur ther 

* cpmfnon fea tures of t h e used vehicle mode l s are desc r ibed in t he - chap t e r s ' 3 .L l ' 4 t o -3 i l . 4 J 

l •>! 

3 . 1 . 1 , L o n g i t u d i n a l m p u l j g ^ 
/ ' 

t r , ( i , 

xl 
„Tfre vehicle "is acce le ra ted by a dr iv ing force, .generated, by. the^ engine a n d - t h e firake .discs, 

respectively.* O n e c a n assume t h a t a dr iver does n o t h i t accelerator a n d j b r ake p e d a l .at t h e 

s a m e t ime. 

•Thus, a sys tem i n p u t g G [—1;1] is introduced?. T h e t h r o t t l e ' s i g n a l g*is zero', if t l i e driver 

n e i t h e r accelerates n o r brakes, g = —1, if t he dr iver is b r a k i n g ' w i t h full force a n d g = + 1 

m-

£.•• 

§• 

See also Fig. 3.2. 

F i g u r e 3 .2 : Ex t r ac t i on of g+ a n d g from g. 

3 . 1 . 2 D r i v i n g t o r q u e Ma 

In o rde r t o accelerate, t h e vehicle, t h e inpu t signal g+ has to be conver t ed in to a dr iv ing 

t o r q u e A^a, winch, a c t s d i rec t ly on t h e wheels. Therefore , t h e acce le ra t ion is depended on 

t h e u s e d enginei a n d t h e t r ansmiss ion . T h e resu l t ing d r iv ing t o rque M 0 ( & + ) , propel l ing t h e 

vehicle is 

Ma(g+) = iclutchigear{v)UiffMe{g )• (3.2) 
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i<ti/f is t h e ra t io of t h e differential gear , a n d igear(w) deno tes t h e gear ra t io d e p e n d i n g on the 

cu r r en t gear 77. idutch gives t h e cur ren t c lu tch posi t ion and indicates therefore, if t h e engine 

t o r q u e is t r a n s m i t t e d o r n o t . 

^clutch — 
c lu tch open 

c lu tch engaged 
(3.3) 

Ma/ = ( l ~ e ) M 0 

Mar = eMa. 
(3.4) 

e = 
0 

0 < € < 1 

1 1 

; front wheel dr ive 

; 4*— wheel dr ive 

; r ea r wheel dr ive 

Maj i s t h e d r iv ing t o r q u e t r a n s m i t t e d t o t h e front wheel a n d MaT is t h e d r iv ing to rque 

t r a n s m i t t e d t o t h e r ea r wheel. 

(3-5) 

S t a t i c e n g i n e t o r q u e Me{g+) as l inear { f u n c t i o n o f g+ 

A s t a t i c engine t o r q u e is used in d r iv jng s i tua t ions-where the longi tudina l behav ior is no t 

c ruc ia l t o fulfill the* d r iv ing task, e.g. h ighway cruis ing wi th an a lmos t cons t an t speed. 

Beginners who do n o t have any exper ience m a y also use th is kind of engine mode l t o descr ibe 

t h e longi tudina l behav io r of their vehicle.- T h e engine to rque is ca lcu la ted as a piecemeal 

p ropo r t i ona l funct ion of t h e t h ro t t l e pos i t ion g+. T h e engine character is t ics is dep ic ted in 

Fig . 3.3 

-Me(g+) = aMig+ + &MI ; g+ < go 

o-M2g+ + &Ah g+ > go-
(3-6) 

D y n a m i c e n g i n e t o r q u e Me(Me(g
+)) 

A d y n a m i c engine m o d e l becomes i m p o r t a n t where a precises predic t ion of tlid vehicle 's Ion-

'g i tud ina l behavior is crucia l t o fulfill successfully the cur ren t dr iv ing task , e.g. over taking. 

O n l y experienced dr ivers are s u p p o s e d ; t o have sucH a 'rjrecise p ic ture b f ' the vehicle 's longi

t u d i n a l "dynamics.The s t a t i c engine t o r q u e Me(g
+) is passed th rough a P T l filter i n ' o rde r t o 

r ep resen t the d y n a m i c behav ior of t h e engine (1 s t o rde r dynamics) ' . *Tm is t h e t i m e cons tan t 

of t h e t rans ien t eng ine behavior . 

TmMe(g
+) + Me(g

+) = Me(g
+). (3.7) 

T h e engine to rque Me(g
+) is dependen t on t h e used engine type and can also be influenced 

by t h e current eng ine speed . 1 

In case of the one t r a c k mode l the d r i v ing to rque-has t o be d i s t r ibu ted on t h e front wheel I 

a n d rear wheel. Therefore , a d i s t r ibu t ion factor e has t o be in t roduced 

-5c!:\. 
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Figure" 3 .3: S t a t i c engine to rque Me as function of t h r o t t l e 

pos i t i on g+. 

S t a t i c e n g i n e t o r q u e Me(g
+

t1ne) a s f u n c t i o n o f g+ a n d e n g i n e s p e e d ne 

T h i s engine mode l is supposed t o b e used by t h e driver in t h e ' s a m e s i t ua t i ons a s t h e s t a t i c 

engine mode l which is solely d e p e n d e n t on the t h r o t t l e i npu t g+. Therefore, in d r iv ing s i tu

a t ions where a precise knowledge a b o u t the vehicle 's longi tudinal behavior is n o t i m p o r t a n t 

t o fulfill t h e dr iv ing t a sk . T h e s t a t i c engine t o rque is de te rmined by" a l ookup t a b l e , see Fig. 

3.4. Thus ,_ the engine t o r q u e d e p e n d s on the t h r o t t l e posi t ion g+ a n d t h e eng ine speed ne. 

T h e used jalgbr i th ' rn to u e 'x t fac t the s t a t i c engine t o rque Me(g*,ne) is based u p o n .geomet

rical ca lcula t ions . T h e a r ea E wh ich i s ' denned t h r o u g h ( lata po in t s from t h e , g i v e n engine 

charac ter i s t ics M0tkj(go,k,neo,j)i k,j = 1, . . . ,3 is in tersected wi th t h e line g(g+,ne), which-is 

defined t h r o u g h ' t h e c u r r e n t " t h r o t t l e pos i t i on ' and engine speed-, gand ne lie w i t h i n - t h e area 

of t h e o r thogona l p ro jec t ion of E. Therefore, we can de te rmine the s t a t i c eng ine t o r q u e as 

tM>e = E{MQM)C)\g{g+;ne) (3.8) 

see also Fig . 3.4. 

D y n a m i c e n g i n e t o r q u e Me(Me(g+, ne)} 

T h i s engine mode l is* supposed t o : b e used by t h e driver,, if the dr iv ing s i t u a t i o n requires a 

precise p ic tu re of t h e vehicle 's l ong i tud ina l dynamics^e .g . in-order t o over take or m e r g e into 

a lane w i th faster traffic. T h e s t a t i c engine to rque Me(g
+

Xne) is passed t h r o u g h a P T l filter 

in o rde r - to represent asdy^arnicVbehavion-of the-engine-(l s t<-order.dynamics) ' . T ^ a s the t ime 

cons tan t 'of t h e t r a n s i e n t eng ine behav ior . 

TmMe(g+,ne) + Me(g
+,ne) = Me(g

+,ne). (3-9) 
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Figure 1 ' 3 . 4 : S ta t ic engine tq rque M^ as ' funct ion o f % o t t l e 

p o s i t i o n ' ^ aijci engine speecj ne. *' 

i\ u , . i 
3 . 1 . 3 , B r a k e , j t o r q u e , M^ 

' i * > i r< 

F o r ' b r a k i n g t h e i n p u t s ignal g is t r ans l a t ed jn to t h e t o r que Mb, wh ich i s ^ i ' r e c t l v app l ied 
t o t h e wheejs. i ^ - ^ i s a p ropor t iona l factor r e la t ing t h e driyerls i n p u t s ignal . ^ to a . b r ake 
t o r q u e . The, equat ion; for t h e resul t ing force is , " "' 

r , 
Mb(g ) = Kbrakeg sgnv. 

. G;10) 

v deno tes t h e vehicle 's velocity in t h e long i tud ina l direct ion. I t is e i ther s (single m a s s 

i% .poin t model ) or x (one t r ack model) . In case of a one t rack mode l , the 'brake" t o rque h a s 

t o be t r a n s m i t t e d t o t h e front wheel a n d rear wheel . Therefore, a d i s t r ibu t ion factor C is 
i n t r o d u c e d . 

-* -j "i •'I 

0 ; rear brake * *. 

ttQ & < < ' l ' ; d is t r ibuted^bra^e ' t6rq t (e ' . *.• ( 

' *1 "> X 'front brake ' 

,r 

The*equa t ions for t h e front-brake to rque . % ' a n d t h e rear',brake> to rque -Af^arfe i 

A&r = ( 1 - C ) M 6 . 1 U , v i K s t (3-12) 

3.2. Single mass point model 

3 . 1 . 4 A e r o d y n a m i c f o r c e i < V 

T h e employed force law for t h e a e r o d y n a m i c force is 

Fw(v) = - c w A w ^ v 2 . 
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(3.13) 

cw is t he reby t h e a e r o d y n a m i c d r a g coe f f i c i en t , . ^^ denotes the p ro jec ted a r e a of t h e vehicle, 

a n d pw is t h e dens i ty of'air. v is t h e vehicle speed in longi tudinal d r iv ing d i rec t ion . Therefore , 

i t is in case of t h e single mass po in t m o d e l v = s and in case of t h e one t r a ck m o d e l v = x. 

I t is assumed, t h a t all a e r o d y n a m i c forces act solely in opposi te d i rec t ion of t h e vehicle 's 

long i tud ina l axis. 

3 . 2 S i n g l e m a s s p o i n t m o d e l 

T h i s class of p red ic t ion models represen ts 6nly a very simplified vehicle d y n a m i c s . T h e driver 

is supposed to use t h i s class of vehicle mode l s in s i tua t ions where a exac t d e t e r m i n a t i o n of 

t h e vehicle 's d y n a m i c s a n d t i re forces is n o t crucial to fulfill successfully t h e c u r r e n t dr iv ing 

task , e.g. highway cruis ing wi th a lmos t cons tan t speed a n d dr iv ing on r o a d s w i t h b ig curve 

radi i . B u t also beg inne r s who d o no t have the experience y e t i n o rde r t o have a ve ry precise 

image of the vehicle 's dynamics are a lso supposed t o use th is k ind of p red ic t ion mode l . 

3 . 2 . 1 M o d e l d e s c r i p t i o n 

Some of the basic a s sumpt ions unde r ly ing th i s predic t ion model were a l r eady m e n t i o n e d in 

•chapter's!*!'. *The specific a s sumpt ions , wh lcVon ly a'ppl'y for the single m a s s p o i n t pred ic t ion 

models , are: 

• On ly slow yaw mot ions are al lowed, dynamics .around1 yaw axis is neg lec ted ; 

• direct ion of m o t i o n coincides w i t h vehicle 's longi tudinal axis; 

„ r „ • k inemat ic rol l ing const ra in ts , a t wheels are fulfilled. , 

In th i s vehicle represen ta t ion , t h e vehicle m a s s is concent ra ted a t a per ta in p o i n t , which is 

o called the center of gravity (CG) . T h e vehicle 's p a t h is described by t h e C G ' s t r a j ec to ry . T h e 

vehicle 's o r ien ta t ion ip is a ssumed t o b e t angen t i a l t o t h e C G t ra jec tory . W i t h s(t) be ing 

t h e m o m e n t a r y t ravel speed a long t h e t r a j ec to ry a t t i m e t, t he t rave led d i s t ance s(t) ac ts as 

a p a t h p a r a m e t e r . » J S ! J I i v 7 H 1 f 
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r = 

* n ft.r 

F i g u r e 3 .5: Vehicle as a mass po in t - C G : center of grav i ty 

3 . 2 . 2 Y a w a n g l e ' *'1 u * 

T h e t r a j ec to ry cu rva tu re A(£) a t t i m e t can,-be ;calculated from the s teer ing angle <p(t) a n d 
the3 vehicle 's wheelbase /A + lF, see Fig . 3.5 

^ ) . = ^ , t a n ^ j . 
i' < T t * 

(3 .14) 

f *ri *o n< »,> 

Fol lowing from t h a t we can solve Eq . 3.14* in respec t t c f the vehicle 's yaw angle ip ancl wr i te 

* 

" ( / 

- (3:15) 

w i th s(t) be ing t h e m o m e n t a r y t ravel speed along t h e vehicle 's t ra jec tory . 

3.2. Single mass point model 29 

3 . 2 . 3 E q u a t i o n s o f m o t i o n 

By in t roduc ing a s t a t e vector z and by consider ing t h e assumpt ions m e n t i o n e d above, we 

ob t a in t h e following sets of differential equa t ions of mo t ion . 

W i t h o u t d r i v e t r a i n d y n a m i c s 

In th i s case is t h e has t h e in t roduced s ta te - space vector z t h e form 

Therefore , is the set of differential equa t ions as follows 

±(^(Ma(8+) + Mb(e-))-Fw) 

Ki!p)s 

S COS 1p 

(3.16) 

z — 

ssinip 

9i(*(t,p),p) , (3.17) 

w i th Ma from Eq. 3.2 a n d Mb from Eq. 3.10. T h e t e r m Fw is accord ing t o Eq. 3.13 and 

K(ip) is from Eq. 3.14. 

W i t h d r i v e t r a i n d y n a m i c s 

If drive t r a in dynamics a re included t h e s t a t e vector z has the following form, because the 
engine to rque has to be in t eg ra ted as well. 

tz = [ Me s ip x V ] • 

T h e equa t ions of mo t ion w r i t t e n in s t a te - space form are 

1 ( £ (Ma(Me) + Mb{g-)) - Fw) 

K{V)& 

scqsip 

ssintp 

(3.18) 

z = 3 I ( * ( * » P ) » P ) , (3.19) 
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w i t h Me e i ther from Eq . 3 .6 or d e t e r m i n e d by a l ookup table , see Fig . 3.4 a n d Ma f rom 

E q . 3.2. Mb is from Eq . 3.10, Fw f rom E q . 3.13 and K((p) is from Eq. 3.14. 

3 . 3 O n e t r a c k m o d e l 

W i t h increas ing speed, or d r iv ing difficult maneuvers a precise imagina t ion of t h e vehicle 

d y n a m i c s becomes m o r e i m p o r t a n t . I n th is respect t h e one t rack mode l gives a b e t t e r 

de sc r ip t i on of t h e vehicle t h a n j u s t a m a s s point model . I n addi t ion , wi th higher* velocities 

i t is easily possible to exceed t h e t i r e s a t u r a t i o n forces which leads t o sk idding and following 

f rom t h a t t o a possible loss of t h e vehicle control. Therefore, t h e dr iver m u s t t a k e t i r e 

s a t u r a t i o n in to cons idera t ion . Expe r i enced drivers are supposed t o use th i s k ind of vehicle 

m o d e l e.g. whi le corner ing w i th h igh speed . 

3 . 3 . 1 M o d e ! d e s c r i p t i o n 

O n e specific a s s u m p t i o n in add i t i on t o t h e general a s sumpt ions described in chap te r 3.1 

a p p l y for the one t rack models . 
-i 

• I n spi te of rol l ing cons t r a in t s a t t h e wheels, a force law is employed to ca lcu la te t h e 

t i r e s a tu ra t i on . E i t h e r a l inear t i r e mode l or a t i r e mode l wi th force s a tu ra t i on . 

S e e Fig . 3.6 for the" model's^ k inema t i c s f * ' [ 

7n a n d & denote mass a n d r o t a t i o n a l i n e r t i a of the b o d y w i th respect t o i ts center of grav i ty 

C G . &F and ©R a re t h e t h e r o t a t i o n a l i ne r t i a of the front a n d the rea r wheel. lF a n d IR a re 

t h e hor izonta l d i s t ances of t h e front a n d rea r axles from t h e C G . 
i 

T h e b o d y ' s pos i t ion is given by t h e p o s i t i o n vector of C G , TB : = [ x y ] ,- T h e o r i en ta t ion 

of t h e vehicle b o d y is descr ibed by t h e y a w angle tp. (p is t h e s teer ing angle a t t h e front 

wheel , relat ive to t h e b o d y and g is t h e gravi ta t ional accelerat ion. 

J 3 . 8 . 2 T i r e m o d e l s '-

T h e under ly ing quan t i t i e s in order t o d e t e r m i n e the t i r e forces are t h e longi tudina l t i r e s l ip 

5 a n d t h e slip angle a. T h e are ca l cu l a t ed similarly for t h e l inear t i re model a n d t h e H S R I 

t i r e model . T h e index / -denotes t h e . f ront t i re and T t h e rea r t i re. T h e definition of t h e 

3.3. One track model 
31 

yi 

i 

direction 
of motion 

F i g u r e 3 .6 : Vehicle as a one t r ack mode l - CG: center of 

•gravity 

long i tud ina l s l ip is 

sf = 

Rujf - a : cosy>+ (?/ + * / ^ ) sin y 
RLJ/ dr iv ing slip 

if (ir cos <p + (y + If i>) sin <p < Rujf) 

xcos<p+ (y + lfip)sm(p-Rwf 

ZCOSV+ty +lf ifijsoitp b r ake slip, 

if ( zcosy? 4- (y-\-lfTp)sin<p>Rwf) 

(3.20) 

s r = 

Ru? - x 

RuJr 

r — Ru)r 

x 
x 

x < Rjjjf d r iv ing slip 

x > RLOJ b r ake slip. 

(3.21) 

, R tethejdi* r a d i u s which is equa l for the* front wheel a n d rear wheel, w is t h e r o t a t i o n a l 

speed of t h e t i res . 
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S ^ £ S n a B P ^ f O T t h e fr0nt ° r ^ t k e - reSPeCtiV^ T h e s l i P « * • W e t h e 

<*/ = y - a r c t a n * + . ^ 
a: 

ov = — a r c t a n y - k ^ 
(3.22) 

a; 

w h e r e (p is t h e s teer ing angle a n d x and y are t h e longi tudinal a n d la te ra l velocity of t h e 

vehic le ' s CG, respectively, ip is t he vehicle's yaw ra te . See Fig. 3.6 for t h e vehicle 's kinp-
m a t i c s . 

L i n e a r i z e d t i r e n i o d e l 

D r i v i n g s i tua t ions where, only smal l "tire slip and smal l sl ip angles occur, a l inear t i re m o d e l 
is sufficient for ca lcu la t ing t h e t i re forces^ 

T h e l inear t i re mode l is based upon the HSRI- t i re mode l in chap t e r 2.2.1. T h e k i n e m a t i c s 

a r e dep ic ted tin F i g . 2.3. T h e longi tudina l t i re stiffness coefficient Cto a n d t h e l a t e ra l t i r e 

Stiffness coefficient Cla a re t h e local gradients of t h e HSRI*tire mode l character is t ics , see Fig . 
2.4. T h e gradients refer t o t h e character is t ics where the slip s is zero. 

I t is also possible t o use the l inear t i re coefficients in order to t ake fur ther effects, e.g. t h e 

su spens ion sys tem in to account [5]. T h e resul t ing l inear longi tudina l tire1 forces are 

Fx/ = 

F — 
-KfQoSf 

—KTCI0ST . (3.23) 

Sj a n d 5 r , respectively, is t h e longi tudina l slip for the front a n d rea r t i re , see Eq . 2.7. 
K indica tes , whe the r t h e slip is dr iv ing slip (K =„ - 1 ) or brake slip (K — 1). C\Q is t h e 
l o n g i t u d i n a l £ire stiffness. -

K . = - 1 

K = 1 
factor for dr iv ing slip 

factor for brake slip (3.24) 

T h e la te ra l t i re forces can be described wi th the following e q u a t i o n s . 

fjf = Cia t a n df 

Fyr = Cia t a n aT , (3.25) 

w h e r e C/fl denotes t h e l a te ra l t i re .stiffness .and o>/, ar are t h e slip angles a t t h e ' f r o n t " a n d 
r e a r wheel, respectively.,. 

3.3. One-track model 

T i r e m o d e l w i t h f o r c e s a t u r a t i o n 
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' If t h e fire slip a n d t h e t i re slip angle become bigger, a l inear t i re mode l is n o t precise enough 

a n y m o r e t o descr ibe the ac tua l t i re forces, e.g. while corner ing w i th h igh speed were t h e 

t i r e forces can be pushed to t h e l imi t of t i re s a t u r a t i o n . Therefore, a more c o m p l e x m o d e l 

is used to d e t e r m i n e t h e t i re s a tu ra t i on . 

T h e t i re mode l used for th is pred ic t ion mode l is s imilar t o t h e t i re mode l used for t h e p lan t 

mode l expla ined in chap te r 2.2.1. However t h e t i re mode l used for t h e p red ic t ion mode l is 

simplified in respec t , t h a t n o al igning to rque is ca lcula ted and t h a t t h e ver t ica l force Fz is 

s t a t i c . T h e k inema t i c s of t h e general H S R I t i re model is depic ted in 2.4. In t h e following 

are quan t i t i e s for t h e front wheel a re deno ted wi th t h e index / a n d for t h e r ea r wheel w i th 

index r . T h e reduced set of equa t ions is as follows. 

T h e s t a t i c ver t ica l forces F2f and FZT a re ca lcu la ted as 

F,f -

(3.26) 

wi th m is t he vehicle mass g t h e g rav i t a t iona l accelerat ion and / / a n d lr t h e d i s t a n c e of t h e 

front a n d rear axle t o the C G . T h e slip velocities vsf a n d vsr a re defined a s 

va/ — (x cos <p+ (y + lfip) sin (p)\/s2 + t a n 2 a 

= xy/s2 + t an 2 a, 

(3.27) 

T h e t e r m (x cos (p + (y + ljty) sin (p) represents the p l ana r abso lu te velocity of t h e axle of 
t h e front wheel in roll ing direct ion. Similar t o t h a t , x deno tes t h e p l ana r a b s o l u t e veloci ty 
of the axle of t h e r ea r wheel in rol l ing di rec t ion. In add i t i on wi th t h e coefficients of friction 
fj,f a n d \ir 

ft- = IR (1 ~ kRvST) , 

a n d t h e i n t e r m e d i a t e quan t i t i e s Sf a n d s7 

(3.28) 

J(Cssf)
2 + (Catanaf)

2 

sf " M i - * / ) M , k 

_ _ yj(C5sT)2 + (Ca t a n ar)
2 

' r l 5 r " M i - * ) 

(3.29) 



34 Chapter 3. The driver's prediction models 

is i t poss ible to ca lcula te t h e t i r e forces for t h e front a n d rear wheel. 

If p u r e s t a t i c friction is a s sumed (JJ < 0.5 ; s7 < 0.5) t h e la tera l a n d long i tud ina l forces for 

t h e front and rear t i r e are 

?*t = 

Fvt = 

F„ = 

Fyr = 

£ L 

(3.30) 

Sr_ -KrCsFzrY^j; 

C«Fzrf^.. T (3.31) 

If m i x e d s ta t ic / s l id ing . f r ic t ion is a s sumed (s/ > 0 .5 ; sr > 0.5), t h e r e su l t ing forces for t h e 

front t i r e a n d rea r t i re can be ca lcu la ted as 

„ „ t a n a / 5/ — 0.25 (3.32) 

* fr.r- — 

Sf 

u- n J? Sr Sr - 0-25 

— —1 *JT 
T? — n T? t a n gr. s7 — 0.25 
ityT — L>a*zr 1 _ o y-2 I 

(3.33) 

>1I * * » / 

T h e i n t e r m e d i a t e t i r e quan t i t i e s s / and sf a re f rom Eq. 3.29. T h e factor K is accord ing t o 

E q . 3.24. Cs deno tes t h e long i tud ina l slip stiffness a n d Ca t i p corner ing stiffness. T h e slip 

ang le a.f a n d ar is from Eq. 3.22 a n d t h e t i re s l ip sj a n d sr from Eq.' 3.20 and Eq . 3.21, 

respect ively. T h e ver t ical t i r e forces Fzj and Fzr a r e calculated accord ing t o Eq. 3.26. 

3 . 3 . 3 E q u a t i o n s o f m o t i o n 
\j i i 

T h e s t a t e - space vector descr ib ing t h e one t rack m o d e l is- , 

r i T 

z = x y ip Wf ur Me 
(3.34) 

3.3. One track model 
35 

Following from t h a t , t h e differential e q u a t i o n s describing t h e mo t ion of t h e one t r a c k m o d e l 

a re in s ta te -space form 

ffi(Fxf cos ip + FXT - Fyf sin <p - Fw) + y$ 

z = 

i ( F B / s in tp + FyS cos (p + F^)- xtp 

is(Fxflf s in ip + Fyflf cos 0 - F ^ k ) 

£-{MaS{Me) + Mbf-RFxf) 
= s i W * , p ) . p ) • (3.35) 

^ ( M a r C M O + M f t r - j R F . r ) 

- J - M e + ^ M e ( £ + , n e ) 
L * m -'•TTI 

T h e forces Fx a n d F y a re d e p e n d e n t on t h e used -tire model . If a l inear t i r e mode l is used 

t h e equat ions Eq . 3 .23 t o Eq. 3.25 descr ibe t h e t i re forces. In t h e case of a t i r e m o d e l w i t h 

force s a tu r a t i on Fx a n d Fy a re ca lcu la ted accord ing to Eq. 3.30 t o Eq. 3.32. 

T h e d r iv ing ' to rques Maf a n d Mar a re defined by Eq. 3.2 t o Eq. 3.5. T h e s t a t i c engine to rqe 

Afe is from Eq. 3.8. T h e d y n a m i c engine behav io r is according t o Eq. 3.9. 

T h e brak ing t o rques Mbf a n d Mbr are r e l a t ed l inearly t o the dr iver ' s i npu t s ignal p~. T h e y 

a re calculated acco rd ing t o t h e equa t ions f rom Eq. 3.10 to Eq. 3.12. 

T h e ae rodynamic force Fw is p ropo r t i ona l t o t h e square of the velocity and is from Eq . 3.13. 
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C h a p t e r 4 

A n a l y t i c a l g r a d i e n t s o f p r e d i c t i o n m o d e l s 

In o r d e r to solve the op t imiz ing problem in chap te r 5 i t is i m p o r t a n t no t j u s t t o c o m p u t e 
t h e so lu t ion of the respect ive s t a t e vector bu t t h e sensi t ivi ty of t h e s t a t e vec tor z(p, t) w i th 
r e s p e c t t o the op t imiza t ion p a r a m e t e r s th ro t t l e pos i t ion g, s teer ing angle cp and-gear ra t io TJ. 
Pr inc ipa l ly , it is possible t o d e t e r m i n e the sensi t ivi ty wi th differential quot ien ts . B u t in order 
toget sensible op t imiza t ion resu l t s differential quot ien ts t e n d t o be t o b imprecise for d y n a m i c 
p r o b l e m s . , Therefore, t he ana ly t i ca l derivative of t h e s t a t e vector z needs t o be ca lcu la ted . 
T h e ana ly t i ca l derivatives represen ted in this chap te r are according to o p t i m i z a t i o n s t ep 
one, see chap te r 5.2. O p t i m i z a t i o n s tep three is basically t h e s a m e as s t ep .one, b u t with a 
fixed g e a r sequence r\. Therefore , no 'der ivat ives of the s t a t e vector wi th respec t t o t h e gear 
s equence a re compu ted i n th i s s tep . 

r 4 . 1 G e n e r a l s c h e m e 

4 . 1 . 1 P r o b l e m f o r m u l a t i o n 

T h e s t a t e equa t ions descr ibing t h e driver 's predic t ion models wi th ini t i 

* ( * , P ) = f f ( * ( * , p ) , P ) 

z(t = 0) = zQi 

w i t h g (z(t,p)yp) from Eq. 3.17, Eq . 3.19 or Eq. 3.35 a n d w i t h p be ing 
e.g. from Eq. '5.2. 

In o r d e r t o ca lcula te the ana ly t i c derivatives -±z of 

/ = / (z(t,p),p), we need t o know 

df , . dfdz . . df, . 

init ial conditions* are 

(4.1) 

(4.2) 

a vector of p a r a m e t e r s , 

5 £ of op t imiza t ion objectives such as 

dp dz dp (4.3) 
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Consequent ly , we ask for t h e solut ibn z(t,p) of t h e init ial value p rob lem Eq . 4.1, a n d for i t s 

der iva t ive ^{t,p) w i t h respect to t ime. 

4 . 1 . 2 D e r i v a t i v e o f t h e s t a t e e q u a t i o n s o l u t i o n 

T h e der ivat ive of Eq . 4.1 wi th respect t o the p a r a m e t e r vector p is 

dz, . da. , sdz. , dg, . 
(4.4) 

& - « . - % - • 
(4.5) 

Accord ing to t h e rules of differential calculus, 'see [2] we know t h a t 

dz dz 

dxdy dydx 

Therefore , we c a n wr i t e Eq. 4.4 

(4-6) 

dz,. ,. fdz\*, . s 
(4.7) 

Following from t h a t t h e augmen ted s t a t e e q u a t i o n s for the ca lcula t ion of sys t em s t a t e s a n d 

t h e i r ana ly t ic der ivat ives ?7§(*>p) a r e 

} 

" * M " 

dz 
~3p 
* * 

• 

' z(t^0} ' 

. | ( i = D ) , 

9{*(t,P),P) 

S I • 

zo 

0 

(4.8) 

(4-9) 

dt T o formulate Eq . 4 .8 for each predic t ion mode l we, need t o ex t r ac t g r f o p ) a n d ^ ( * ) P ) 

f rom i t s respect ive s t a t e equat ion . } 
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4 . 2 D e r i v a t i v e o f t h e i n p u t v e c t o r 

I n o rde r t o finally ca lcula te Eq . 4.8 we need t o ca lcu la te t h e analy t ica l der ivat ives of q w i th 

r e spec t to the pa rame te r i zed i n p u t vec tor p a t t h e t i m e t. T h e der ivat ive of p is l a t e r needed 

t o ca lcu la te t h e derivat ives of t h e diffefent componen t s of the predic t ion mode l s . 

g < * « > i . ; ti<t<ti i+l (4.10) 

In o rde r to simplify fur ther descr ip t ions of derivat ives wi th respec t t o t h e p a r a m e t e r i z e d 

i n p u t vector p t h e abb rev ia t ion ( ) ' , := - ^ is used from now on . 

4 . 3 D e r i v a t i v e s o f m o d e l c o m p o n e n t s 

X h e different p red ic t ion mode l s descr ibed .in chap t e r 3 are bui l t u p of several componen t s . 

S t a r t i n g wi th t h e descr ipt ion of t h e derivat ives of t h e c o m p o n e n t s which have all p red ic t ion 

m o d e l s in c o m m o n . T h e r e m a i n i n g componen t s which m a k e u p t n e ent i re p red ic t ion models 

a re expla ined one after ano the r , so t h a t we can eventua l ly p u t all, c o m p o n e n t s t o g e t h e r to 

fo rmula t e equa t ion Eq . 4.8. t » 

i . 
4 . 3 . 1 D r i v i n g t o r q u e 

T h e dr iv ing t o rque propels t h e vehicle and ac ts on t h e vehicle wheels as defined in Eq. 3.2 

* Ma(g^) = iciutchhedr{ri)UiffMe{g+) - a * « (4.11) 

tv K ' <!*, v 
T h e derivat ives of t h e to rque Ma w i th respect t o t h e th ree i npu t p a r a m e t e r s a r e 

1 ! ' , r V 
dM, 

> i ^0%°" ~ iclutchigeariV^diff 
dM, 

dMn 

i HI 

(4.12) 

1 01 
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T h e t e r m s ^ j p 4 , *^=^ a n d ^j=£ describe t h e s ens i t i v i t y of t h e engine to rque Me w i th 

respec t t o changes of t h e i n p u t pa rame te r s . Therefore , t h e derivat ives Ma a re dependen t on 

t h e respect ive der iva t ives of t h e engine to rque Me, hence from t h e used engine type . 

In case of the one t r a ck mode l , t h e dr iv ing t o r q u e is d i s t r ibu ted a m o n g t h e front a n d rea r 

wheel , respectively, see Eq . 3.4. T h e resul t ing der iva t ives of the dr iv ing to rque of t h e front 

wheel Maf and t h e rea r wheel Mar a re then 

M'a! = {l-e)M'a 

M'.r = dk'a, 

w i t h t h e d i s t r i bu t ion fac tor e accord ing t o Eq. 3.5. 

S t a t i c e n g i n e t o r q u e Me(g
+) a s l i n e a r f u n c t i o n o f g+ 

T h e definit ion of t h i s eng ine t y p e is 

(4.13) 

Me(g+) = 
o-uig^ + bM2 

g+ < go 

g+ > go 
(4.14) 

•>f see Eq . 3.6. I f th i s engine mode l is direct ly used for a predic t ion mode l w i t h o u t be ing passed 

t h r o u g h a P T l filter; t h e n is Me(g
+) = Me\g

+). T h u s , t h e der ivat ives w i th respect to t h e 

i n p u t p a r a m e t e r s a re 

dMe(g
+) _ dMe(g+) _ J 

' dg+ 
1+ 

a M 2 i k 

r < go 

g+ > go 

(4.15) 
. dMe(g+<) J .0Af«fe+) _ n 

dip ~ bW ~ 

dMe(g
+) __ dMe(g

+) _ n 

I n t h i s specific case any phanges of t h e s teering a n g l e tp a n d t h e gear r a t i o t] d o no t influence 

lt t h e ,engiri&torque afl'4 th^refore^-dp npt-infiuehce, t h e dr iv ing t o rque Ma- T h e engine^torque 

. o r jdrjxirig t o rque , respect ive ly is solely d e p e n d e n t 'OIL changes of t h e t h r o t t l e signal g. T h e 

t e r m ^M=r- is form-Eq. 4 .10, 

D y n a m i c e n g i n e t o r q u e Me(Me(g
+)) * '-

T h e equa t ion descr ib ing t h e d y n a m i c engine t o r q u e M c ( M e ( £ ^ ) ) ' ^ a c c o r d i n g to Eq. 3.7 

Me=^(Me(g
+)~Me) . (4.16) 
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R e g a r d i n g the case whe re the s t a t i c engine to rque Me(g
+) is solely dependen t on t h e t h r o t t l e 

pos i t i on , the de r iva t ive of the d y n a m i c engine to rque wi th respect t o the i n p u t p a r a m e t e r ~g 
is a s follows 

dMe _ J _ (dMe{g+) dMe 

dg T„ &5 &Q (4.17) 

W i t h — l i g ' f rom Eq . 4.15 a n d Sj^ from the solut ion of t h e ini t ial value p r o b l e m Eq . 4.8. 

S t a t i c e n g i n e t o r q u e Me(g
+,ne) a s f u n c t i o n o f p+ a n d e n g i n e s p e e d ne 

T h e s t a t i c engine t o r q u e is d e t e r m i n e d by a lookup table, see Fig . 3.4. I t d e p e n d s on t h e 

t h r o t t l e posi t ion g+ a n d the engine speed ne. Therefore, t he derivat ive of Me(g
+, ne) w i th 

— " do+ 

r e spec t to the i n p u t p a r a m e t e r vec tor p is a function of the, pa r t i a l der ivat ives - f e - a n d n'e. 
I t c a n be wr i t t en as 

Kit!*,n.) = ^ ( a + „)°£+dM;n+ x , 
(4.18) 

T h e p a r t i a l der iva t ives ^?nf- a n d Q f\ depend on. the used a l g o r i s m for . de te rmin ing t h e 

eng ine -torque'-from 'a lookup t ab le . In t h i s case, s imple geometr ical .calculat ions .are * used t o 

d e t e r m i n e the eng ine torque, see Eq. 3.8. T h e derivatives of t h e s t a t i c engine tQrque^with 

r e spec t I'd the i n p u t p a r a m e t e r vec tor can then b e calculated as 

M'e = ~{E{M0tkj)ng(g\ne)). , } 
(4.19) 

M,. 
'%= is according t o Eq . 4.10. T h e derivat ive of the engine speed, TZJ* wi th respec t t6\fche i n p u t 
' p a r ame te r -vec to r p c a n be ca lcu la ted based on Eq. 5.10 £s 

60 dr^v 6 0 . v' 
* 2KldiIf%9ear7w>P + ^Wf heartR -

n 

(4.20) 

'Where ; -Jl is f r o m ' E q . '4.10 and '? ; ' is the 'der ivat ive ' of ' the^vehicle 's velo'city in4* long i tud ina l 
d i r ec t ion wi th ' res^ecV t6 the i n p u t ' pa ramete r ' vector p r fo in ' tne ' so lu t ion of t h e in i t i a l value 
p r o b l e m Eq. 4.8. '• . ' • 

D y n a m i c e n g i n e t o r q u e Me(Me(g
+,ne)) j _ > , („ u 

p q . 3.9 defines, t h e d y n a m i c engine to rque ,M e { .^ € [g +
: i ni?)\ as j '%l > 

dK Me = ^~ (Me(g
+, n e ) - Me) . 

r ^ ,1 n l 

^ (4.21) 
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T h e der iva t ive of t h e d y n a m i c engine torque wi th respect to t h e inpu t p a r a m e t e r s is 

M'e = ~(M'e(g
+,ne)-M'e), (4.22) 

w i t h t h e der iva t ive of t h e s t a t i c engine torque, Me from Eq . 4.18 and M'e f rom t h e solut ion 
of t h e in i t ia l value p r o b l e m Eq . 4.8. 

4 . 3 . 2 B r a k e t o r q u e 

T h e defini t ion of the b r ake t o rque is according to Eq. 3.10 

Mb{g~) = Kbrakeg'sgnv . (4.23) 

T h e b rake i n p u t signal g~ is t r ans la ted into a brake to rque , which is d i rec t ly app l ied to the 

vehicle wheels . In order t o ge t the sensit ivity of Mb in respec t to t h e i n p u t p a r a m e t e r s , we 

need t o der ive Mb w i th respec t to t h e inpu t p a r a m e t e r vec tor p. T h e r e su l t i ng ana ly t ica l 

der iva t ive of Eq . 4.23 w i th respec t to p is 

dMbf _x T̂  dg" e,trrtmt , zs n-dsgnv — & ( £ ) = Kbrake-g=j-sgnv + Kbrakeg , "gr 
w 

dMb( _x v 
-$p(e ) = KbrakeQ 

-dsgnv 
dip (4.24) 

dMh i n- \ is - dsgnv 

with 

dsgnv 

dp 
= 0 

d£ 

V v ^ 0 . (4.25) 

T h e t e r m ^ = - is from Eq . 4.10. Since no velocity v = 0 is allowed for all o f t h e used 

p red ic t ion mode l s equa t i on 4.25 is always zero. 

In case of t h e .one t rack pred ic t ion model , t he brake t o r q u e is d i s t r ibu ted a m o n g t h e front 

wheel a n d r ea r wheel. Therefore , t he derivatives o f t j i e b r ake to rque of t h e front wheel ML 

a n d o f t h e rea r wheel M'br w i t h respect t o the i npu t p a r a m e t e r s are 

- Jifti = - ( 1 , - c W 
(4.26) 

i i 
wjth t J ie .d i s t r ibu t ion factor f according to Eq. 3.11. 
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4 . 3 . 3 A e r o d y n a m i c f o r c e 

T h e ae rodynamic force, a c t i ng on t h e vehicle is defined in Eq. 3.13 as 

Fw{v) = -cwAw^-vip)2. 
(4.27) 

I t is ac t ing in t h e oppos i t e di rect ion of t h e vehicles longi tudinal d r iv ing d i rec t ion . D u e to 
t h e dependency of Fw of t h e vehicle velocity v, which is dependen t on t h e p a r a m e t e r i n p u t 
vec tor p , we need also to ca lcula te t h e derivat ives of Fw w i th respec t to p. T h e resu l t ing 
ana ly t i ca l der ivat ive of Fw{v) is according to t h a t 

(4.28) 
Fw{v) - -cwAwpwv(p)', 

w i t h v' from the so lu t ion of t h e ini t ial value p rob lem Eq. 4.8. 

4 . 3 . 4 Y a w a n g l e ( m a s s p o i n t m o d e l ) 

In t h e single mass po in t mode l is t h e s teer ing angle ip d i rect ly cor re la ted wi th t r a j ec to ry 
c u r v a t u r e K{(p). We can use th is corre la t ion in order to ca lcula te t h e vehicle 's yaw angle tp. 
T h e definition, which was given in Eq. 3.14 was 

K(ip) =* * U t a n y 

ds y/{lR + lFf + (IR)2 t a n 2 tp 
(4.29) 

K(ip) is solely d e p e n d e n t of ip, therefore, derivat ives wi th respect t o t h e i n p u t p a r a m e t e r g 

a n d r] become zero. T h e derivat ive of Eq . 4.29 wi th respect to s t ee r ing angle is 

dKjtp) = dip ( l + t a n V ) ( / r + / / ) 2 

$? # ( ( / r + / / )
2 + Z r

2 t a n V ) 3 / 2 ' 

w i t h ^ from'Eq. 4.10". 

4 . ' 3 . & T i r e f o r c e s ( o n e t r a c k m o d e l ) 

T h e wheels of t h e single po in t mass mode l s fulfill a perfect rol l ing c o n s t r a i n t where as the 

t i re forces of the one t r a ck models are represented by a force law, which allows sl ipping. In 

o rde r t o de te rmine t h e sensi t ivi ty of t h e dynamics of the one t rack mode l s wi th respec t to 

t h e i n p u t p a r a m e t e r vector p we also need t o c o m p u t e t h e sensi t iv i ty of t h e t i r e forces wi th 

respec t of the i n p u t vector . T h e s t a r t i n g point , t o ca lcula te t h e t i re forces is t h e longi tud ina l 

f 
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t i r e slip s and t h e s l ip angle a . T h e long i tud ina l slip of t h e front t i re was prev ious ly defined 

as 

f Rujf - x cos ip + (y + If ip) s in tp 

if (x cos (p + (y + If tp) s in <p < Rwf) 

8f = < (4.31) 

x cos ip + (y + If ip) sin ip - Rujf 

-x cos ip + (y + If tp) sin ip 

if (x cos-ip + (y + lf w) s in ip > Ruif) 

see also Eq. 3.20. Therefore , t h e der ivat ives of the longi tud ina l t i re slip of t h e front t i re can 

be ca lcu la ted in t h e case of dr iv ing sl ip x cos ip + (y + If in sin <p < RJJJJ as 

(xr cos ip + x s in ipip' + {y' + I ftp') sin ip + (y + I ftp) cos ipip'j Rujf 

(x cos ip + (y + I ftp) s in tp) Rju'f 

- 1 Wtf • 

(4.32) 

In case of brake slip, if x cos ip + f y 4-1/ tpj sin tp > Rujf, t h e der ivat ive s'j of t i r e s l ip s / wi th 

respec t t o the i n p u t vec tor is ca lcu la ted as 

f —RLJ'J (X c o s ip + (y + I ftp) s i n tp) 

fa; cos ip -V (y + I ftp) sin ip) 
St = 

+ 
RiOf (aV cos tp + x sin ipip' + {y' + I ftp') sin ip + (y + I ftp) cos <p<p j 

^ : -^ . 
(x cos ip + (y 4-1 ftp) sin tp) 

(4.33) 

ip' is from Eq. 4.10. T h e quan t i t i e s x\ y', tp' and u)/ a re f rom the solut ion of t h e in i t ia l value 

p r o b l e m ' s ^ . 4.8. T h e y deno t e the sensi t iv i ty of the respec t ive quan t i t y of t]je s ta te-space 

vector z(t,p) w i th respec t t o the i n p u t vector p. 

We can calcula te s imi la r t o t h a t der ivat ives of t h e t i re s l ip a t t h e rea r wheel . T h e equat ions 

descr ibing t h e s l ip a re accord ing t o ' E q . 3.21 

sr = 

RLJJ- — x 

Rur 

X — RhJr 
X 

x < Rwf accelerate 

x > RjJJf b rake 

(4.34) 
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T h e der ivat ives of t h e s l ip sT w i th respect to t h e i npu t vector p descr ibe t h e sens i t iv i ty of 
t h e t i r e slip wi th respec t t o t h e inpu t vector. T h e y can be ca lcula ted as 

u)Tx — XUJ'T 

Rut 

RUJTX' — RXUJL 
="5 I 

X1 

x < Ruf accelerate 

x > Rujf b rake 

(4.35) 

w h e r e t h e quan t i t i e s x' a n d o)/ a re from the solut ion of t h e ini t ia l value p r o b l e m Eq . 4.8. 
T h e y deno t e t h e sens i t iv i ty of the respect ive q u a n t i t y of the s ta te -space vector z(t,p) wi th 
r e spec t t o the i n p u t vector p. 

I n a d d i t i o n t o the t i re slip, t h e slip angle a is needed in order t o de t e rmine t h e t i r e forces. 

T h e respect ive slip ang les for t h e front wheel a n d for the rear wheel were defined in Eq . 3.22 

otf = ip - a r c t a n ^ + h $ 

ar = - a r c t an y W . 
x 

(4.36) 

In o rde r t o ca lcula te t h e sensi t iv i ty of the la tera l t i re forces Fy a t t h e front a n d r e a r wheel 
we alsb need t o derive t h e s l ip angles wi th respec t to the* i n p u t vector p. Fol lowing from 
t h a t , we can ca lcula te t h e derivat ives as 

= x'(y + lstp)-x{y'^lf^ 
f * x2 + (y + lftp)* 

(4-37) 

T h e quan t i t i e s x', y' a n d tp' are from t h e solut ion of the . in i t ia l va lue p rob lem .Eq., 4.8. ,They 
' ' deno te ihe sensi t ivi ty of t h e respect ive quan t i t y of t h e s ta te-space vector z(i}p) w i t h respect 
"'to tfre' i n p u t vector 0. 

L i n e a r t i r e m o d e l 
,k -. ' , 1 1 , < - 11 I * 
The 1 l inear t i re mode l r ep resen t s a l inear correla t ion between t h e slip quan t i t i e s s a n d a and 
t h e t i r e forces which can be t r a n s m i t t e d to t h e road . Eq. 3.23 to & [ . 3 .25 'def ine t h e t i re 
forces as 

-1 XT 

KfGi0Sf 

— KrCi0$T, (4.38) 
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Fyf = Cia t a n af 

Fyr = Cia t a n aT . 
(4.39) 

Following from t h a t we can ca lcu la te the sens i t iv i ty of the t i re forces wi th respec t t o t h e 

i n p u t vec tor p. T h e resu l t ing der iva t ives of t h e t i r e forces with respec t to t h e i n p u t vector, 

which represent t h e sensi t iv i ty are 

ft/ = 
F„ = 

-KfCl0s'f 

—/c rGj0s r 

Fyf — Cia(l + t a n 2 af)a'f 

'' = (7£ a(l + t a n 2 o v K , K 

(4.40) 

(4.41) 

yr 

w i th t h e der ivat ives of t h e t i r e slip s'f from Eq . 4.32 and Eq. 4.33. s'r is from Eq . 4.35. T h e 

quan t i t i e s o/f a n d a'T a r e from Eq . 4.37. 

T i r e m o d e l w i t h f o r c e . s a t u r a t i o n 
A . b e t t e r r ep resen ta t ion of t h e t i r e forces gives t h e t i r e mode l wi th force s a t u r a t i o n . Especia l ly 

if t h e t i r e slip a n d t h e slip angles become bigger , t h e linear t i r e m o d e l is no t sufficient 

anymore . In o rde r t o d e t e r m i n e t h e t i re s a t u r a t i o n of the t ire mode l w i th force s a tu r a t i on , 

several quan t i t i e s have t o be ' c a l cu l a t ed . B a c h of t h e m is dependen t on t h e i n p u t vector p. 

Therefore , in order t o calculate ' t h e sensi t iv i ty of t h e t i re forces" w i t h respect t o the i npu t 

vector , we need t o ca lcu la te t h e respect ive der iva t ive of the quan t i t i e s on which th is t i re 

mode l is based .upon. In t h e fol lowing,descript ion of the t i re mode l a n d i t s der ivat ives wi th 

respec t t o t h e i n p u t vec tor p, all necessary q u a n t i t i e s are summar ized for.*the front a n d rea r 

t i re . Therefore , in order to ca lcu la te t h e forces a n d the i r analyt ical der ivat ives , t h e specific 

quan t i t i e s for t h e front t i re a n d rear t i re m u s t b e subs t i tu t ed . T h e equa t ions for t h e slip 

veloci ty vs, t h e friction coefficient p, a n d t h e aux i l i a ry quant i ty s , a r e defined from Eq. 3.27 

t o Eq . 3.29 as 

/* 

. = VJUVS?H- t a n 2 a 

= IR (1 - kRvs) (4.42) 

y/(C98)2 + {CataxLay 

VM is t h e abso lu te veloci ty of t h e center of t h e t i r e in rolling d i rec t ion . I t is (x cos ip + 

r.(j#-\r.lysp) sin ip)\ for-the front t i re<and.£ fomt l i e^ea r t i re. Following from t h a t , is t h e sensi

t iv i ty 'o f x>u or t h e der iva t ive of VM wi t l r respec t t o t h e inpu t vector p , respectively 

v'M = x' cos ip - ±'sin (pip' + {y' + I ftp') + (y + I ftp) cos ipip' front t i r e 
'M 
J (4.43) 

v{,f = x' •rear t i r e . 
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Therefore , t h e der iva t ives of Eq . 4.42 wi th respect t o t h e i n p u t vector p can b e ca lcu la ted 

v' = ^ / ^ T W T ? l ^ ( ^ + 2 t a n t t a + t a n a g ) t t 0 
Vs2 + t a n 2 a 

ft = fR(l~kRv'a) 

w = 1 ZCiss1 + 2 C 2 t a n a (1 -f t a n 2 a) o/ 

? V ( C . « ) 2 + ( C a t a n a ) V ( l - s ) 
j r t ^ ) 2 + ( g g t a n a ) V 

M ^ ( l - s ) 

(4.44) 

+ 
\ / ( C , s ) 2 + ( C Q t a n a ) V 

w i t h t h e der ivat ives of t h e t i re s l ip s ' from Eq. 4.32 "and Eq . 4.33 in- case of t h e front t i re , or 
s' from Eq. 4 .35 in case of t h e r e a r ' t i r e . T h e der ivat ive of t h e slip angle a' is accord ing t o 
E q . 4.37-. v'¥ is form Eq. 4.43. 

T h e previously descr ibed quant i f ies and their der ivat ives ,are now used to ca lcu la te t h e t i re 
forces and their, sens i t iv i ty wi th , r espec t to .the inpu t vec tor a. T h e t i re forces a r e c o m p u t e d 
differently in case of pu re s t a t i c friction or mixed s t a t i c ^and s l ic ing friction, 

P u r e s t a t i c fr ict ion is a s sumed if t h e auxil iary q u a n t i t y s is s < 0.5. T h e la te ra l an longi tu
d i n a l t i r e forces, 'as defined in Eq . 3.30, are i ^ *< •• 

^ i 

K = 

F. = 

— KCsFzy^r 

h TP t a n a 

<.<-

i «., > i (4.45) 

Therefore , t h e ana ly t i ca l der iva t ives of Eq. 4.45, which represent "the 'susceptibi l i ty of t h e 
t i r e forces wi th respec t t o t h e i n p u t vector p are 

F* - C F ( 1 + , t a j l op**7 • r F t a n q j f (4.46) 

( 1 ^ 

If mixed s t a t i c / s l i d i n g friction is 'assurnedi . in caseiof s > . 0 . 5 , . t h e " t i r e forces a re according-tfo 
E q . 3:32 defined a s * » f ' 

Fy — C<xF;j t a n a 5 - 0 , 2 5 
"=2~ (4.47) 
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In t h i s case , t h e suscept ib i l i ty of the t i r e forces wi th respect to t h e i n p u t vec to r p is repre

sen ted b y 

w - *r p s'(s~ 0.25)+ ss' r „ ss'js - 0 25) 
Fx - ~KCSF£ ( ' , CaFz ,{_£*#' 

( 1 - 8 ) 

r„a(s-0.2SW 

™ ^ T? (1 + t a n 2 a ) a'Cs - 0.25) + t a n as* 

« „ t a n a ( s - 0.25)s ' n „ „ t a n a ( s - 0 .25 )^ 
+ ^ f t (1 - S ) V ~ 2 C o f t ( l - 5 ) s * * 

(4.48) 

I n b o t h cases, pu re s t a t i c friction and mixed s t a t i c / s l i d ing friction, are t h e der iva t ives of t h e 

t i r e s l ip s' f rom Eq. 4.32 a n d Eq. 4.33 in case of t h e front t ire, or s' f rom E q . 4.35 in case of 

t h e r ea r t i r e . T h e der ivat ive of the slip angle a' is according to Eq. 4.37. T h e der ivat ive s1 

of the aux i l i a ry quan t i ty s is from Eq. 4.44. 

4 . 4 A u g m e n t e d e q u a t i o n s o f m o t i o n 

In o rde r t o ca lcula te n o t on ly t h e dynamics of the p red ic t ion models, b u t a l so t h e sensi t ivi ty 

of t h e p r e d i c t i o n models w i t h respect to t h e i npu t vec tor p , t he s ta te - space vec to r z(p, t) has 

t o be a u g m e n t e d to z(p, t). T h e resul t ing s ta te -space vector l ( p , t) for each of t h e predic t ion 

mode l s a s well as the a u g m e n t e d equa t ions of m o t i o n are described in t h e following chapters . 

4 . 4 . 1 S i n g l e m a s s p o i n t m o d e l w i t h s t a t i c d r i v e t r a i n 

In t h e case of a single m a s s po in t model w i th no dr ive t r a in dynamics , t h e s t a t e - space vector 

z(pyt), E q . 3.16 is expanded in to ~z(p,t) and has t h e form 

* ( p , * ) = 

z(t,p) 
= f s tp x y | s' tp' x' y' J (4.49) 

Fol lowing f rom t h a t , t h e a u g m e n t e d equa t ions in s t a t e - space form are, see E q . 4.8 

* ( P , * ) = ? 

z(t,p) g(z(ttp),p) 

d 
I$(t,p)z'(t,p)+9%P) 

(4.50) 
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wi th g (z(t,p),p) from Eq . 3.17. T h e t e r m s -r£(t,p) a n d g'(t,p) can t h e n be ca lcu la ted as 

0 0 0 0 

9'(t,p) = 

K{<P) 0 0 0 

c o s ^ - i s i n ^ 0 0 

[ sin tp scostp 0 0 

m(Ji(K + ML)-Flr) 

K(ip)>s 

(4-51) 

(4.52) 

S u b s t i t u t e d in Eq. 4.50 t h e a u g m e n t e d s ta te-space equa t ions of m o t i o n are 

• £ ( £ (Ma + Mb) - i V ) 

S COS tp 

* * ' 
ss'mtp 

± ( £ (JlfJ + A « ) - *&,) 

K{ip)'s + K{if)s' 

s' cos tp — s sin ^ ^ ' 

L s ' sin V> — 5 cos V'V7' 

z = 

(4.53) 

S. 
'w i th Ma from Eq. 4.12 a n d M'b from equa t ion Eq. 4.24. T h e 
a n d K(tp)' is from Eq . 4.30. • ' 

t e r m F{y is accord ing t o 'Eq . 4.28 
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4 . 4 . 2 S i n g l e m a s s p o i n t ' m o d e l w i t h d y n a m i c d r i v e t r a i n 

If t h e p red ic t ion m o d e l inc ludes drive t r a in dynamics t h e differential e q u a t i o n s of t h e engine 
t o r q u e have t o be solved, too . Therefore, t h e s t a t e - space vector z from e q u a t i o n Eq. 3.18 
h a s t o be e x p a n d e d t o z(p, t) a n d becomes 

z(t,p) = 

z(t,p) 

= [ Me s ip x y | M'e s' tP' x' y' ]' (4.54) 

T h e expanded equa t ions of m o t i o n in s ta te-space form a re following from E q . 4 .8 

±{p,t) = 

z{t,p) 9{z(t,p),p) 

d 
L g f f c P M i . P ) + • ( * , * ) J 

(4.55) 

dt wi th g (z(t,p),p) from Eq. 3.19. Therefore, we can ca lcu la te t h e t e rms ^ f {typ) a n d g'(t,p) 
as follows 

1 
J- m 

0 0 0 0 

ii 'i ,•>» .. i. 

. *{*,?) = 

v.* I 

0 K{tp) 0 0 0 

i 0 c d s ^ i r-fssin"^ 0 0 

0 siri tp s cos tp - 0 0 

l-M[ 

(4.56) 

-L m. 

K{<p)'a 

0 

0 

J t 
(4.57) 
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I n s e r t e d in Eq. 4.55 we c a n wr i t e the equa t ions of mo t ion of t h e single m a s s po in t mode l 
w i t h dr ive t r a in d y n a m i c s as 

-w-Me + T i - M e 

z = 

rp-iVle -r Tp-. 

i ( £ ( M a + Mb) - Fw) 

K(ip)s 

scostp 

ssintp 

-ri-M'e + Jr-M'e 

•*-m -*m 

,K{<p)'s + K{$s'> M„. 

sr cos tp — s s in ipip' 

\_ s' sin tp — s cos V ^ ' 

(4.58) 

V* 
With Ml

e from Eq . 4.14 if a engine w i th l inear to rque character is t ics , j u s t "'"depending on t h e 

t h r o t t l e posi t ion is used . If a engine wi th a field-interpolated'torque charac te r i s t ics is used, 

Me is ca lcula ted accord ing t o Eq . 4.19. M'a is from Eq. 4.12 and M[ is from equa t ion Eq . 4.24. 

T h e t e r m F^ is acco rd ing t o Eq. 4.28 ajnd K{ip)' is-from Eq. ,4 .30. o 

4 . 4 . 3 O n e t r a c k m o d e l l
 t j 

I n t h e case of a one t r ack m o d e l wi th t h e s ta t^-space vector z{p\l) fXqmtEq. 3.34 t h e resu l t ing 

a u g m e n t e d s t a t e - space vec to r z(p, t) becomes ! 

z(p,t)-= 

z(t,p) 
_ [Me x y tp 0jf U)r 

M'e if x' fr u'f w'r]
T. J 

(4i59) 
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Following from t h a t , t he a u g m e n t e d equa t ions of mot ion in s ta te -space fo rm a re as defined 

in Eq. 4.8 

* ( p , * ) = 

z(hp) ff(«(*,p)»p) 

d 
l$(t,p)z%p)+9'(t,p)} 

(4.60) 

dt 
w i t h g ( * ( t , p ) , p j from Eq. 3.35. T h e t e rms g | ( t , p ) and g'(t,p) can t h e n b e ca lcu la ted as 

Jr- 0 0 0 0 0 

o o v> 0 0 0 

0 -tp 0 0 0 0 

o o o o o o 

o o o o o o 

o o o o o o 

dg 

dz (*,P) = 
(4.61) 

fl'(*.P) = 

J-m 

i {F'x} cosip - Fxf sin <ptf + Fxr - Fyf sin tp - FyI cos tp<p! - F^) 

i ( i ^ sin ip + F x / cos ipif/ + J J / cos ^ - Fyf sin ^ + F'yr) 

^ {F'xflf sin tp + i ^ / / / cos w ' + F ^ / / cos <£ - Fyflf sin w ' - -FjrJr) 

£j(Maf + M'bf-RF'xf) 

^(M'ar+Mi-RF^) 

T}ie q u a n t i t y <p' is from Eq. 4.10. T h e derivat ives of the t i re forces Fx a n d F'y a r e dependen t 

on the used, t i r e mode l . In case of a l inear t i re model t hey can be ca l cu la t ed according to 

E q . 4.38 a n d E q . 4.39. W h e r e a s in case of a t i re mode l w i th force s a t u r a t i o n , Eq . 4.46 and 

E q . 4.48 descr ibe t h e der ivat ives of t h e t i re forces, ' fhe derivat ive of t h e s t a t i c engine to rque 

~Me i&from Eq. . 4 .19. M'a/ a n d M'ar, which represent t h e derivat ives of t h e d r iv ing to rque 
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w i t h respect t o t h e i n p u t vec tor p a re from Eq. 4.13. T h e derivat ives of t h e brake t o r q u e s 

M'bf a n d M'^ a re from Eq . 4.26. F^ which is the suscept ibi l i ty of t h e a e r o d y n a m i c force 

w i t h respect to t h e i n p u t vec tor p is according to Eq . 4.28. 

W i t h t h e equat ion Eq. 4.61 s u b s t i t u t e d in Eq. 4.60 we c a n formulate t h e c o m p l e t e a u g m e n t e d 
e q u a t i o n s of mot ion for t h e o n e t r a ck predic t ion model , which are necessary t o solve t h e in i t ia l 
va lue problem of Eq. 4.8. T h e a u g m e n t e d equat ions of mo t ion in s t a t e - s p a c e form a re 

z = 

TZ' 

^{Fxf cos<p + Fxr - Fyf sintp - Fw) + y^ 

m{Fx f simp + Fyf cos (p + F^-xtp 

&{FXflf s h i p + Fyflf cos4> - FyTlT) 

^(Maf + Mbf-RFxf) 

^{Mar + Mb, - RFxr) 

f 
^ ( i ^ cos ^ - ^ / s i n ^ ' + ^ r - ^ 

m(Kf sintP + Fxf c o s v V + Fyf costp- Fyfsiniptp' + F^) - x'tp - xtp' 

®(Kfhsi*V + FxfVf cosip<p' + F^ljcos^ - Fyyl/sm<pip' ~F^lr)
 l 

. 1 » 

MM^ + MI-RF'^) 
1\ -

\ \ 

b j. 

\ J 

1 
£ • 

1 
f 

, 
I 

h ' 

. a -

> > 
> i 

-/J J "t 
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C h a p t e r 5 

T h e t r a j e c t o r y p l a n n i n g t a s k 

T h e driver 's plant , i m a g i n a t i o n s descr ibed in chap te r 3 are involuntar i ly u t i l ized by t h e driver 

t o predic t and, finally op t imize his future behavior . In doing so, he works as a nonl inear 

predic t ive control ler . T h e bas ic process thereby is t h a t , s t a r t i n g from t h e cu r ren t t i m e £Q3 

t h e driver p red ic t s t h e vehicle 's future reac t ion t o his driver i n p u t s for several seconds in 

advance from his p l a n t imag ina t ion . 

His abil i ty to op t imize behav ior is m a t h e m a t i c a l l y descr ibed as t h e so lu t ion of a n opt i

miza t ion problem. T h e dr iver "solves" th i s op t imiza t ion p r o b l e m a t every t i m e t h a t h e is 

r ep l ann ing his fu tu re act ion. 

5 . 1 P r o b l e m f o r m u l a t i o n 

T h e t ra jec tory p l a n n i n g t a sk t o be done by t h e driver cons t i tu t e s a mixed con t i nuous /d i s c r e t e 

vec to r op t imiza t ion p r o b l e m u n d e r d y n a m i c eqyal i ty and inequal i ty cons t ra in t s : 

p*(t) = min{? (*>(* ) ) | g[ (t,p{t)) = OVt e]t6;to + th] ; fltf(t,p(t)) < OVt e ] t 0 ; t 0 + t h ] } .(5.1) 

if(p(t)) e Et n / 1 is a vec tor of normal ized object ive functions, each of which should be min

imized-by a su i t ab le choice of the t ime-vary ing c o m p o n e n t s of t h e p a r a m e t e r ' v e c t o r p(t). 

p(t)* denotes t h e p o i n t , where / (p[t)) h a s a m i n i m u m u n d e r t h e given cons t r a in t s . 

T h e equal i ty cons t r a in t s gt (p) = 0 G IRn"x a re cons t i tu t ed by t h e equa t ions of m o t i o n of t h e 

respect ive p l an t -mode l , Eq . 3.17 or Eq . 3.19, and the i r respect ive in i t ia l cond i t ions given by 

t h e dr iver 's m o m e n t a r y pe rcep t ion of t h e vehicle 's s t a t e of mo t ion . 

T h e vector gi ( p ( t ) ) € R n s 2 of inequal i ty cons t ra in t s is expla ined in sect ion 5.1.3, 
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5 . 1 . 1 O p t i m i z a t i o n p a r a m e t e r s 

T h e i n p u t s provided by the d r ive r t o control the vehicle are: 

g(t) € IR : L o n g i t u d i n a l i n p u t : g € [—1; 1] defines t h e d r ive r ' s i n p u t 

t o t h e accelerator and brake pedal . According t o Eq . 3.1 
g > 0 gives the normal ized th ro t t l e posi t ion, which is pro
p o r t i o n a l l y related to t h e accelerator pedal pos i t ion , g < 0 
gives a normal ized measure for the force exer ted t o t h e 
b r a k e peda l . 

s t e e r i n g i n p u t : <p(t) is t he s teer ing angle, m e a s u r e d a t 
t h e s t e e r i ng wheel. T h e dr iver adjusts (p(t) 'by t u r n i n g t h e 
s t e e r i n g wheel. 

G e a r n u m b e r : r){t) is manua l ly chosen by t h e dr iver 

t h r o u g h m a n u a l gearshift opera t ions . n(t) d e t e r m i n e s the 

g e a r r a t i o between engine a n d wheel. In con t r a s t t o g a n d 

ip, TJ is usual ly a discrete var iable wi th a fixed d o m a i n . 

'The vector p(t) of op t imiza t ion p a r a m e t e r s is then 

<p(t) € R 

7 ? ( i ) 6 [ l , 2 , . . . , 5 ] 

P(t> = 

g{t) € IR 

<p(t) e IR 

v(t) e JN 

t h r o t t l e / b r a k e signal 

steering" angle 

•gear sequence 
(5.2) 

5 . 1 . 2 O b j e c t i v e f u n c t i o n s 

T h e dr iver per forms his o p t i m i z a t i o n wi th respect to^ceriiaih bbject ive funct ions . Several 
objec t ives are defined in th i s sec t ion . They have to b e ba lanced versus each o t h e r by an 
a p p r o p r i a t e choice of weight ing f ac to r s . * i »• i 

M a x i m i z e t f a v e l d i s t d n c ^ ( t i m e - o p t i m a l ) r r'* f 

T h e bas ic goal of vehicle dr iv ing is t o t r an spo r t passengers or goods from one p o i n t t o a n o t h e r 
in an efficient m a n n e r . Efficiency m e a n s most ly speed. Thus , a driver;.woujd a lways t r y to 
m a x i m i z e the d i s t ance he t ravels in a given t ime. 

T h e t ravel d i s tance sR(t) is defined a long the center line of the road , see F ig . 5.1. sR(t0 + 

Jh) — SR(*O) is t h e d i s tance t r ave led between the cur ren t t i m e to and t h e i t i m e U -\-%th, w i th 

fy be ing , the op t imiza t ion hor izon or, t h e predict ion time,. Since t h e travel- d i s t ance should 

b e max imized , i ts-inverse is t a k e n as a n opt imiza t ion c r i t e r ion : i , 

A = T 
1 > I 4 1 

SR{tQVihy~sR{t6)'^ 

M i n i m i z e h o r i z o n t a l a c c e l e r a t i o n s ( a c c e l e r a t i o n - o p t i m a l ) 

(5.3) 
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V t ) " » R 0 O ) 

F i g u r e 5 .1 : Travel d is tance wi th respect to road midd le l ine 

Fo r a comfor table r ide , ine r t i a l forces exer ted on t h e passengers in all t h r ee d i rec t ions should 

b e as smal l as poss ib le . W h e n cornering, however, or dur ing acce lera t ing a n d b r a k i n g the 

passengers are exposed t o hor izonta l accelerat ions. 'Vertical accelerat ions can n o t be direct ly 

influenced by t h e dr iver a n d are usual ly t aken care of by the suspens ion . T h e dr iver can 

min imize hor izonta l acce le ra t ions by a correct t i m i n g of accelerat ing, b r a k i n g a n d cornering, 

a s well as by choos ing l a rge curve radii . 

F i g u r e 5 .2: Longi tudina l a n d lateral accelerat ions 

a i ,* 
T o formulate t h e acce le ra t ion cr i ter ia , longi tud ina l ax(t) a n d la te ra l ay(t) acce le ra t ions a t 

t h e center of g rav i ty ( C G ) are considered, see Fig . 5.2: 

ax{t) = s{t) ay(t) = K(t)s2(t). (5.4) 
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For t h e op t imiza t ion , quad ra t i c in tegra l cri teria over t i m e from to t o th a r e u sed : 

f2 = fa2
x(t)dt ; h = ja2

y{t)dt. 

•to to 
(5.5) 

M i n i m i z e b r a k e u s a g e ( b r a k e - o p t i m a l ) 

T h e m a i n goal of min imiz ing b rake usage dur ing dr iv ing is to prevent k ine t i c energy from 

be ing d iss ipa ted by the b rake discs. O n t h e o ther h a n d , people are i n s t r u c t e d b y dr iv ing 

schools to spare t h e brakes when"-going downhill to prevent t h e m from ove rhea t ing . Thus , 

t h e r e a re s i tua t ions , where th i s Criterion plays a significant role. 

A p e n a l t y function pb (g{t)) is defined t o pena l ize brake usage, which is i nd i ca t ed b y g(t) < 0, 
see Fig . 5.3: 

P&teW) = - $ - ( * ) , (5.6) 

- ' 

-

Pb(p(t))A 

v 1 

1 

,1 

» 

p(t) 

F i g u r e 5 . 3 : P e n a l t y funct ion for brake usage 

T h e cr i ter ion / 4 is t h e n formula ted as t h e integral of t h e pena l ty funct ion over t h e predic t ion 
pe r iod : 

Jl -

h = fpb{g(t))dt (5.7) 

S t a y i n " m i d d l e o f l a n e ( k e e p r i g h t ) , ( { 

A n i m p o r t a n t issue dur ing h ighway dr iv ing is to s tay in one lane a n d t o avoid uncont ro l led 

l a h e T n a n g e s . T h u s , we define a quadra t ic - func t ion pi{Aw(t))t -which pena l izes t h e la tera l 

dev ia t ion from t h e center of t h e lane: * • 

pt(Aw{t)) = (Aw(t)~Aw0)
2 , (5.8) 

w 
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-w^Ct)) Wfl 
W,(SR(t)) Aw(t) 

F i g u r e 5 .4 : Pena l ty funct ion for lane "keeping 

where A w 0 deno tes t h e des i red la te ra l posi t ion on t h e road, accord ing t o i t s definition in 

F ig . 2.9. 

T h e respective o b j e c t i v e funct ion is t hen again t h e integral of t h e p e n a l t y funct ion over t h e 

p red ic t ion per iod: 

th 

h = Jpt{Aw(t))dt 
(5.9) 

to 

M i n i m i z e d e v i a t i o n o f o p t i m a l e n g i n e s p e e d ( r p m - o p t i m a l ) 

Mos t drivers involun ta r i ly t r y t o keep a cer ta in engine speed1, a t wh ich t h e y are' ' feeling 

comfor tab le wi th respec t t o engine noise on one h a n d , and possible eng ine t o rque on t h e 

o the r h a n d . A s s u m i n g a perfect roll ing cons t ra in t t o b e fulfilled a t t h e d r iven wheels, t h e 

engine speed ne(t) is: 

u\ 6 0 - • („U\\S® 
ne{t) = —tdiff*gear ( w ) ) -% 

(5.10) 

W e define again a p e n a l t y funct ion p e ( n c ( i ) ) for t h e engine speed, see F ig . 5.5: 

pe(ne{t)) = (ne{t)-nt,0)
2 , (5.11) 

it M*wi£h ,rie',a*being.the engine speed felt op t in ia l .by the 'd r ive r . 

T h e cri ter ion to be min imized is aga in the in tegra l of pe {ne(t)) over t h e p red ic t ion per iod . 

h = Jpe(ne(t))dt (5.12) 

to 

M i n i m i z e d e v i a t i o n o f g i v e n v e l o c i t y ( v e l o c i t y - o p t i m a l ) •» * 
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Pe(ne(0) 

F i g u r e 5 .5 : P e n a l t y function for engine speed 

every road 

o- m i n i m i z e _. „„ .* Uv-uov vuab ne tries jEa min imize 
t n e aev ia t ion of his vehicle 's speed from the pos ted l imit . Second, in cer ta in s i t u a t i o n s he 
m a y t h i n k t h a t a ce r t a in s p e e d is a p p r o p r i a t e for safety reasons: Mak ing t h e a p p r o p r i a t e 
s p e e d zero and i m p o s i n g all weight on th is objective function causes- the dr iver m o d e l t o 
b r a k e suddenly, e. g. to s imula t e an emergency s i tua t ion . 

S p e e d devia t ions a re penal ized by t h e p e n a l t y function ps (s(t)), see Fig. 5.6: 

Ps (*(*)) = (S(t) - 5 0 ) 2 -

* I is *a given, (desired) velocity. 

Ps(s(t)) 

(5.13) 

».. 

» H 

* h i *» * 'it ' ? 

0, tti. *T7j J, r 

F i g u r e 5 .6 : Pena l ty function for velocity a*. 

T h r i v e funct ion / 7 is a g a i n ^ u l a ^ . ^ h e a n t e ^ . ^ ^ ^ ^ . v e ^ n . p ^ t i o n 

' l J !f * <r - J T 
1 * " u " V V 

th 

h-= fps(s(t)) dt 

to (5.14) 

N o r m a l i z a t i o n o f object ive es . i i'^ ? / » * * ' / / ! •/ '*} I i i fr/r' 
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T o form a vector o p t i m i z a t i o n p rob lem, where a sensible trade-off be tween t h e object ives can 

b e m a d e , the objec t ive funct ions / j , i = 1 , . . . , 7 have t o be normal ized. T h i s is t o ensure, 

t h a t equa l qual i t ies in different c r i t e r i a result in equal values of the i r respect ive object ive 

funct ions. 

W e define threshold values ho, i = 1 , . . . , 7 for each of the cri teria, w h e r e t h e dr iver finds 

t h e behav ior only j u s t comfor tab le . T h e normalized objective functions f{ = fi/fio have a 

va lue of 1 when t h e behav io r becomes uncomfor table for the driver. 

/ = 

h 

h 

h 

/ = 

b 
h 

YJr\ 

/1 / /10 

h i ho 

[ hlf: 70 

(5.15) 

T a b l e 5 .1 : Normal i za t ion of object ive functions 

c r i t e r i o n / , iO 

t i m e - o p t i m a l 

acce le ra t ion-op t imal 

b rake -op t ima l 

keep r ight 

r p m - o p t i m a l 

ve loc i ty-opt imal 

Ao — 3 
5 (th -10) 

ho - a(th-10) 

ho ~ &{th — U) , 

/ to = g(th-10) 

/so = Aw (th - t0) 

/ 6 0 = Ane (th - to) 
i 

f70 = As (th - tQ) 

fi 

7 - s fa " *o) 
/ l _ 8R(th) 

7 = i 
j 2 a(th-t0) 

th. 
j ax(t) dt 

f* = W ^ ) l a y { t ) d t 

7 - i 
u g(th-t0) 

th 
JPb(g(t)) dt 
to 

_ 1 th 
f5 = =k=J(Aw(t)~Aw0ydt 

_ Aw t0 

1 th 
J a — ft 

Ane (th'~ t0) t0 

J (ne(t) - n f i ) 0 ) dt 

1 h 

As (th - to) h 

• \2 
I (Kt) - 80y dt 
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s 

a 

g 

Aw 

Ane 

s 

T a b l e 5 .2: Quan t i t i e s used for object ive normal iza t ion 

given t ravel speed desired by the driver 

comfor table accelerat ion 

comfor tab le brake inpu t 

comfor table l ane devia t ion 

comfor tab le devia t ion in engine speed 

comfor tab le speed devia t ion 

5 . 1 . 3 C o n s t r a i n t s 

T h e vec to r f(p) of object ive functions, see Eq. 5.15 m u s t be minimized u n d e r t h e equa l i ty 

c o n s t r a i n t s gi(t,p) = 0 a n d inequal i ty cons t ra in ts g2(t,p) < 0, according t o Eq . 5.1. 

9i(t,p) is cons t i tu ted by t h e dynamic equat ions of mot ion Eq. 3.17, Eq . 3.19 of t h e d r ive r ' s 
p l a n t m o d e l imag ina t ion . 

92(t,p) = 

92,i(t) 

92 At) 

[ 92At) 

(5.16) 

is t h e vector of inequal i ty cons t ra in t s c o m i n g from the following cons idera t ions . 

S t a y o n r o a d 

F i g u r e S.T^Definitiori of quant i t ies descr ibing the re la t ive 

posi t ion of vehicle to road; wr. lane wid th ; Aw: 

la tera l vehicle posit ion; b: vehicle w i d t h 

T h e m o s t i m p o r t a n t cons t ra in t d u r i n g dr iv ing is to keep t h e vehicle on t h e road u n d e r 

all" c i rcumstances . Fig. 5.7 shows all quantit ies" needed to de t e rmine t h e vehicle 's r e la t ive 
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pos i t i on on t h e road . Aw(t) is the vehicle 's la tera l offset wi th respec t t b t h e midd le line of 
t h e road . T h e c o n s t r a i n t s t o be-ftilplled are: 

" </2,iW = Aw(t) + ^ - n < 0 

(5.17) 

g2,2(t) = -Aw(t) + %-wi < 0 

L i m i t h o r i z o n t a l a c c e l e r a t i o n s 

If t h e dr iver employs a p red ic t ion mode l wi th k inemat ic roll ing c o n s t r a i n t s be tween wheels 

a n d road , he has no m e a s u r e for the c o n t a c t forces, which can be t r a n s m i t t e d t h r o u g h t h e 

t i r e la tch . O n t h e o t h e r h a n d , it t akes very l i t t le experience t o know t h a t Only l imi ted 

acce le ra t ions can b e t o l e r a t e d in b o t h longi tudina l and la tera l d i rec t ions . T h e m a x i m a l 

va lues thereof d e p e n d heavi ly-dn t n e road condi t ions and on t h e accuracy of t h e predic t ion 

m o d e l employed. 

F i g u r e 5 . 8 : Max ima l a n d ac tua l accelerat ions ac t i ng on 

the vehicle; a: overall hor izontal acee le ra : 

' t ion; aXjmax: m a x i m a l longi tudinal accelera

tion^, (tymax} m a x i m a l la teral accelera t ion 

Fig.- 5.8 shows t h e acce le ra t ions ac t i ng on t h e vehiclei in a b o d y fixed c o o r d i n a t e system. 

"* ' T n e m a x i m a l al lowable longi tudina l a n d l a t e r a l accelerat ions d e p e n d on jeach o ther . T h e y 

a r e a s sumed to b e s i t u a t e d on an ellipse, t n e ma in axes of which are t h e vehicle 's roll and 

' 4" p i t ch axes:1 '* "A 

2 

k 
(5.18) 

ax(t) and" ay(t) are t h e c o m p o n e n t s of t h e resul t ing absolute acce le ra t ion of t h e vehicle's 
o .cehterTof gravity, in t h e b"6dy^fixed , /cbordih'atre ,sys'tem; see 'Fig. 5:8. 
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L i m i t e n g i n e s p e e d 

W h e n using m a n u a l gear shifting, t h e dr iver is responsible for t h e p rope r choice of h is engine 
speed . Par t icular ly , he m u s t n o t exceed the vehicle's m a x i m a l engine speed neiJnax. O n the 
o t h e r h a n d , he has t o keep t h e engine speed higher t h a n a min ima l l imi t va lue n, 
p r even t the engine from sta l l ing. 

T h e respect ive cons t ra in t s are: 

e,mtn t o 

,(5.19) 

92,4(t) = • ne(t) - neimax < 0 

52,5(0 = ~ne(t) + U^rnin < 0 

A b i l i t y t o d e c e l e r a t e t o z e r o v e l o c i t y w i t h i n - k a l f . s i g h t d i s t a n c e 

In m a n y s i tua t ions , especially on wind ing narrow roads , where there is o n c o m i n g traffic, t he 
dr iver mus t adjust his speed, so t h a t - h e can s top wi th in half of t h e s ight d i s t ance ds, if 
necessary. 

T o formula te the respect ive constraint-; we assume a b rake m a n e u v e r w i th t h e h ighes t possible 
long i tud ina l decelerat ion: 

52,6 (t) = s(t) - ^ 2 f l , ^ | < =0 - '/ 

-•», "" " < 

A v o i d o b s t a c l e s 

5 . 2 I m p l e m e n t a t i o i l 

5 . 2 . 1 P r o b l e m r e d u c t i o n -

(5.20) 

o I 

For a possible numer ica l t r e a t m e n t witft 's tandard* p a r a m e t e r op t imiza t ion a l g o r i t h m s t h e 

p r o b l e m Eq. 5 4 m u s t be su i t ab ly reduced . In pa r t i cu l a r , t h e control inpu t s , which finally 

' haVe to* be 'given as funct ions o f ' t i m e ; mus t be p a r a m e t e r i z e d , , t h e inequal i ty~ 'constra ints 

'92(t,p(t)) <^Nt^i[to\to-3rth] h a v e ' t o be discretize<l. ' ' " " : 

Moreover , t he con t inuous /d i sc re t e op t imiza t ion p r o b l e m m u s t be su i t ab ly addressed . Th i s 
is accompl ished by s epa ra t i ng t h e p r pb l em into th ree steps", see.Fig. 5.9: 

V 

• Solve the op t imiza t ion p r o b l e m Eq . 5.1 a s suming all var iables ( t h r o t t l e / b r a k e g 6 IR, 
s teer ing ip € IR, gear 77 e IR) as real numbers . 

• Discret ize t h e gea r -numbers (ne IN), such - tha t , a -certain error, cr i ter ion is m in imized . 
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problem 1 

1 

problem 2 

i 

problem 2 

i 

V*€ R 
](pe R 
XX[G R 
] p * e R 
V € R 

2 r | e IN 

V e I N 

3 p e R 
3cpe R 

3 p ' e R 

F i g u r e 5 .9 : I m p l e m e n t a t i o n of the con t inuous /d i sc re t e op

t im iza t i on problem for t he ' t r a j ec to ry p l a n n i n g 

t a s k 

• Solve the cont inuous part.,of t h e problem (g € IR, tp € IR) a s s u m i n g t h e gear sequence 

to be fixed a t t h e resu l t of t h e second s tep . 

A s a result of these t h r ee copsecut ive s teps we ob t a in a s u b o p t i m a l so lu t i on of t h e p rob lem 

E q . 5.1. T h e s imula t ions in c h a p t e r 8<show however, t h a t our solut ion is close enough t o t h e 

o p t i m u m to provide sensible resul ts . 

P r o b l e m 1: O p t i m i z a t i o n w i t h r e a P p a r a m e t e r s 

I n t h e first s t ep t h e p a r a m e t e r s are a s sumed t o be real functions of t i m e : 

i »n "' '"' 

i „ / i = p(lp,t)'= 

( lg(*pit) e R V* 

^ V O i M r ^ J R V 1 to<'t'<to+'th. 
i ' { I 

(5.21) 

f <; S ince s t a n d a r d numer ica l o p t i m i z a t i o n a lgor i thms deal mos t ly wi th o p t i m i z a t i o n p a r a m e t e r s 

i n s t e a d of functions over t ime , t h e i n p u t vector lp(t) must- be p a r a m e t e r i z e d . We d o th i s 

u s i n g . a l inear r in terpola t iom » 
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T h e t i m e range [i0; to + th] is divided in to n intervals by a n equal ly spaced vector t of in te rva l 
boundar i e s : 

t-=[to *i . . . tn ] € H B + 1 . 
(5.22) 

T h e p a r a m e t e r vec tor used for t h e op t imiza t ion consists of t h e function values a t t h e in te rva l 
boundar i e s : 1 

XP : = [ M M . . . lg(tn^) | V ( i o ) . . . V ( i ^ 0 ( 

(5.23) 

interpolation with zero-order hold 

*D-1 *» tJ" V *J *2 

F i g u r e 5 . 1 0 : In te rpo la t ion of d r ive r i npu t s 

' 'Linear1 ' inferpolatfori is used t o d e t e r m i n e the funct ion values' wi th in th'e in tervals , see 
F ig . 5.10: ' ' ' ' 

V I R * ) y 

f ;! ' 
» i (. . " 

* ; ' ^ £ *<<*;+!- (5 .24) 

i) « 

T h e differential e q u a t i o n s of m o t i o n descr ibing the p r ed i c t i on model , which are i nc luded in 
t h e vector g\(p(lp, t)) of equa l i ty cons t ra in t s , are solved in! cont inuous t ime. Consequent ly , 

cQiip^Vit)) a n c * t h e cost funct ion v e c t o r - / ( p ( l p , t ) ) a re eva lua ted in cont inuous t i m e . T*he 
vec to r x9ii}p-,t) for t h e modified p r o b l e m 1 is then: I 

in ) 
(5.525) 

1System inputs at the time tn = tb do not influence the behavior in the regarded time r a n g e d ; th]-

5.2. Implementation 

T h e discre t ized vector ^ ( ^ W ) 0 I inequal i ty cons t ra in ts for problem 1 is: 
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1 9 2 ( 1 P ( 1 P , < ) ) = 

92(lp(1P,t)it1) 

fls(1p(1P,*),t2) jgng2n _ (5.26) 

T h e o p t i m i z a t i o n p r o b l e m solved in problem 1 is then 

lp* = m in { / ( p ( ! P , * ) ) I ' S i O l M ) = 0 V t € [«o;tA] ; ^ C P C J M ) ) < o } . (5.27) 

P r o b l e m 2 : C o m b i n a t o r i a l o p t i m i z a t i o n o f g e a r s e q u e n c e 

In t h e n e x t s t ep t h e gear sequence x77* : = | lr}*(tQ) .. } rj* (tn-i) I € IR" is discret ized to 

o b t a i n an integer sequence 

2— 2 
P : = *7 : = 

!7?(i0) . . . 2 r ? ( t n - i ] e i N n (5.28) 

of gear number s . T h e o p t i m i z a t i o n var iable 2rj(ip1t) can b e an integer n u m b e r only. There 

fore, we in te rpo la te be tween t h e interval boundar i e s us ing a zero order ho ld : 

2r /2^ 
a2P,t) : = 2 V(t) =2 V(U) ti<t<t i+l (5.29) 

A s s u m e t h e s ame velocity profile 1s*(t) as in problem 1, t h e engine speed ne is solely a func

t ion of t h e gear sequence a n d of t ime : ne(
2p,t). T h e vector 2 f f i ( 2 p , i ) of e q u a l i t y cons t ra in t s 

for p r o b l e m 2 is t hen : 

2-= /2-=-
( " e ( 2 p , * ) - ^ififShear ( V M ) ^ 

ffirp,<) = 

V 

(5.30) 

; 

In p rob lem 2 t h e dr iver m u s t assure t h a t for the given velocity 1s*(t) t h e lower a n d upper 

engine speed l imi ts a re n o t exceeded. Thus , t h e inequal i ty cons t ra in ts 2 5 2 ( 2 P ) appl icable for 

p rob lem 2 are 

2-= /2= 
92(

ZP) = 

02,4(2P,*l) 

02,4 (2P>*n) 

52 ,5( 2 p, t l ) 
1 °: 

92,5(2P>tn) 

K ; 2n (5.31) 
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T h e object ive in p rob lem 2 is t o keep t h e deviat ion from t h e gear r a t i o igear ( V ( i ) ) , wh ich 
is given by the solu t ion of Eq. 5.27, low: 

n - l 
W ( a ? f e ) ) 

- 1 Lgear ?v(*j)) a,- = s en I """ " ' ^ • " / . _ i 2 / S w w V f e ) ) . 

T h e combina tor ia l op t imiza t ion p rob lem for problem 2 is t hen : 

2 p* = n u n { 7 ( p ( 2 J M ) ) I %(2p,t) = 0 V i € fo:fe] ; 2 &( 2 P( 2 P>*)) < o } . 

P r o b l e m 3 : F i n a l o p t i m i z a t i o n w i t h fixed g e a r s e q u e n c e 

Af te r selecting an o p t i m a l gear sequence, the t h r o t t l e / b r a k e signal a n d s teer ing angle a r e 

a d j u s t e d to t h e changed gear ra t ios by a th i rd (cont inuous) op t imiza t ion s tep . 

T h e vector zp(t) of op t imiza t ion variables for p roblem 3 is 

(5.32) 

(5.33) 

» p ( * ) = [ a
3 ^ U l R 2 -

v r o (5.34) 

Discre t iz ing * , (*) wi th respect to t i n , , unde r usage of Eq . 5.22 yields t h e p a r a m e t e r vec to r 

3p--=[*g(to) . . . 3 A - ! ) | V W . . . V ( t - - i ) f € ] R 2 " . (5.35) 

T h e i n p u t var iables a t t i m e t are ga ined by linear in te rpo la t ion : 

T h e equal i ty a n d inequal i ty •constraints for problem1 3 are : 

•U<t< t 

J 

(5.36) 

% ( 3 P , o = n(t) - y 

V3p(t)-3S(3P,t> 
(5.37) ' 

*= /3_/3 g 2 ( 3 p ( 3 p , i ) ) = 

9i(3P(3P,t),h) 

M3p(3p,t),ti) 
E " > i n . 

1 S 2 ( 3 P ( 3 P , *) ,**) J 

T h e op t imiza t ion p rob lem, which is solved in problem 3 is t h e n 

V = min { / ( P ( 3 P , * ) ) I 3fli(3P>*) = 0 V t e [*o;**] ; 3 S 2 ( 3 p ( 3 P , * ) ) < o } . 

(5.38) 

(5.39) 

u 
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5 . 2 . 2 S o l u t i o n o f t h e v e c t o r o p t i m i z a t i o n p r o b l e m 

I t is k n o w n from t h e theory of vector op t imiza t ion , t h a t the re exists n o u n i q u e so lu t ion for 

t h e p rob l ems Eq . 5.27 a n d Eq . 5.39, if a t least two of the object ive funct ions a r e compe t ing . 

In genera l th i s is t h e case, so t h a t t h e solu t ion of the p rob lems Eq. 5.27 a n d E q . 5.33 span 

an 7i/ — l d i m e n s i o n a l subspace - t h e funct ional efficient set of so lu t ions - in cr i te r ion-space . 

Func t iona l efficiency is reached, if none of t h e object ive functions can be r e d u c e d fur ther 

w i t h o u t increas ing a t least one of t h e o the r objectives. 

T o o b t a i n a un ique solut ion t h e vector p rob l ems are reduced t o a scalar s u b s t i t u t e p rob lem 

us ing t h e m e t h o d of object ive weight ing, [4]. T h u s , we in t roduce a scalar preference function 

P r epresen t ing a weighted s u m of t h e componen t s o f / . A row vector w € JRn/ of weight ing 

factors is defined such t h a t 

0 < Wi < 1 
»~1 

(5.40) 

is fulfilled. T h e preference function P is t h e n denned as2 

such t h a t t h e scalar subs t i t u t e p rob lem is 

min{p(f(p),w) h f l f ( p ) = 0 ; y 2 ( p ) < 0 } . 

(5.41) 

(5.42) 

By solv ing Eq . 5.42 r e p e a t e d l y - w i t h a sys t ema t i c var ia t ion of t h e c o m p o n e n t s in w, one 

could ca lcula te t h e funct ional efficient set of solut ions. In our case, we are on ly in te res ted in 

a single so lu t ion po in t for a given IO. to is de te rmined in t h e cognit ive decis ion layer us ing 

t h e dr iver ' s exper t knowledge. 

For t h e op t imiza t ion a Sequent ia l Q u a d r a t i c P r o g r a m m i n g (SQP) m e t h o d is used , where 

t h e Hess ian of t h e Lagrang ian function is, u p d a t e d a t every i t e ra t ion by a quas i -Newton 

a p p r o x i m a t i o n (BFGS) , see [9, 10, 14]. 

2Defining the preference function as in Eq. 5.41 is to some extent arbitrary. The different objective 
functions are weighted using a 1-norm (algebraic sum). Different formulations of preference functions using 
other norms together with their geometric interpretation can be found e. g. in [11]. 
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C h a p t e r 6 

T h e v e h i c l e c o n t r o l t a s k 

H a v i n g the t ra jec to ry p l a n n e d for the next couple of seconds t h e dr iver employs t h e n s t r a t e 
gies t o follow t h a t p a t h as accura te ly as possible. T h i s s tabi l iza t ion u p d a t e has t o be done 
a t a much h igher s amp l ing r a t e ( t ime increment St) t h a n t h e t ra jec to ry u p d a t e , which is 
d o n e a t increments of At, see Fig.6.11 . For the, following m a t h e m a t i c a l descr ipt ion, we in
t r o d u c e an in teger n u m b e r k t o count t h e t r a j ec to ry u p d a t e s , and an integer n u m b e r i for 
t h e s tab i l i za t ion u p d a t e s be tween k and k - f 1 : 

% k~lt0 + At 

trajectory update 

k~lto + n5t. 
(6.1) 

stabilization update 

k-1 \k 
3 i j ! 1 = i 2 " 3 I * r l * 3 n 

At !/• 

o • \ 
k * k 

' J-'to= t0+At - [ 

' 1 
F i g u r e 6 .1 : R i m i n g of control u p d a t e s a t different levels; 

k: counter for t r a j ec to ry u p d a t e , i: counter 

for s tabi l iza t ion u p d a t e , At t r a j ec to ry u p d a t e 

t ime , 6t: s tab i l iza t ion u p d a t e t ime . 

T h e driver is a ssumed t o employ a s imple P I D control scheme to minimize speed devia
t i o n s ( longi tudinal) a n d p a t h devia t ions ( l a t e r a l ) . ^ L o n g i t u d i n a l a n d j a t e r a l d i rect ions a re 
decoupled in th i s control ler . - ! h 

*For convenience we choose ^nr = n 6:1N. Typically 5} is about 10 times smaller than At: n& 10. 
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6 . 1 R e f e r e n c e t r a j e c t o r y filtering 

A t each t r a j ec to ry u p d a t e Ho t h e ac tua l perceived s t a t e of mo t ion z rtoj is t a k e n a s t h e 

in i t i a l condi t ion con ta ined in t h e vector qi from Eq. 5.1. D u e t o controller e r rors z (kto) 

differs from the des i red s t a t e of m o t i o n - ^ : — \)z (Ho) p red ic ted a t t ime <fc - 1)£0. 

Consequent ly , if a t t h e t ime , i A > kto t he - t r a j ec to ry kz(t) is solely t aken as the new reference, 

t h e desired t ra jectory, would b e c o m e u n s t e a d y on posi t ion level a t t h e t r a j ec to ry u p d a t e s . 

T h i s would resul t in u n s t e a d y dr iver i n p u t s ignals , i. e. j u m p s in t h r o t t l e pos i t ion a n d s tee r ing 

angle . Therefore, ah' a p p r o p r i a t e filtering is necessary. 

T h i s is done by weight ing t h e precedent v t r a jec to ry u p d a t e s aga ins t each o t h e r us ing a 
vec tor ' forget t ing factors ' Uj. 

k Vi/k 

kvs(kvt„) 
k U/k 

k*s(kX) 

k s ( \ ) = k £ 

K\) 

lcl t kf 
.l0 [0 

F i g u r e 6 .2 : Cor rec t ion of t h e p lanned velocity t o p roduce 

s m o o t h long i tud ina l driver inpu ts . 

F r o m Fig. 6.1 follows: 

K ' H0 = k-% + At = k'H0 + 2 A i = . . . = fc"% + v A t . (6.2) 

Accord ing t o Figs. 6.2 a n d 6.3 we define t h e quant i t i es l isted in Table 6.1.. 

T h e filtered reference t r a j ec to ry kr'POT(t) a n d velocity profile ks'(t) are t h e n ca l cu la t ed as 

kr'POi(Ho + t) = Zuj^rpoilHo + t) 

' K h *> 4
ks! (Ho + i) = i ^ u j ^ s (HoA*)- * 

(6.3) 
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kk rP0I 

rPor 

-^Porfi-O) 

yi 

(*to) 

(\) 

ks(t) 
ks'(t) 
ks(i = 0) 
krpo7(i) 
kr'POi(t) 

fpoi(i == 0) 

F i g u r e 6 .3: Correc t ion ^o£. the p l a n n e d t ra jec to ry to, p ro 

duce smoo th lateral dr iver inpu ts . 

T a b l e 6 .1: Quant i t i es defined for in te rpola t ion 

veloci ty p red ic ted a t t ime kto for t i m e - i 

filtered veloci ty predicted a t t i m e HQ for t ime t 

velocity perceived a t t ime HQ t I I 

P O I pos i t ion predicted a t t i m e HQ for t i m e fr 

filtered P O I pos i t ion predicted a t t i m e H0 for t ime t 

P O I pos i t i on perceived a t t i m e Ho 

., -b. ! 

w i t h Uj be ing a weight funct ion (forgetting factor) w i t h t h e following p roper t i e s : 
fi ' * i 

Uj > o v j e l ^ 

6 . 2 P I D c o n t r o l 

L o n g i t u d i n a l . c o n t r o l 

uQ-= 0 uv = 0 . 
t 

' ' / 

(6.4) 

' f i 

T h e t h r o t t l e posi t ion g(t) is used in t h e control layer of t h e proposed dr iver m o d e l t o control 

t h e vehicle in long i tud ina l d i rec t ion. T h e equa t ion describing^ the P i - con t ro l of t h e t h r o t t l e 

6.2. PID control 
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pos i t i on is 

t 

-e{t) = e{t) - KP,e (ks'(t) - m ) - K,,s J {ks'(r) - i ( r ) ) dr 
(6.5) 

w i t h t h e following control ler coefficients 

Kptg coefficient of p ropor t iona l t e r m of long i tud ina l control 

Kj>e coefficient of in tegra l t e r m of long i tud ina l control 

L a t e r a l c o n t r o l 

T h e steering angle ip(t) is used t o control t h e vehicle in la te ra l d i rect ion. T h e u n d e r l y i n g 

e q u a t i o n for t h e P ID-con t ro l of the s teer ing angle is 

(6.6) 

w i t h the following quan t i t i e s 

Kptip coefficient of p ropor t iona l t e r m of l a t e ra l control 

KiiV coefficient of integral ' term of l a te ra l control 

KD,V coefficient of differential t e r m of l a t e r a l control 
(po nomina l va lue of s teer ing angle, ca lcu la ted in t ra jec tory control layer 

Ay(t) la tera l dev ia t ion from the nomina l t ra jec tory . 

Ay(t) is ca lcula ted from 

A y ( t ) = (fPoi(t) - kr'POi) 
0 - 1 

1 0 
t(t). (6.7) 

t(t) is thereby t h e u n i t t a n g e n t vector a long t h e filtered reference t r a j ec to ry krPOI(t) a t t i m e 

i , according to Fig . 6.4. 
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actual POI trajectory 

corrected POI trajectory 

rPOi(0 

F i g u r e 6 .4 : P ro j ec t i on !6f t ra jec tory e r ro r in to ' la tera l 'd i rec
t ion . 

« * t 

.̂ ) 
> - 1 
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C h a p t e r 7 

E x p e r i m e n t a l i n v e s t i g a t i o n s 

7 . 1 R e a l w o r l d e x p e r i m e n t s 

In order to c o m p a r e t h e s imu la t ion resul ts w i th h u m a n driving behavior , a real-world exper

i m e n t was carr ied out. , T h e expe r imen t prescribed jn the following chap t e r t o o k place a t t he 

facilities of Califprnia>PATH, R i c h m o n d Field s t a t i o n , USA. 

7 . 1 . 1 T e s t v e h i c l e 

T h e tes t vehicle, which was used for th is e x p e r i m e n t was a Buick Le Sabre 1997 wi th a four 

speed a u t o m a t i c t r ansmiss ion , see also Fig. 7.1. A n y further specifications of t h e t e s t vehicle 

a re given in Tab . 7.1.1. 

m a k e 

m o d e l 

engine 

m a x power 

m a x engine to rque 

t r a n s m i s s i o n 

c u r b weight 

whee lbase 

l eng th 

w i d t h 

he ight 

Buick 

Le S a b r e 1997 

3800 series II, V6 

149 k W @ 5200 1 / m i n 

312 N m @ 4000 1 / m i n 

4 - s p e e d a u t o m a t i c 

1560 kg 

2 .81 m 

5.08 m 

1.9 m 

1.41 m 

T a b l e 7 .1 : Specification of t es t vehicle 
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' >' I f ' / t r l 
"t> ife^Mtw i h i torn tip bpio 
4 C»«P.WCoM.-9*i<r*iĉ* J Rrttoi-KKT"*!*•.»«;* Ccifp̂W-' 'cWrfh'fiMjsaCCfWiftiaw*'. 

F i g u r e 7 .1 : Tes t vehiclej Buick'*Le S a b r e 1997, PATH-, 

R i c h m o n d Field S ta t ion (source: P A T H ) 

T h e t e s t vehicle Was fitted w i th severa l different sensors iri-o'rder to measu re t he ' d r i ve r i n p u t 

d a t a a s well as t h e vehicle behav id r a n d posit ion. T h e t i m e ' w a s - a l s o measu red w i t r r r e s p e c t 

t o t h e d a t a se ts men t ioned before. T h e measured dr iver i n p u t d a t a consis ts of 

• s teer ing ang le 

i > f . * * 
• t h r o t t l e pos i t i on 

T h e m e a s u r e d vehicle d a t a consis ts of 

r i. 

• m a g n e t o m e t e r n u m b e r 

K — 

• m a g n e t o m e t e r poles J 

• l a te ra l d i sp lacement f ipnt 

• l a te ra l d i sp lacement - rea r . 

• wheel speed . 

• yaw r a t e 

• l ong i tud ina l accelera t ion 

• l a te ra l acce lera t ion 

-f 

o7 . 

( A 

A «; 

i t 

r rUj, , j 
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T h e l o n g i t u d i n a l vehicle pos i t ion on the tes t t rack is a function of t h e m a g n e t o m e t e r n u m b e r 

a n d , therefore, can b e easily ca lcu la ted . -The,veh*icle or ien ta t ion can b e ca lcula ted , us ing t h e 

l a t e r a l d i sp lacement of t h e front and. fear sensor w i t h respec t t o the ' -magnetometers m o u n t e d 

on t h e t e s t t rack. T h e sensors which . r ead ' the m a g n e t o m e t e r informat ion a re shown in 

I ••« ' / 
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Fig . 7.2. T h e m e a s u r e m e n t r ange in which the m a g n e t o m e t e r sensors p rov ide sensible resul ts 

is app rox ima te ly 0.5 m t o t h e left a n d 0.5 m to t h e r igh t side of t h e vehicle 's long i tud ina l 

axis , see also Fig . 7.2. T h e la te ra l offset is u p d a t e d a t every sensed m a g n e t o m e t e r . B u t if t he 

m a g n e t o m e t e r s a re o u t of the vehicle 's measu remen t range , the l a t e ra l offset is n o t u p d a t e d 

un t i l t h e m a g n e t o m e t e r s enter t h e measu remen t range again . T h i s leads t o false in format ion 

a b o u t the la te ra l offset, which h a s t o be taken in to accoun t d u r i n g t h e eva lua t ion of the 

resu l t s . 

F i g u r e 7 .2: F ron t sensors m o u n t e d on tes t vehicle (source: 
P A T H ) 

7 . 1 . 2 T e s t t r a c k s 

T h e tes t t rack which was used for t h e real-world exper imen t s is shown in Fig. 7.3. I t is pa r t 
of t h e facilities of Cal i fornia PATH, R ichmond Field S t a t i on , USA. T h e provided t e s t t rack 
w a s used in t h e four different ways 

• s t ra igh t eas t , 

• s t r a igh t west , 

7.1. Real world experiments 77 

• r ight t u r n , 

• left t u r n . 

T h e road wid th differs sl ightly over t h e t e s t t rack. T h e average road w i d t h is 3 .52m. T h e 

r o a d boundar ies in t h e a rea of t h e right a n d left t u r n as well as in t h e a r ea of t h e t r a n s i e n t 

p a r t t u r n / s t r a i g h t of the tes t t rack were marked wi th whi te t ape . In t h e r e m a i n i n g p a r t s 

of t h e tes t t rack t h e road boundar i e s were not explicit ly marked w i th wh i t e t a p e . T h e 

b o u n d a r i e s of t h e r o a d shee t ing were used as reference for the dr iver , ins tead . Fol lowing 

f rom t h a t , t he r e is no precisely defined reference of t h e road bounda r i e s for t h e tes t sub j ec t s 

in t h i s sections. T h i s fact has to be t aken into account in the eva lua t ion of t h e d r iv ing 

behav io r . 

T h e t e s t t r ack is fitted wi th m a g n e t o m e t e r s which are inser ted in t h e shee t ing of t h e t e s t 

t r a c k . T h e d i s t ance of t h e m a g n e t o m e t e r s t o each o the r is one me te r . Therefore , t h e longi

t u d i n a l posi t ion of t h e tes t vehicle equals t h e n u m b e r of m a g n e t o m e t e r s which are passed by 

t h e vehicle, see Fig . 7.3. I t is not possible for the used software a n d sensors t o h a n d l e two 

r o w s of m a g n e t o m e t e r s a t a t ime . Therefore , t he m a g n e t o m e t e r s have t o be inser ted e i ther 

for t h e s t ra igh t sec t ion or t h e curved sect ion. T h e consequence are j u m p s in t h e l a t e ra l offset 

a t special p a r t s of t h e tes t t rack. T h e m a g n e t o m e t e r s are inser ted in such a way t h a t j u m p s 

o c c u r a t pos i t ion a) a n d b) , see Fig. 7.3. These i r regular i t ies have t o b e cons idered while 

e v a l u a t i n g the l a te ra l offset and t r a j ec to ry of the t e s t vehicle. 

T h e length of t h e p a r t of t h e tes t t rack , which is used for t h e tes t r u n s s t r a igh t eas t a n d 

s t r a i g h t west is 3 2 0 m . T h e leng th of t h e pa r t of t h e tes t t rack , which is used for t h e t e s t 

r u n s right t u r n a n d left t u r n is 250m. T h e m i n i m u m sight d i s tance of t h e ent i re t e s t t r a ck 

is 6 3 m . Therefore, t h e sight d i s tance has j u s t l i t t le i m p a c t on t h e d r iv ing behav ior if we 

cons ide r t h e al lowable t o p speed of only 30mp/i . 

7 . 1 . 3 E x p e r i m e n t a l l i m i t a t i o n s 

T h e exper imen t was l imi ted in different ways which m a y have influenced t h e resul ts . 

• T h e m a x i m u m speed was set t o ZOmph because of safety reasons. 

• A n add i t iona l supervisor was s i t t i ng in the tes t vehicle who control led t h a t t h e speed 

m a x i m u m was n o t exceeded. T h i s rose pressure on t e s t subjec ts a n d t h e or ig inal m i n d 

set which was in t ended for t h e expe r imen t could be influenced. I t is very likely t h a t 

the- subjec ts focus was shifted t o obeying trie speed l imi t r a t h e r t h a n c o n c e n t r a t i n g on 

t h e ins t ruc t ions given d u r i n g t h e course of exper iments . 

• N o cont inuous t e s t s i tua t ion was possible, because t h e t e s t t r a cks whe re no closed 

loops. In order t o reach t h e s t a r t i n g point of t h e t e s t t racks , t h e t e s t sub jec t s h a d to 

leave t h e ' t es t ing a r ea and drive shor t d is tances on publ ic roads . Therefore , t h e tes t 
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magnetometers 
border line of test track 
with white tape marked border fj 

50 100 150 200 250 300 

F i g u r e 7 .3: Test ground, Cal i fornia PATH, R i c h m o n d 

F ie ld 'S ta t ion , USA. a) a n d b) mark t h e p a r t s of 

t h e t e s t t rack where j u m p s in the la te ra l offset 

and t h e t ra jec tory j n a y occur 

subjec ts h a d t o switch be tween the . t e s t situation" and-a-real traffic s i tua t ion . Possible 
influences on t h e tes t sub jec t s m i n d set can n o t b e ruled ou t . 

• T h e m e a s u r i n g r ange of t h e m a g n e t o m e t e r sensors was n o t sufficient for t h e experi

ments . I t was possible to e x t r a p o l a t e t h e vehicle stfajector^' par t ia l ly , b u t t h e sensor 

accuracy a n d t h e accuracy of t h e available t r a c k d a t a was t o o low in order t o gain 

meaningful resu l t s if t h e t e s t vehicle left' t h e m e a s u r e m e n t rarige for long dis tances . 

Especially, t h e meaningfulness of the e x p e r i m e n t wi th the dr iver preference keep-right 

was s t rongly r educed , d u e t o t h a t l imi ta t ion . , , , 

• T h e tes t , r u n wi th t h e preference keep-right, wh ich includes p o s s i b l e ' o n c o m i n g traffic 

j was carr ied t r o u g h w i t h o u t t h e poss ib i l i ty of r e a l o n c o m i n g traffic. 

• T h e same t e s t sequence .was used for all t es t sub jec t s . Possible resu l t s m a y be influenced 
by learning effects. 

• T h e tes t vehicle has . a u t o m a t i c t ransmiss ion . Therefore , t h e human.* sub jec t was no t 

able t o ac t ively influence t h e current -gear r a t io . Fol lowing frpm t j i a t .no conclusion can 

be d rawn from t h a t expe r imen t .with respec t t o the, engine speed a n d engine, torque . 

7.1. Real world experiments 
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7 . 1 . 4 T e s t s u b j e c t s 

In t h e course of t h e e x p e r i m e n t , t h e tes t sub jec t s h a d t o fill o u t a ques t ionna i re . All t h e 

i n fo rma t ion a b o u t t h e t e s t subjec ts , is t aken from these quest ionnaires . T h e sub jec t s were 

ass i s t ed answer ing t h e ques t ions in order t o m a k e sure, t h a t t h e sub jec t fully u n d e r s t o o d t h e 

ques t ions . 

n u m b e r of t e s t sub jec t s 

gender 

age 

profession 

dr iv ing exper ience ( t ime) 

dr iv ing exper ience (dist) 

8 

male 

2 1 - 3 1 

all subjects work or s t u d y 

in the field of engineer ing 

3 - 15 years 

driven miles w i t h i n t h e las t 12 m o n t h s 

dr iv ing skill (self-assessment) 

technical knowledge (self-assessment) 
. t * a 

10,000 - 150,000 miles 

5,000 - 20,000 

good -Very good 

good - very good 

/Table 7 .?: .General charac te r i s t ics of tes t sub jec t s 

Fo r t h e tes t sub jec t ' s self-assessment of the i r dr iv ing skill a n d technical knowledge a b o u t 

a u t o s and driving, t h e s u b j e c t s could choose 

• very good, 

• good, 

• fair, 

• p o o r 

as t he i r answer. T h e t e s t sub jec t s were also t e s t ed a b o u t the i r general knowledge a b o u t 

co rne r ing wi th 'a vehicle. T h e y could choose a m o n g t h e following quest ions, 

a) T h e t igh ter t h e corner is, t h e more you have t o t u t n t h e s teer ing wheel . 

b ) - T h e t i g h t e r ' t h e c o r n e r is, t h e less you have to t u r n t h e s teer ing 'wheel . 

c) T h e higher your speed, is d u r i n g cornering, t h e lower is t h e s ide force on t h e passengers . 

d) 1 |he higher-your speed is d u r i n g cornering, t h e h igher is t h e s i d e force on t h e passengers . 

e) T h e . t ighter the corner is, t h e lower is t h e side force du r ing corner ing. 

f ) T h e t igh te r the corner is^ t h e higher is the . s ide force dur ing cornering. » 

All t e s t subjec ts were aware of t h e corre la t ion be tween s teer ing wheel angle a n d t r a j ec to ry 

as well as speed a n d curve ' radius and t h e s ide force, which is exer ted on the-passengers . 

T h e y all chose t h e right answers a) , d) a n d f). 

http://tjiat.no
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7 . 1 . 5 C o u r s e o f e x p e r i m e n t s 

T h e subjec ts were asked t o fill o u t a quest ionnaire . T h i s was i ndependen t of t h e d r iv ing 

expe r imen t a n d , therefore, before or after the tes t runs . T h e subjec ts were assis ted answer ing 

t h e ques t ions in o rde r t o ensure , t h a t t he subjects u n d e r s t o o d ent i re ly t h e asked ques t ions . 

T h e course of t h e d r i v ing exper imen t is as follows. T h e exper iment s t a r t s , when t h e sub jec t 
s i ts down on t h e d r ive r ' s sea t . Before s t a r t ing t h e engine, t h e subjec t ge ts several safety 
ins t ruc t ions . 

S a f e t y i n s t r u c t i o n s 

• T h e safety for all p a r t i c i p a t i n g persons is t h e abso lu te pr ior i ty for t h e expe r imen t . 

• A safety be l t is required for t h e tes t subject as well as for all o the r passengers in the 
tes t vehicle. 

• T h e a b s o l u t e speed l imi t for t h e exper iment is 30 m p h . 

• T h e tes t s u b j e c t m u s t , n o t exceed his driving skills in o r d e r ' t o fulfill t h e expe r imen t . 

• T h e dr iver m u s t s t o p immed ia t e ly when o the r vehicles or pedes t r i ans enter t h e tes t 
area. 

T h e subjec t is a l so to ld , t h a t i t is possible to d iscont inue t h e exper imen t a t any t i m e of the 
expe r imen t w i t h o u t giving any reason. After t h a t t h e sub jec t gets a brief overview over t h e 
ongo ing expe r imen t , t h e tes t t r acks and ins t ruct ions a b o u t vehicle. After each test? r u n t h e 
sub jec t m u s t m a k e a full s t o p a t t h e end of each t r ack . T h i s is necessary to s tore t h e d a t a . 
Safety reasons a l so requi re a full s t op a t t h e end of each run , because t h e subjec t h a s t h e n 
t o en te r publ ic traffic again . 

After th i s i n t roduc t ions , t h e ac tua l dr iv ing exper iment begins a n d t h e sub jec t is .advised to 

s t a r t t h e engine. T h e tes t pe r son has then approx imate ly 15 min t i m e in order t o ad jus t to 

t h e t e s t vehicle. T h e Subject gets more t ime if needed . Th i s t r a in ing pe r iod inc ludes fast 

•acceleration or"-the vehicle a n d h a r d brak ing in order ' to get a feeling for t h e d y n a m i c s of 

t h e vehicle. D u r i n g the - t fa in ing , all four different t e s t rou te s m u s t b e dr iven a t leas t once. 

T h e sub jec t s h o u l d also t r y to, dr ive with,, the. m a x i m u m allowable, speed , so t h a t t h e vehicle 

behav ior a t h ighe r -velocities can be experienced. -No d a t a is . recorded d u r i n g t h e t r a i n i n g 

period. , f 1 - , 

After t h e t r a ih ing^ the i n s t ruc to r t r ies to give the sub jec t several specia l ' scenar ios . 'Once the 
i n s t ruc to r has g iven t h e sub jec t a ' c e r t a i n scenario in o rder -genera te a ' spec ia l m ind se t , t he 
o rde r of tes t t r a c k s is for* all 'different m i n d s e t s t h e same. In th i s p h a s e of t h e e x p e r i m e n t , 
t h e data t is r eco rded . T h e ' safety ins t ruct ions are, r e p e a t e d frequent ly t o ensure . . tha t the 
expe r imen t is c a r r i ed t h r o u g h wi th in the given safety regula t ions . T h e different scenar ios 
a n d m i n d sets a r e a s follows. 
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D r i v i n g w i t h o u t a n y g i v e n p r e f e r e n c e 
Mind set: T h e d r ive r is supposed to drive as he would drive w i t h o u t a n y special con

s t r a i n t . Therefore , t l ie driver needs not, reckon w i th oncoming traffjc. T h e sub jec t c a n 

choose t h e t r a j e c t o r y l iberal ly a n d does no t have tQ stick to one s ide of t h e road . T h i s 

scenar io does also inc lude t h a t t h e driver does n o t need t o dr ive par t icu la r ly -care fu l 

a n d n o special speed l imit is given. 

Safety instructions: I ndependen t of t h e given scenario, t h e sub jec t m u s t obey t h e m a x 

i m u m speed l imi t of SOmph and be aware of possible risks ^uid t h e safety ins t ruc t ions 

given before. Before t h e driver drives t h e next t e s t t r ack , tliese i n s t r u c t i o n s are a lways 

r epea t ed . 

D r i v i n g c o m f o r t a b l y , s m o o t h l y 
Mind set- The" dr iver should drive AS smoo th ly as possible, T h i s m e a n s t h a t t h e 

dr iver is supposed t o minimize the longi tud ina l and lateral acce le ra t ion exer ted on 

t h e passengers . In t h i s scenario, t h e driver does n o t have t o expec t o n c o m i n g traffic. 

T h e given s i t u a t i o n is such, t h a t t h e driver -should imagine t h a t a person* who is very 

anxious , .e.g : g r a n d m o t h e r , is s i t t ing beside h im . T h e goal is n o t t o sca re th i s v i r t ua l 

pe r son . 

Safety instructions: S a m e safety ins t ruc t ions as given in t h e e x p e r i m e n t before a re 

r epea t ed . 

D r i v i n g w i t h a c o n s t a n t s p e e d o f 25mph 

Mind set: T h e dr iver is advised t o keep a cons tan t speed of 25mp/i . T h e given scenar io 

is a speed l imit which is eagerly control led by t h e police. No o n c o m i n g traffic has to b e 

t a k e n in to accoun t , which means t h a t t h e sub jec t can choose t h e t r a j e c t o r y l iberal ly 

w i t h o u t s t ay ing a t one side of t h e tes t t rack . 

Safety instructions: If t he speed of 25mp/i is t po fast for t h e sub jec t , t h e tes t pe r son 

needs no t t o fulfill t h e exper imenta l requi rements . All t he o the r safety ins t ruc t ions 

m e n t i o n e d above also apply for th is tes t run . 

D r i v i n g a t t h e r i g h t s i d e o f t h e r o a d 
Mind iei: T h e ' i n s t r u c t i o n s are t h a t t h e dnver ; should t ry .to s tay a t t h e r ight side of 

t h e lane. As reference serves t h e r ight borderline*-of t h e track, which is p a r t l y m a r k e d 

wit l i whi te t a p e . [The given tes t scenario is t h a t t h e driver has t o t a k e i n to accoun t 

possible tOncoming traffic. ( T h a t is why-he i s supposed t o s tay o n t he - r i gh t - l ane . No 

specia l ;speed l imi fexcep ' t t h e absolu te speed l imi t of Zdmph is g iven a n d t h e dr iver is 

n o t advised, t o dr ive .-particularly smoothly . • • c 

Safety instructions: The-iisual.safety ins t ruc t ions as ,ment ioned a b o v e a re also r epea t ed 

so t h a t t h e sub jec t is always aware of the .ex i s t ing safetynregulations. 
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7 . 2 S i m u l a t o r e x p e r i m e n t s 

I n add i t ion t o t h e rea l -world expe r imen t described in sect ion 7.1, expe r imen t s wi th a d r iv ing 
s imu la to r were carr ied ou t . T h e used d r iv ing s imula tor w a s provided' by Nissan C B R , Bos ton , 
USA. 

7 . 2 . 1 D r i v i n g s i m u l a t o r 

H a r d w a r e 

T h e used H a r d w a r e was designed a n d bui l t by P r o d u c t Genesis, Inc. (Cambr idge , M A ) 
T h e main c o m p o n e n t is t h e front two- th i rds of a "Nissan 240SX convert ible which provides 
k ines the t ic a n d aud io feedback to t h e driver. T h e c o m p l e t e test s e t u p is shown in Fig . 7.4. 
T h e d imensions of t h e d r iv ing s imu la to r are given ' in F ig . 7.5. 

,i • F i g u r e 7.-4: Test set, u p of driving- 's imulator , Nissan CBf t , 

Bos ton - . . i. 4. i j 
( •> * 

T h e . audio feedbackvof the d r iv ing s imu la to r is t h e -engine ;noise which is dependen t on the 

engine' speed. T h e s imu la to r also p rov ides a force feedback 'in form of a s teer ing to rque . 

Depend ing on d r iv ing condi t ions , it genera tes a p e a k t o r q u e ' u p to.5.67Nm*arfd ^"cont inuous 

t o r q u e of 2.'8Nm, which is usual ly sufficient under n o r m a l d r iv ing condi t ions . T h e i n s t r u m e n t 

p a n e l displays of t h e t e s t s e t u p a r e comple te ly u n d e r user control . * 

7.2. Simulator experiments 

S i d e v i e w 
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B i r d e y e ' s v i e w 

25.3" 33.7° 

\ \ \ \ \ \ \ \ * V 

Display plane 

Driver 

Z 7 V 

F i g u r e 7 .5 : Dimens ions of dr iv ing s imu la to r , Nissan C B R , 

Bos ton 

A pro jec tor pro jec ts a 59° (hor izonta l ) and 40° (vertical) color image o n t o t h e wall facing 

t h e dr iver , see also Fig. 7.5. A n SGI O c t a n e / S i works t a t ion provides for t h e descr ibed se tup 

the following u p d a t e r a t e s of t h e vehicle mode l and t h e v i r t u a l env i ronment . T h e d a t a frame 

r a t e is c i rca 30Hz a n d t h e graphics frame r a t e is circa 30Hz. For m o r e in fo rmat ion a b o u t 

t h e used ha rdware , see [13] 

S o f t w a r e 

T h e current . sof tware is based on a sys t em developed by C y b e r G e a r , Inc . (Cambr idge , MA). 

K e y features of b o t h inc lude precise m e a s u r e m e n t of car p a r a m e t e r s a n d i n p u t devices, 

.control of t h e display devices in t h e car , and control over t h e appea rance a n d movement of 

o the r objec ts in the scene. T h e cur ren t vehicle pos i t ion in t h e v i r tua l e n v i r o n m e n t is u p d a t e d 

on t h e bas is of t h e cu r ren t pos i t ion , velocity, 'gravity, a n d d rag . For m o r e in fo rmat ion a b o u t 

t h e used software see [13]. 
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T h e dr iv ing e n v i r o n m e n t , which is p rov ided by the d r iv ing s imula tor , is accord ing t o Fig. 

7.6. T h e color of t h e r o a d is grey wi th wh i t e borderlines. T h e a rea be tween t h e road a n d 

t h e walls on t h e left a n d right side of t h e t rack is colored green. Every 5 0 m poles are p u t u p 

in o r d e r to provide t h e sub jec t s w i th -be t t e r longitudinal reference. T h e p ink walls on e i ther 

s ides of t h e tes t t r a ck a r e i n t e r rup ted every 11.0m by 1 .0m wide yellow s t r ipes , in order t o 

e n h a n c e t h e con t r a s t of t h e dr iv ing envi ronment . Th i s makes it easier for t h e sub jec t s t o 

e s t i m a t e the vehicle s p e e d visually by t h e flow of t ex ture . 

F i g u r e 7 .6: Env i ronmen t of driving s imula tor , Nissan 
CBR, Bos ton 

V e h i c l e m o d e l 

T h e vehicle mode l used in t h e dr iv ing s imula tor is a one t r ack mode l w i th a t i re m o d e l 
w i th force s a t u r a t i o n . T h e equat ions of mo t ion are accord ing to Eq. 3.35. Therefore , t h e 
one t r a ck vehicle m o d e l w i t h t i re force s a tu r a t i on used as predic t ion mode l is s imi l a r ' t o t h e 
vehicle mode l used for t h e dr iv ing s imula to r . T h e driving t o r que Ma is accord ing t o Eq. 3.2, 
Eq . 3 . 3 a n d Eq., 3 . 4 , T h e to rque d i s t r i bu t ion factor e is always 0. Therefore , t h e Vehicle 
m o d e l of t h e dr jvipg s i m u l a t o r has accord ing t o Eq. j3.5 solely front wheel drive. T h e engine 
t o r q u e Me is r epresen ted , by a l inear eng ine jcharacteristics w i t h o u t drive t r a in dynamics a n d 
can,, therefore,, be ca l cu l a t ed According t p Eq . 3.6, see also Fig. 3.3. T h e specific vehicle 
p a r a m e t e r s , which were" used i b r the d r i v ing simulator . exper imen t are l is ted in t h e following 
tab les . 

7.2. Simulator experiments. 

E n v i r o n m e n t a l p a r a m e t e r s 

g = 9 .81 • [m/s2] g rav i ty 

g = 1.23 [kg/m3] dens i ty of air 
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V e h i c l e b o d y 

m 

e 

IF 

IR 

cw 

Aw 

= 

= 

= 

i 

\ 
=: 

1740 

3214 

1.058 

1 J 5 6 

0.34 

1.9 

[kg] vehicle body m a s s 

[kgm2] ro ta t iona l iner t ia of vehicle b o d y a r o u n d z-axis 

[m] horizontal d is tances of front axle from C G 

[rn] t (horizontal d is tances of rear axle from C G 

[—]. (drag, coefficient 

[m2] projected vehicle a r ea 

B r a k e p a r a m e t e r s 

f = 0.697 

KWake = 4500 

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

= 434.8142 

= - 4 0 . 5 7 4 1 

= 46.4208 

&Ari - 114.7832 

go = 0.4 

0-M\ 

0-M2 

[N/m] 

[Nm] 

[Nm] 

[Nm] 

[-} 

brake to rque d i s t r ibu t ion , see Eq . 3,11 

m a x i m a l brake t o r q u e 

L i m i t i n g e n g i n e s p e e d for a u t o m a t i c t r a n s m i s s i o n 

nup,min = 2500 [1 /min] 

nuPtmax = 6400 [1 /min] 

ndown,min = 1500 [ l / m i n ] 

^aawn,max = 3700 [ l / m i n ] 
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V e h i c l e g e a r r a t i o s 

l . g e a r = 3.9 

2 .gear = 2.4 

3 .gear = 1.7 

4 .gear = 1.3 

5 .gear = 1.1 

idiff = 2.8 

V e h i c l e w h e e l s 

R = 0.254 

eF = 2 * I . I 

QR = 2 * 1 . 1 

Chapter 7. Experimental investigations 

[m] t i re r ad ius of front a n d rear wheel 

[kgm2] ro ta t iona l iner t ia of front wheel in ro l l ing d i rec t ion 

[kgm2] ro ta t iona l iner t ia of rea r wheel in ro l l ing d i rec t ion 

S p e c i a l p a r a m e t e r o f H S R I t i r e m o d e l 

fn = 1.0 [—] t rac t ion potent ia l 

HR = 0.009 [ l / ( m / s ) ] t r ac t ion coefficient 

Cs = 1 3 [N] longi tudinal slip stiffness 

C Q = 22 [N] corner ing stiffness 

T h e exper imenta l s e t u p also provides t h e possibil i ty t o record specific t e s t d a t a . For t h i s 
expe r imen t t h e following dr iver i n p u t d a t a and d a t a of t h e vehicle t e s p o n s e were rec6rded . 
T h e recorded dr iver i n p u t d a t a consists of 

• s teering angle, 

• brake signal, 

• accelerator s ignal . 

T h e recorded d a t a r ep resen t ing t h e vehicle response consis ts of 

• vehicle pos i t ion , 

• velocity, 

* 

• yaw angle, 

* 

• engine speed, 

• ro t a t iona l speed front wheel , 

• ro ta t iona l speed rea r wheel , '•- ' 

ill ii i } *' l 

>(!• 

' \ > f U i 
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• long i tud ina l accelera t ion , 

• la tera l acce lera t ion . 

7 . 2 . 2 T e s t t r a c k s 

Five different t es t t r acks were used for t h i s exper iment . Four tes t t r acks were s imilar to 

t h e t racks used for t h e real-world exper imen t a n d t h e fifth t e s t t rack was t h e Hockenhe im 

M o t o d r o m (HM). 

T r a c k s i m i l a r t o r e a l - w o r I d ~ t r a d k s 
A l t h o u g h t h e meaningfu lness of t h e tes t t racks , wjiich were used for t h e rea l -wor ld experi

m e n t s is s t rongly r educed t o s imple dr iving tasks , th'ey were a lso used for e x p e r i m e n t s wi th 

t h e dr iv ing s imu la to r . T h e goal was to back u p the: resul ts ga ined in t h e rea l -wor ld exper

imen t . In add i t i on , t h e resu l t s can be used t o filter ou t t h e specific effects of f ' the dr iving 

s imula to r on h u m a n dr iv ing behavior . T h e s e resul ts can t h e n b e used t o e v a l u a t e further 

exper imen t s w i t h o u t any reference t o real-World exper iments . T h e used t e s t t r a c k s were 

• s t ra igh t eas t , ' 

• s t ra igh t west , 

• right t u r n , . s -\ 

• left t u r n . 

T h e road w i d t h of t h e t e s t t r a cks of t h e d r iv ing s imula to r is t h e average r o a d w i d t h of the 

rea l t es t t r acks of Cal i fornia P A T H , R i c h m o n d Field S ta t ion , USA, which is 3 .52m. T h e 

s imula ted t e s t t r a cks are dep ic ted in Fig. 7.7. "* 

H o c k e n h e i m , M o t q d r o m ( H M ) , G e r m a n y . , 
T h e H M was used in o rde r t o , t e s t t h e subjec,ts.in a^more.complex dr iv ing s i t ua t i ons , see Fig. 

7.8. T h e H M was also used for t r a in ing purpose . 

7 . 2 . 3 E x p e r i m e n t a l l i m i t a t i o n s 

t . i i 
T h e ' e x p e r i m e n t a l resu l t s m a y be influenced by cer ta in l imi ta t ions , which a re known for 

exper imen t s in d r iv ing s imula to r s , in general . T h e resul ts m a y also b e influenced by t h e 

specific ;charac,teristics^of t h e used,driviing s imula to r . -

j -m i • • 

Generally;1 t e s t subjects* t e n d \6 drive'-faster and t e n d t o risk m o r e in a d r iv ing sim

u la to r c o m p a r e d - t o ' aCreal dr iv ing s i t u a t i o n . T h i s is p r o b a b l y caused by t h e lack of 

consequences in case of a n accident or dangerous d r iv ing maneuve r . 
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3 1 

border line of test track 
middle line 

50 100 150 200 250' 

F i g u r e 7 .7: -Simula ted t e s t t racks 

300 

• T h e v i r tua l e n v i r o n m e n t of t h e d r iv ing s imula tor is in compar ison t o a real env i ronmen t 

ex t remely simple. T h e lack of con t ras t leads to h igher velocities in genera l , "because i t 

is more difficult for t h e t e s t sub jec t s t o es t imate t h e vehicle speed visually. 

• T h e dr iv ing s imula to r does n o t provide audio feedback in respect of wind noise, wh ich 
j / j^nakes i t more difficult for the , dr iver ?tOj e s t ima te t h e current^speed.^ i 

• T h e dr iv ing s imu la to r does a lso n o t .provide aud io feedback ip respec t jof fire noise. 

Therefore , t h e sub jec t s d o n o t n o t have any feedback of the t i re s a t u r a t i o n . Following 
v from t h a t , it is n o t poss ib le for t he ' d r ive r to? e s t i m a t e "the t i re sa ' tural ibn: Therefore , 

" the ' t i re f6rces''can b e involuntar i ly 1 exceeded very easilv. 

• T h e dr iv ing s imu la to r does n o t provide longi tudinal or la teral acce lera t ion feedback, 

which also leads t o difficulties in control l ing t h e .vehicle speed. r ,. 

• N o oncoming traffic is s imu la t ed in exper iments , which ac tua l ly requ i re oncoming t ra f -
v fie. ' < . i. ' /• f i -it! 

* 
• T h e s ight d i s t ance is s t rong ly r e d u c e d while corner ing; 1 due to t h e l imi ted pro jec t ion 

a r ea solely in front of t h e dr iver . T h e driver 's curve negot ia t ion is nega t ive ly influenced 
by t h a t . T h i s m a k e s i t e x t r e m e l y difficult, for t h e dr iver t o assess t h e su i t ab le ve loci ty 
whi le cornering. Especial ly, left curves are,,affected by tjiis l imi ta t ion ;o f t h e d r i v ing 
s imula to r . 

7.2. Simulator experiments 
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• T h e tes t t r acks s imi la r t o real-world exper iments are simplified in respec t of r o a d w id th . 

T h i s has t o b e t a k e n in to account whi le compar ing resul ts of t h e rea l -world exper imen t 

w i t h resul ts g a i n e d in t h e d r iv ing s imula to r . 

• T h e tes t vehicle h a s a u t o m a t i c t ransmiss ion . Therefore, t h e h u m a n sub j ec t is no t able 

t o actively influence t h e cur ren t gear r a t i o and engine speed, respect ively. 

7 . 2 . 4 T e s t s u b j e c t s 

T h e t e s t subjec ts h a d t o fill o u t a ques t ionna i re before t h e dr iv ing e x p e r i m e n t . All t h e 

i n fo rma t ion a b o u t t h e t e s t subjects , - is t aken from these ques t ionnai res . T h e sub jec t s were 

ass is ted answer ing t h e ques t ions in order t o m a k e sure, t h a t t h e sub jec t fully u n d e r s t o o d t h e 

ques t ions . 

n u m b e r of t e s t subjec ts 

gender 

age 

profession 

dr iv ing exper ience ( t ime) 

dr iv ing expe r i ence (di'st) 

dr iven mi les w i t h i n t h e las t 12 months. , 

5 female, 1 ma le 

2 1 - 3 2 

par t ly in t h e field of engineer ing, 

pa r t ly in o ther fields 

5 - 14 years 

3 0 , 0 0 0 - 1 , 0 0 0 , 0 0 0 miles 

dr iv ing skill (self-assessment) 

technical knowledge (self-assessment) 

0 - 10,000 

. fair - very good 

. poor - very good 

T a b l e 7 . 3 : Genera l character is t ics of t es t sub jec t s 

For t h e tes t sub jec t ' s self-assessment of the i r dr iving skill a n d technical knowledge a b o u t 

a u t o s a n d driving, t h e sub jec t s could choose a m o n g 

• very good, 

• good , 

• fair,' 

• . poor , • • 

as t h e i r answer. As in t h e real-world exper iment , t he subjects were also ques t ioned a b o u t 

t he i r genera l knowledge of corner ing w i th a vehicle. T h e y could choose „arnong t h e following 

ques t ions . h 

a) T h e t i gh te r t h e c o r n e r is, t h e more you have t o t u r n t h e s teer ing-wheel . 

b) T h e t i gh te r t h e co rne r is,, t h e less you have t o t u r n t h e s teer ing wheel . 
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c) T h e higher your speed is d u r i n g cornering, t h e lower is t h e side force on t h e passengers . 

d ) T h e higher your speed is d u r i n g cornering, t h e higher is t h e side force on t h e passengers . 

e) T h e t ighter t h e corner is, t h e lower is t he side force d u r i n g cornering. 

f) T h e t ighter t h e corner is, t h e h igher is the side force d u r i n g cornering. 

A l m o s t all tes t subjec ts were aware of the correla t ion be tween s teer ing wheel ang le a n d 

t r a j e c t o r y as well as speed a n d curve radius and t h e s ide force on t h e passengers . Excep t 

for o n e subject which chose answer b) instead of a) all o t h e r tes t persons chose t h e r ight 

a n s w e r s a), d) and f). 

7 . 2 . 5 C o u r s e o f e x p e r i m e n t s 

T h e subjec ts were asked t o fill o u t a quest ionnaire before t h e ac tua l expe r imen t . 

Af t e r answering the ques t ions t h e subjec ts were advised in t h e use of the d r i v ing s imula to r . 

T h e subjects were also to ld , t h a t t h e y can s top t h e e x p e r i m e n t a t any t i m e w i t h o u t giving 

a n y reason. I t was also m e n t i o n e d , t h a t drivers in a d r iv ing s imula to r tend t o d r ive t o o fast. 

Therefore , they were given-the adv ice t o watch the s p e e d o m e t e r carefully. T h e s u b j e c t s were 

a lso given the possibi l i ty t 6 m a k e snor t breaks in be tween t h e different tes t r u n s in o rde r t o 

m a i n t a i n full concehtratiorf t h r o u g h o u t the entire, expe r imen t , which lasts c i rca 2 hours . 

Af te r in t roducing t h e ha rdware , t h e subjects h a d a p p r o x i m a t e l y 20 minu te s in o rde r to 

a d j u s t t o the s imula tor . D u r i n g t h a t t ime, the drivers h a d t o drive t h rough al l different tes t 

t r a c k s a t least once, wi th special s t ress on the HM." T h i s is t h e most* difficult t r ack , which 

n e e d s t h e most t ra in ing . I t was a l so suggested to t r y ou t how t h e vehicle behaves in e x t r e m e 

d r i v i n g s i tua t ions e.g. when the -poss ib le t i re forces were-exceeded. 1 If t h e d r ive r h a d still 

m a j o r problems after th is t r a i n i n g per iod an addi t iona l t r a i n i n g of 10 minu tes w a s required . 

In t h e first pa r t of t h e e x p e r i m e n t , t h e subjects h a d t o go t h r o u g h t h e same t e s t cycle as. in 

the- rea l -wor ld exper iment . T h e i n s t ruc to r gave the subjec t , several special scenar ios , which 

were according t o t h e scenarios used for the real-world expe r imen t . Once, t h e i n s t r u c t o r has 

given t h e subject a cer ta in scenar io in order genera te a specia l mind set, t h e o rde r of t es t 

t r a c k s is for all different m i n d sets t h e same. T h e tes t t r a cks were straight; eas t , s t r a i g h t west, 

cu rve r ight and curve left. T h e exper imen t was carr ied t h r o u g h wi th t h e s a m e o rde r of t es t 

r u n s and 'preferences as t h e rea l -world experiment , see c h a p t e r 7.1.5. As i n - t h e real-world 

e x p e r i m e n t , t he vehicle m u s t c o m e t o a s top a t t h e end of each tes t run . I t is a lso crucial , 

t h a t t h e driver follows t h e given t r a ck and does no t cross t h e r ight or left bo rde r l ines . T h e 

course of given scenarios a n d m i n d sets in the first p a r t of t h e dr iv ing s imu la to r e x p e r i m e n t 

w a s as follows. 

D r i v i n g w i t h o u t a n y g i v e n p r e f e r e n c e 

N o special s i tua t ion shou ld b e assumed. T h e dr iver is supposed t o d r ive w i t h o u t 

a n y spec ia l ' res t r ic t ions or preferences1. T h e dr iver c a n choose his t r a jec to ry ' l ibe ra l ly , 

therefore, he 'ne i the r needs t o t ake ' in to account o n c o m i n g traffic o r any q t h e r obs tac les 
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n o r does t h e dr iver has t o drive par t icu la r ly careful or m u s t o b e y any given speed 

l imits . 

• D r i v i n g c o m f o r t a b l y , s m o o t h l y 
T h e driver is advised t o dr ive as smooth ly as possible. T h e given m i n d se t inc ludes t h a t 

t h e driver should imag ine t o t r a n s p o r t a pe rson which does n o t like h igh accelera t ion 

of any kind, e.g. g r a n d m o t h e r . B u t i t is also ment ioned , t h a t i t in n o t ob l iga to ry to 

s t ay on t h e r ight s ide of t h e t rack. Therefore , t h e dr iver can choose t h e t r a j ec to ry 

regardless of t h e m i d d l e line of t h e tes t t rack . T h e ma in s t ress is p u t on r educ ing t h e 

accelerat ion. 

• D r i v i n g w i t h a c o n s t a n t s p e e d of 25mph 

In th is tes t run , t h e dr iver h a s t o obey a speed l imit of 25mph. As m o t i v a t i o n to 

stick to the speed l imi t , t h e p ic ture of police m e n who d o speed checks is used. B u t 

t h e driver is n o t advised t o s tay s t r ic t ly on t h e r ight side of t h e road . Therefore , t h e 

subjec t is stil l able t o choose t h e vehicle t r a j ec to ry independen t of t h e t r a c k ' s midd le 

l ine. No oncoming traffic is-assumed. 

• D r i v i n g a t t h e r i g h t s i d e o f t h e r o a d 
T h e goal of t h i s t es t run is t o .stay on the r ight side of t h e t r ack . T h e dr iver should 

imagine possible o n c o m i n g traffic, so t h a t i t is not possible t o choose . l iberal ly the 

vehicle t ra jec to ry w i t h o u t r isking an accident . 

Usual ly , t h e expe r imen t was s t o p p e d after th is p a r t t o give t h e sub j ec t s a s h o r t b r eak of 

a p p r o x i m a t e l y 10 - 20min. 

I n t h e second p a r t of t h e e x p e r i m e n t , t h e HM was used as tes t t r ack , see Fig. 7.8. T h e HM 

w a s l inked together for fives t i m e s so t h a t it appea red as cont inuous t r ack . T h e l eng th of the 

t e s t r u n was at least two t i m e s t h e single d is tance of t h e HM. If t h e sub jec t s d id n o t m a n a g e 

t o s t a y on- the t rack for t h e second t ime, the tes t r u n was ex tended un t i l one en t i r e p a r t of 

t h e H M was driven t h r o u g h w i t h o u t leaving the t rack . T h e m a x i m u m dr iv ing d i s t ance was 

se t t o t h e absolute l eng th of t h e linked t rack. T h e subject was adv ised to b e pa r t i cu la r ly 

careful no t to drive off t h e t r ack . T h e y were also given a set of different preferences as in 

t h e first p a r t of t h e expe r imen t . T h e preferences were given in r a n d o m order . 

T h e set of preferences consis ts of 

• d r iv ing w i t h o u t any given preference, 

• dr iv ing comfortably, smooth ly , 

• d r iv ing a t t h e r igh t s ide of t h e road , 

• dr iv ing wi th a c o n s t a n t speed of 55mp/i, 

• minimize b rake usage, 
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dr iv ing t ime-op t imal ly . 

T h e ins t ruc t ions for t h e r u n s w i t h t h e first t h ree preferences were exact ly t h e s a m e as for 

t h e t racks of t h e first p a r t of t h e exper imen t . T h e ins t ruc t ions for the tes t r u n s w i t h t h e 

r e m a i n i n g preferences a re descr ibed below. 

• D r i v i n g w i t h a c o n s t a n t s p e e d o f 55mp/ i 

T h e given ins t ruc t ions a r e s imi la r t o ins t ruc t ions given for the preference d r i v i n g w i th 

a cons t an t speed of 25mp/ i . B u t despi te of a speed l imit of 25mp/i t h e s u b j e c t s have 

to obey a speed l imi t of 65mph. In addi t ion , t h e sub jec t s a re a ler ted t h a t t h i s speed is 

t o o fast in order t o dr ive safely t h r o u g h all' t he curves of t h e test ' t rack. T h a t means , 

t h a t t h e y have t o decide t h e a p p r o p r i a t e speed for each corner. T h e sub j ec t s a re also 

advised no t t o dr ive off t h e t r ack bu t - t o s t ay wi th in t h e l imits of the border l ines . 

• M i n i m i z e b r a k e u s a g e 
T h e ins t ruc t ions a re such, t h a t t h e subject should f;eel like on a race t r ack a n d t ry to 

drive as fast as possible. B u t it is also given the cons t ra in t t h a t they shou ld use the 

brake as less as possible. No oncoming traffic is considered and no o t h e r ' res t r ic t ions 

a p p l y for t h i s t e s t run . / T h e .driver can also choose-any t ra jec to ry regard less of t h e 

midd le l ine of t h e t e s t t r ack . 

• D r i v i n g t i m e - o p t i m a l l y 
D u r i n g t h i s r u n t h e dr iver shou ld consider himself as a race driver. T h e on ly goa l is t o 

dr ive as fast as possible w i t h o u t leaving the 'test t rack . No oncoming traffic, n o speed 

l imi ts a n d no o the r cons t r a in t is given. T h e choice of t h e vehicle t r a j e c to ry is' also 

unres t r i c t ed . 
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C h a p t e r 8 

R e s u l t s 

8 . 1 P a r a m e t e r s o f s i m u l a t i o n 

8 . 1 . 1 V e h i c l e c h a r a c t e r i s t i c s a n d p a r a m e t e r s 

T h e unde r ly ing k inema t i c s a n d kinet ics of the p l a n t model used for t h e s imu la t i ons are 
^already expla ined in chap t e r 2. T h e specific p a r a m e t e r s which were used for t h e s imu la t ions 
a re l i s ted below'. 

.' >̂  

- i 

T a b l e 8 .1 : Vehicle pa ramete r s for s imula t ion 

E n v i r o n m e n t 

g = 9 .81 

g = 1 . 2 3 

vw — 0 

V e h i c l e b o d y 

m 

IVB 

IzB 

s 

IF 

IR 

b 

cw 

A 

1574 

2660 

3214 

0 .3 

1 .058 

1.756 

1.7 

0.34 

1.9 

Hs2] 

[kg/m*] 

[m/s] 

[ M 
kgm2 

[kgm2] 

[ml 

[m 

[m 

[m 

m ' 

xyzD = [0.85 0 0.1] {m m m] 

S u s p e n s i o n s y s t e m 

cF = 2 * 31392' [N/m] 

cR = 2 * 1 5 1 1 3 [N/m] 

dF = 2 * 2300 [Ns/m] 

dR = 2 * 2000 [Ns/m] 

gravity 

density of air 

velocity of wind 

vehicle b o d y mass 

ro ta t iona l ine r t i a of vehicle b o d y a r o u n d y-axis 

ro ta t ional iner t ia of vehicle b o d y a r o u n d z-axis 

height of C G above t h e wheel axles u n d e r s t a t i c load 

horizontal d is tances of front ax le from C G 

horizontal d is tances of rea r ax le from C G 

vehicle wid th 

drag coefficient 

projected vehicle a rea 

coordinates of center of p res su re 

spring stiffness front axle 

spring stiffness rear axle 

damp ing coefficient front axle 

d a m p i n g coefficient r ea r ax le 

, V. r 

;• ( 1 •*! 
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T a b l e 8 .2 : Vehicle p a r a m e t e r for s imula t ion 
V e h i c l e d r i v e a n d b r a k e p a r a m e t e r s 

o [ - ] 

r — 12 * 7T [rad/s] 

C = 0.697 [ - ] 

Ktrake = 4500 [N/m] 

drive to rque d i s t r ibu t ion , see Eq. 3.5 

t i m e coefficient of vehicle eng ine 

brake to rque d i s t r ibu t ion , see Eq. 3.11 

m a x i m a l brake t o r que 

V e h i c l e ' s g e a r r a t i o s 

l . g e a r = 

2.gear = 

3. gear = 

4. gear = 

5 .gear = 

differential gear r a t i o = 

s teer ing gear ra t io = 

3.9 

2.4 

1.7 

1.2 

1.0 

2.8 

17.1 

V e h i c l e w h e e l s 

R 

mp = 

IyF = 

IXZT? = 

mR 

Ixz 

dp 

ctR 

0.254 [m] 

2 * 2 8 . 5 8 [kg] 

2 * 1 . 1 [kgm2] 

2 * 0 . 6 [kgm' 

2 * 54.43 [kg] 

2 * l , . l [kgm2] 

R 2 * 0 . 6 [kgm' 

•f/r 

2-* 192000 [N/m] 

2 * 208000 [N/m] 

S p e c i a l p a r a m e t e r o f H S R I t i r e m o d e l 

IR 

kR 

Cs 

Ca 

IR 

cR 

1.0 

0.009 

13 

22 

2 * 0.05 

2 * 42950 

[ l / ( m / 5 ) ] 

[N] 

[N] 

[m] 

[N/m] 

.tire r ad ius of front a n d r ea r wheel 

mass ine r t i a front wheel 

ro t a t i ona l inCrtia of front wheel 

in rol l ing d i rec t ion 

ro t a t i ona l ine r t i a of front wheel 

pe rpend icu la r to rol l ing d i rec t ion 

mass ine r t i a reai? wheel 

ro t a t i ona l ine r t i a of r ea r wheel 

in roll ing d i rec t ion 

ro t a t i ona l ine r t i a of . rear wheel 

pe rpend icu la r to_rolling d i rec t ion 

rad ia l stiffness of front t i r e 

r ad ia l stiffness of rea r t i r e 

t r ac t ion p o t e n t i a l 

t r ac t i on coefficient 

longi tud ina l slip stiffness 

corner ing stiffness 

l eng th of t i re con tac t p a t c h 

carcass l a t e ra l stiffness 
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8 . 1 . 2 D r i v e r c h a r a c t e r i s t i c s 

T h e different sets of p a r a m e t e r s needed to specify t h e dr iver ' s knowledge a n d t r igger t h e 

dr iver ' s ac t ions are l is ted be low in Tab . 8.3, Tab . 8.4, and Tab . 8.5. 

T h e dr iver ' s skill a n d preferences are varied according t o the i n t ended m i n d set of t h e driver 

m o d e l . T h e dr iver ' s skill c a n b e expressed by t h e use of different p r ed i c t i on mode l s , see 

c h a p t e r 3 for detai ls . W h e r e a s t h e dr iver ' s preferences are expressed t h r o u g h a set of weight

ing factors, conta ined in t h e vector w, see Eq . 5.40. See c h a p t e r 5 . 2 . 2 ' h o w these factors 

influence t h e solut ion of t h e vector op t imiza t ion p rob lem. T h e inves t iga ted cases a re l isted 

in T a b . 8.3. 

T a b l e 8 .3: Weigh t ing factors for case s t u d y 

t ime-op t ima l : w = [ l . O 0 0 0 0 0 o ] 

acce le ra t ion-opt imal : iw = f .1 1.0 0 0 0 0 O J 

b rake-op t imal : w = [ . 5 0 1 . 0 0 P O O ] 

keep-right : w = [ .1 0 0 1.0 0 0 0 ] 

ve loci ty-opt imal : w = [ .1 0 0 0 0 1.0 0 ] 

• t i m e - o p t i m a l : T h e d r ive r t r ies t o reach t h e des t ina t ion as fast as possible. 

• a c c e l e r a t i o n - o p t i m a l : T h e dr iver ma in ly t r ies to .minimize t h e l a t e ra l accelera t ion , 

in order to , 'e .g . e n h a n c e passenger r id ing comfort. ' T h e dr iver keeps a smalL weight on 

t h e t ime p p t i m a l i t y c r i t e r ion to m a k e sure t o reach t h e d e s t i n a t i o n . 

• b r a k e - o p t i m a l : T h e dr iver minimizes t h e use of t h e b rake t o avoid unnecessary energy 

d iss ipa t ion or b r ake plisc overheat ing. 

• k e e p - r i g h t : T h e d r i v e r ' s m a i n preference is t o s tay o n ' t h e r igh t s ide of t h e r o a d . T h i s 

preference applies, i f - there is o the r traffic in ne ighbor ing traffic l anes or if t h e driver 

h a s to reckon w i th o p p o s i n g traffic. 

',• v e l b c i t y - o r i t i m a l : T h e driver t r ies . to reduce. ' the dev ia t ion f rom a given vehicle speed, 

e.g. t o mee t a p o s t e d s p e e d l imit . ; 
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T h e inves t iga ted sets of weight ing fac tors pu t ex t r eme weight on s inglepreferences. However, 

in a o rd ina ry d r iv ing s i tua t ion , a h u m a n driver would r a t h e r use a balanced m i x of different 

we igh t ing factors, t h a n to p u t all t h e a t t en t i on t o a specia l one. 

F u r t h e r driver p a r a m e t e r s are l i s ted in Tab . 8.4 a n d Tab . 8.5. 

T a b l e 8 . 4 : Dr ive r p a r a m e t e r s for s imula t ion 
T i m e c o n s t a n t s 

pred ic t ion t i m e 

u p d a t e s amp l ing t i m e 

t i m e to hold c lutch 

min ima l t i m e t o change gea r 

O b j e c t i v e f u n c t i o n f o r m u l a t i o n 

desired l a t e ra l pos i t ion 

desired engine speed 

speed l imi t R i c h m o n d t r acks 

speed l imi t Hockenheim M o t o d r o m 

O b j e c t i v e n o r m a l i z a t i o n 

desired speed 

comfor tab le acce lera t ion ' 

comfor tab le b rake i n p u t 

comfor table l ane dev ia t ion 

comfor table engine speed d e v i a t i o n 

comfor tab le velocity d e v i a t i o n f 

,, j r f C o n s t r a i n t b o u n d a r i e s '<-

< ' ' n i a x i m a l long', acceleration" 

m a x i m a l lat1. accelerat ion 

m a x i m a l la t . accelera t ion 

for change gea r m curve 

m i n i m a l engine speed 

„ -maximal engine speed 

r r ( 'maximaj t s t ee r ing t o r g u e % t. r 

^The. t ime , wh ich ' i s necessary for ca l cu la t ing t h e ' s i m u l a t i o n ' i s dependen t o n the ' - tes t t r ack 
a n d t h e driver preference, see T a b . 8.6. t 
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T a b l e 8 . 5 : Driver p a r a m e t e r s for s imulat ion 

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

p ropo r t i ona l factor long, 

in tegra l factor long, 

p ropo r t i ona l factor l a t . 

in tegral factor la t . 

differential factor la t . 

KPJ 

K D,f 

0.3 

0.1 

8 

3.5 

6:5 

[s/m] 

[1 /m] 

[rad/m] 

[rad/m/s] 

[rdds/m] 

T e s t t r a c k 

T a b l e 8 .6 : Ca lcu la t ion time, for s imulat ion 
C a l c u l a t i o n t i m e ( h o u r s ) 

s t r a i g h t east 

s t r a i g h t west 

c u r v e r igh t 

cu rve left 

H o c k e n h e i m M o t o d r o m 

2.5 - 3.5 

2.5 - 3.5 

2.0 - 3.0 

2.0 - 3.0 

8.0 - 10.0 

8 . 2 D r i v e r b e h a v i o r d u r i n g c o r n e r i n g 

T h e resu l t s gained from t h e t e s t r u n s on t h e t racks r ight b e n d a n d .left b e n d can b e s u m m a 

r ized t o b e h a v i o r a f p a U e r n s of dr ivers while cornering. All d i ag rams s h o w n in th i s sect ion 

refer t o t h e r ight bend . 

8 . 2 . 1 A c c e l e r a t i o n - o p t i m a l c a s e ^ 

F i g i 8.1 shows t h e different d r iver behavior while dr iv ing t h r o u g h a r i g h t b e n d w i th t h e 

^ r e q u i r e m e n t tO'keep t h e l a t e r a l a n d longi tudina l acce lera t ion as low'as1 possible . T h e set of 
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weight ing factors, wh ich was used for t h i s exper iment , was according t o Tab . 8 .3 

w = [ .1 1.0 0 0 0 0 0 ] . (8.1) 

S y s t e m i n p u t : S t e e r i n g a n g l e 

I n order to c o m p a r e b e t t e r the s teer ing angles w i t h reference t o t h e long i tud ina l vehic le 

pos i t i on on t h e road , t h e road cu rva tu re of the r igh t b e n d has been added (dashed l ine) to 

t h e course of s t ee r ing angles, see Fig. 8.1. T h e road cu rva tu re is scaled wi th fac tor 2, for 

convenience. 

Fig. 1, Simulation 

0.05 

-0.05 

50 100 150 
Fig. 2, Driving simulator 
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en 

W 
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5.0' l'"\ i" I l b < * " • ' 15C* * 
Distance [m] 

200 fK\ 550 ' 

F i g u r e '&*.!: Preference: acce lera t ion-opt imal , S tee r ing an

gles wh i l e corner ing a r ight bend , w i th road 

curva tu re (dashed line) 

l'.V» *•> . f i t * •! 

T (f -! i ' > i * i 
S i m u l a t i o n r e s u l t s 

T h e p r o p o s e d dr iver model s t a r t s steering- before t h e actual; curve begins in'- o r d e r t o 

achieve a s m o o t h t r a n s i t i o n wi thout t -any £ast changes i n t h e s teer ing .angle. W h i l e 
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corner ing the s teer ing wheel ang le is kept cons tan t . Therefore, t h e l a t e r a l accelerat ion 

is reduced t o only t h e m i n i m u m la tera l accelerat ion d u e to-corner ing . N o add i t iona l 

accelerat ion due t o correc t ion movements of t h e vehicle are added t o t h e l a t e ra l accel

e ra t ion , which is exer ted on t h e passengers du r ing t h e r ight b e n d . A t t h e beg inn ing 

of the las t fifth of t h e r igh t b e n d t h e driver s teers back and reduces v e r y slowly t h e 

s teer ing angle to 0 aga in . 

• D r i v i n g s i m u l a t o r r e s u l t s 
Righ t a t t h e beginning , t h e ma jo r i t y of t h e tes t sub jec t s steer t o t h e left in order t o 

pos i t ion t h e vehicle more in center of t h e road , see Fig . 8.4 to c o m p a r e t h e different 

vehicle t ra jector ies . Like t h e in t h e s imula ted resul ts , t h e subjects a lso s t a r t adjus t ing 

the s teer ing angle for t h e r igh t b e n d before the ac tua l curve begins. r B e c a u s e of t h a t , 

t hey also reduce the l a te ra l accelerat ion due t o a very s m o o t h t r a n s i t i o n phase of 

t h e s teer ing angle from 0 to the^value which is necessary t o dr ive t h r o u g h the r ight 

bend . B u t a t t h e end of t h e t u r n all t he tes t sub jec t s steer back .quite fast t o t h e 

ini t ia l s teer ing angle of 0. I t seems t h a t it is more i m p o r t a n t for t h e d r ive r s t o have a 

s m o o t h increase of l a t e ra l accelerat ion r a t h e r t h a n a s m o o t h decrease . B u t since t h e 

tes t subjects can n o t feel any accelerat ion in t h e s t a t i c dr iving s i m u l a t o r i t is difficult 

t o derive a general p a t t e r n from t h a t character is t ic . Osci l la t ions of t h e s t ee r ing angles 

in the t rans i t ion a reas m a y indica te , t h a t t h e t e s t sub jec t s have difficulties in curve 

negot ia t ion . Therefore, t h e s teer ing angles seem t o b e adjus ted by t r i a l a n d error r a t h e r 

t h a n by an accura te ac t ion . 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 
T h e l i t t le peak a t t h e beg inn ing of the s teering angle profiles is n o t r ep re sen t ed in the 

vehicle t ra jector ies , see Fig . 8.4 a n d is caused b y a ini t ial a l i gnmen t of t h e wheels 

a t t h e beg inn ing of t h e t e s t runs . T h e following behav io ra l p a t t e r n is s imi la r to t h e 

driver behavior shown in F ig . 8.1.2. T h e steering angle profiles are a lso charac ter ized 

by s m o o t h t rans i t ions . T h e s t ress lies also in a Very s m o o t h increase of t h e s teer ing 

angle before and a t t h e beg inn ing of ' the right b e n d . A l though t h e t e s t sub j ec t s in t h e 

real-world exper imen t s teer back la ter compared t o t h e drivers in t h e d r i v i n g s imula tor 

exper iment , t hey also r educe t h e s teering angle a n d w i th it t h e l a t e r a l accelerat ion 

much faster t h a n t h e resu l t s ga ined in the s imula t ion . T h e s teer ing ang le profiles are 

also character ized by sl ight oscil latibns. 

• C o n c l u s i o n 
Obviously h u m a n dr ivers seem t o consider a increase in la te ra l acce le ra t ion m u c h more 

uncomfor tab le as a compara t i ve ly fast decrease of l a te ra l accelera t ion , see also Fig: 

8.5. T h i s h u m a n preference is reflected in t h e s t ee r ing angle charac te r i s t i c s , which is 

not . shown-in t h e behav ior of t h e proposed 'dr iver m o d e l . T h e sl ight osc i l la t ions , which 

occur - in t h e d r iv ing s imu la to r exper iment as well as in t h e real-world e x p e r i m e n t m a y 

b e caused due t o difficulties of h u m a n drivers in curve nego t i a t ion w h i c h m a k e s i t ha rd 

to-est ima.te an. a p p r o p r i a t e s teer ing angle for longer d i s tances in a d v a n c e . B u t it can 

also be. caused by a ce r t a in p lay in t h e jo in ts 'of t h e vehicle 's s t ee r ing g e a r or ex terna l 
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dis turbances , which d o n o t occur in t h e s imula ted tes t runs . Since n o exac t d a t a is 
know a b o u t t h e s t ee r ing gear or any ex te rna l d i s tu rbances no fur ther conclusion c a n 
be d rawn from t h a t . 

S y s t e m i n p u t : t h r o t t l e p o s i t i o n 

Fig. 1, Simulation 

T 

0.5 

mass point model without drive train dynamics 
mass point model with drive train dynamics 
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Figure , 8 .2: Preference: acce lera t ion-opt imal , T h r o t t l e por 

s i t ions while corner ing a rightj.bend, wi th s t a r t 

ing po in t a n d end po in t of the r igh t bend (dash-

d o t e d line) 

i ; 

S i m u l a t i o n r e s u l t s 

-Moderate in i t i a l acce lera t ion w i th a p p r o x i m a t e l y ha l f t h r o t t l e , - w h i c h ' d r o p s d r a m a t 

ica l ly w i t h i n - t h e first few me te r s t o a t h r o t t l e pos i t ion of below 0.3. T h e n s m o o t h 

decrease of t h e th ro t t l e , angle u n t i l ' t h e beg inn ing of t h e t u r n . T h r o u g h o u t t h e t u r n 

a cons tan t very smal l t h r o t t l e angle un t i l t h e last four th of t h e r igh t bend . T h e n in

creases the ' t h r o t t l e angle again very smoo th ly unt i l t h e very end of the t u r n . After 

t h e tu rn , t h e t h r o t t l e angle s t ays on an a lmost cons t an t low value of be low 0.2. T h e 

course of t h e tes t t r ack is, therefore, represented in t h e course of t h e t h r o t t l e angle , see 

a lso Fig. 8.2.1. Therefore , t h e long i tud ina l accelerat ion of the vehicle, wh ich is direct ly 

connected w i t h t h e t h r o t t l e pos i t ion is very low while cornering. Fol lowing from t h a t , 

t h e abso lu te accelera t ion, which is exer ted on t h e passengers dur ing t h e t u r n is reduced 

t o only t h e inev i tab le l a te ra l acce lera t ion . 

• D r i v i n g . s i m u l a t o r r e s u l t s 
T h e t h r o t t l e angle value is m o s t l y in t h e interval of 0.1-0.3, see Fig. 8.2.2. Therefore , 

t h e sub jec t s t r y t o fulfill t h e d r iv ing t a s k by us ing an almost cons t an t low t h r o t t l e 

posi t ion. N o special connec t ion of t h e t h r o t t l e angle a n d the road c u r v a t u r e is shown 

by sub jec t ' s behav ior in order t o reduce specifically t h e longi tudinal acce le ra t ion while 

cornering. B u t th i s m a y b e expla ined by t h e lack of accelerat ion feedback of t h e d r iv ing 

s imula to r . T h e course of t h e different t h ro t t l e angles is character ized by s u d d e n drops . 

T h i s behav ior m a y b e expla ined by t h e difficulties of t h e subjects to m a i n t a i n a c o n s t a n t 

speed, which leads t o sudden reac t ions . See t h e d i a g r a m of the veloci ty profiles Fig. 

8.3.2 for t h e uneven veloci ty profiles. T h e sudden d r o p s of t h e t h r o t t l e ang le s a re also 

a c c u m u l a t e d a t the. beg inn ing of t h e t u r n , which may b e caused by t h e r educed sight 

d i s t ance d u e t o t h e charac te r i s t i cs of t h e dr iv ing s imula to r . Following f rom t h a t , t h e 

subjec ts h a v e m a j o r p rob l ems in curve negot ia t ion , which leads to a r e d u c e d velocity 

a t t he curve en t r ance a n d , therefore, t o a reduct ion of t h e th ro t t l e angle , t o o . 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

T h e behav io r of t h e sub jec t s c a n be character ized by a slightly h igher in i t i a l t h r o t t l e 

angle a t t h e beginning.of t h e t e s t t r ack , which approaches a 'more or less c o n s t a n t value 

after t h e first fifth- of t h e testf t r ack . I r regular ly osci l la t ions of the t h r o t t l e ang le values 

wi th in the - in te rva l of 0.0-0.2 m a y indica te , t h a t t h e sub jec t s do n o t p l a n t h e desired 

t h r o t t l e ang le in advance or accord ing t o t h e ac tua l road curva ture to fulfill t h e d r iv ing 

task . However, t h e y t r y t o reach t h e goal of th is e x p e r i m e n t by m a i n t a i n i n g a more or 

less low c o n s t a n t t h r o t t l e s ignal w i th in t h e ment ioned interval . 

• C o n c l u s i o n 

Siniilar "to t h e s imula t ion , al l t h e sub jec t s t ry to reach t h e goal of t h i s e x p e r i m e n t 

by" us ing smal l t h r o t t l e angles t h r o u g h o u t t h e t e s t r un . rBut none of t h e subjec ts 

shows a s imi la r ly p l a n n e d behav io r like t h e s imula t ion . In th is t e s t , t h e -connection 

between r o a d c u r v a t u r e a n d t h r o t t l e pos i t ion does n o t become obvious i n t h e subjec ts 

behavior . Seemingly t h e sub j ec t s do n o t p lan the i r Sehavior in advance , t h e y r a t h e r 
1 r eac t accord ing t o t h e cu r r en t heeds . 

S y s t e m r e s p o n s e : V e l o c i t y * p r o f i l e 

• S i m u l a t i o n r e s u l f s 
T h e speed c o n s t a n t l y increases un t i l t h e Beginning of t h e right t u r n . D u r i n g t h e first 

i 
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F i g u r e ' 8 . 3 : Preference: accelera t ion-opt imal , 'Veloci ty pro

file while corner ing a r igh t bend , w i th s t a r t i n g 

po in t -and end point of t h e right bend (dash-1 

doted > line) i 

t h r ee qua r t e r s of t h e t u r n , t h e vehicle velocity s tays a lmos t cons t an t , w i th t h e very 

sl ight t endency to get slower. F rom the re on, t h e speed s t a r t s t o increase, very s rnoo th ly 

again) umul t h e end of t h e track., The re \s np s t o p p i n g cond i t i on a t the-end.of- the t r a ck 

ir^ the singulation. D u e t o this , t h e vehicle yeloqity increases unt i l t h e very ^ n d of t h e 

t e s t run. k , , a f 

1 

D r i v i n g s i m u l a t o r r e s u l t s , i . ' i . 

T h e velocity profiles a re character ized by a.firsj; acceleration, phase , w i th in t h e first 

2 5 m of *the t e s t t rack . Th i s first accelerat ion is in respec t of t h e s imula t ion resu l t s 

m u c h faster. T h i s m a y be caused by t h e lack of accelerat ion feedback; which makes i t 

impossible for t h e dr iver t o sense the ac tua l accelerat ion. After t h a t , -the a d d i t i o n a l 

increase of s p e e d becomes less. T h e accelerat ion phase ends a t a b o u t 10m before t h e 

beginning of the-curve . T hen , half of t h e drivers seem to b e able t o m a i n t a i n a - a lmos t 

cons tan t speed while cornering, whereas t h e o t h e r half of t h e dr ivers show'ia m o r e of 

less osci l la t ing velocity profile. T h e difference,of t h e velocity profiles is p r o b a b l y c a u s e d 

by the d r iv ing s imula tor . A lack of accelerat ion feedback a n d visual a ids like t h e flow 

of t e x t u r e of t h e su r round ing env i ronmen t , makes it difficult for t h e t e s t s u b j e c t s t o 

control t he i r speed. Sodn after t h e t u r n , t h e sub jec t s s t a r t t o b reak , b e c a u s e of t h e 

s topp ing c o n d i t i o n a t t he end of t h e t u r n . T h i s res t r ic t ion does n o t a p p l y t o t h e 

s imula t ion . Therefore , no fur ther conclus ions 'can b e d r a w n from t h a t behav io r . 

R e a l - w o r l d e x p e r i m e n t r e s u l t s 
As* in the s imula t ion , t h e velocity profiles show a cons tan t increase of speed un t i l t h e 

beg inn ing of t h e t u r n . T h e desired t o p speed \s seemingly d e p e n d e d on ind iv idua l pref

erences. T h e average values are sl ightly higher, t h a n t h e s imula t ion resul ts . T h r o u g h o u t 

t h e tu rn j / the dr ivers m a i n t a i n a n a lmos t cons tan t speed wi th t h e very s l ight t e n d e n c y 

t o ge t faster t owards the end of t h e t u r n , see Fig. 8.3.3. Because of t h e r e q u i r e m e n t 

t o come t o a full s t op a t t h e end of t h e t rack t h e sub jec t s s t a r t t o decrease t h e vehicle 

velocity in t h e second half of t h e last fifth of t h e tes t t r ack . Th i s r equ i r emen t does n o t 

app ly for t h e s imula t ion a n d no conclusions can b e d r a w n from t h a t . 

C o n c l u s i o n 
Regardless of, t h e different res t r ic t ions a n d , therefore, different velocit ies a t t h e e n d 

of t h e tes t t r ack , t h e tes t sub jec t s a n d t h e s imula t ion show s imi lar behav io r before 

a n d while corner ing . Especially, t h e resul ts from t h e real-world e x p e r i m e n t m a t c h 

very well t h e s imula t ion resul ts . T h e differences of t h e dr iv ing s imula to r r esu l t s w i t h 

respec t t o t h e s imula t ion resul ts a re very likely t o b e caused specifically by t h e d r i v ing 

s imula tor . Obviously, it is very difficult in t h e dr iv ing s imula to r t o cont ro l t h e vehicle 

speed precisely, w i thou t any accelera t ion feedback. 

S y s t e m r e s p o n s e : V e h i c l e t r a j e c t o r y 

• S i m u l a t i o n r e s u l t s * 

»The t rajectory- ca lcu la ted by t h e s imula t ion , - s t a r t s in t h e midd le of t h e - l a n e . Fo r a 

whi le . the dr ivep.s tays in* t h e midd le of t h e lane. A b o u t 20m' for- the b e n d , t h e dr iver 

s t a r t s to i n i t i a t e t h e ' t u r n . . T h e t r a j ec to ry leads' s m o o t h l y t o t h e r ight s ide of t h e 

track* -where i t s tays t h r o u g h o u t t h e t u r n . S h o r t l y ' before t h e end of t h e t u r n t h e 

t r a j ec to ry . l e a d s smooth ly ' t o the 'deft side of the t r a ck a n d t h e dr iver changes s lowly 

lanes. F r o m t h e r e o n the t r a j ec to ry s tays a t t h e left side of t h e tes t t r ack un t i l t h e end . 

T h e resul t achieved by th i s behav ior is t h a t t h e t r a j ec to ry curve r ad ius is m a x i m i z e d 

and , therefore, t h e la tera l accelera t ion is minimized; see Fig. 8.4*. 

., '] •• 
*" D r i v i n g s i m u l a t o r results»»' ( t- J 

t.The in i t ia l ' pos i t ion of t h e t e s t vehicles ' is the - r igh t lane 'of^the t e s t ' t r a c k . 'R igh t f rom 

)" t h e beginning , t h e t e s t s u b j e c t s s teer - to , ' the- le f t side of t h e t r ack . Otice t h e dr ivers 

j reach t h e left s ide of the t e s t t r ack , . they s t ay there-for t h e r ema in ing t e s t r un . T h e r e 

is-only a s l ight t endency t o dr ive more"in t h e midd le of t h e road toward t f the e n d of t h e 
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i i 

1.1 i 

Simulation 

Driving simulator 

Real-world experiment 

F i g u r e 8 .4 : Preference':1 acce le ra t ion-opt imal , Trajectories ' 

while corner ing a r ight b e n d 

tes t t rack. None of t h e dr ivers changes lanes aga in w h e n t h e y are on t h e left side of t h e 

road . T h e resul t of t h i s behav io r is only a l i t t le reduced la te ra l acce le ra t ion^ T h e r ad ius 

f of, t h e OutsipTe lane is s l ight ly j i g g e r t h a n i t h e r a d i u s o f ' the inside la4e: (Therefore, t h e 

, la tera l .accelera t ion, exer ted on ,the passengers i s s l ight ly-smaller , on t h e ' o u t s i d e lane, 

t h a n j o n ' t h e inside. lane,,if t h e t u r n is carried o u t w i th ; t he ' s ame . speed . N o n e of t h e t e s t 

subjec ts sees t h e possibi l i ty of-a behavior as ca lcu la ted in t h e s imula t ion , which would 

£ l e a d to a, even .bigger, curve r a d i u s and , therefore, • to. a -smaller l a t e ra l accelerat ion, see 

Fig. 8.4. i 'i * <• •» i - i t 

JL i 
R e a l - w o r l d e x p e r i m e n t r e s u l t s 

T h e s t a r t i n g po in t of t h e exper iment is on t h e midd l e l ine of the t e s t t r a c k . In genera l 

m o s t of-the sub jec t s s t ay relat ively close t o t h e center l ine of t h e t e s t ' t r a c k l The re is 

only a s l ight t e n d e n c y - t o , d r i v e to t he ' l e f t s i d e of t h e ' t r a c k a t t h e beginning. Mos t 

of t h e sub j ec t s i n i t i a t e t h e t u r n approximately-:35m_ for t h e r i g h t t u r n and* t e n d t h e n 

t o stick more, .to the, r igh t s ide of .the t rack. Towards t h e end of t h e t i rm, ' unt i l t h e 

enp^pf ' the t e s t t rack; t h e t r a jec to r ies ' a re t h e n .grouped a r o u n d the-micldle line of t h e 
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t r ack w i t h o u t a n y special tendency, see Fig . 8.4. T h i s behavior is n o t sufficient t o 

significantly r educe t h e la te ra l acce lera t ion . 

• C o n c l u s i o n 
Basically, t h e sub jec t s seem t o know a n d u n d e r s t a n d the connect ion be tween road 

rad ius and l a t e ra l accelerat ion, b u t t h e y d o not behave op t imal ly as shown in t h e 

s imula t ion, see Fig . 8.4. T h e behav io r of t h e subjec ts in the d r iv ing s i m u l a t o r helps 

t o reduce t h e l a t e ra l accelerat ion b u t i t does not show t h e s a m e p a t t e r n as in the 

s imula t ion . T h i s behavior i s very likely t o be mo t iva t ed by, t h e d r iv ing s imula to r 

a n d i t s p rov ided env i ronment , because t h e behavior of t h e sub jec t s in t h e real-world 

exper iment is p r inc ipa l ly t h e s ame as in t h e s imula t ion b u t j u s t n o t as o p t i m a l . T h e 

reason why t h e sub j ec t s only show t h e t e n d e n c y t o behave op t imal ly m a y be caused 

b y t h e re la t ively s ma l l t es t t rack , which d o e s n o t allow a wide r a n g e of different t racks . 

T h e op t ima l or close t o op t ima l behav io r p robab ly would have become-far m o r e obvious 

by the use of a wider tes t t rack. 

S y s t e m r e s p o n s e : L a t e r a l a c c e l e r a t i o n p r o f i l e 

I n o r d e r to compare b e t t e r t h e j a t e r a l accelera t ion-wi th reference to t h e long i tud ina l vehicle 

p o s i t i o n on the road , t h e road cu rva tu re of t h e r ight bend h a s been a d d e d (dashed line) 

t o acce lera t ion profiles, see Fig. .8.5. T h e r o a d cu rva tu re is scaled w i t h factor 150, for 

convenience. 

S i m u l a t i o n r e s u l t s , 

T h e course of t h e l a te ra l accelerat ion is very smoo th a n d even, d u r i n g t h e ent i re t e s t 

r un . T h e l a t e r a l accelera t ion increases slowly "already before t h e curve a n d reaches 

i t s m a x i m u m a shor t d i s tance after en t e r i ng t h e right bend . W h i l e d r iv ing t h r o u g h 

t h e curve, t h e ' la tera l accelerat ion is c o n s t a n t . In the las t fifth of t h e t u r n , t h e l a te ra l 

accelerat ion decreases again. T h e r educ t i on of the l a t e r a l accelerat ion a t t h e end of 

t h e t u r n is even slower and s m o o t h e r as t h e increase 'before and a t t h e beg inn ing of 

t h e tu rn , see F ig . 8.5.1. 

D r i v i n g s i m u l a t o r r e s u l t s 
T h e recorded t e s t d a t a of the l a te ra l accelera t ion is passed t h r o u g h a b u t t e r wor th 

filter 2nd o rde r w i t h t h e cut off f requency 0.08 in order t o .reduce t h e noise in the t e s t 

d a t a . 

Principally, t h e course of the la te ra l acce lera t ion is s imi la r in ,a way w i t h t h e resul ts 

ga ined from t h e s imula t ion . T h e la te ra l accelerat ion profiles are represen ted by two 

s m o o t h t r a n s i t i o n phases which s t a r t before t h e curve a n d a t t h e end pf curve, see 

F ig v .3-5.2. In be tween t h e lateral, acce lera t ion is osci l la t ing wi th in a ce r t a in interval , 

which is basical ly s imi lar t o t h e - c o n s t a n t la te ra l accelera t ion phase of t h e s imula t ion . 

T h e la tera l acce le ra t ion shows a sl ight t endency to reach, a m a x i m u m in t h e second 

half of t h e r igh t t u r n . Since t h e d r iv ing s imula to r does' n o t provide any acce lera t ion 
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F i g u r e 8 .5: Preference: accelera t ion-opt imal , La t e r a l "ac

ce lera t ion while' cornering a r igh t bend , w i th 

road curvatu"re-(dashed line) 
». ' * 

feedback, i t is n o t surpr i s ing t h a t t h e subjects have-difliculties in m a i n t a i n i n g a cons tan t 

l a te ra l accelera t ion a n d e s t ima t ing , t h e la teral accelera t ion, in general . T h e r e is only 

one obvious difference in t h e dr iver behavior between, t h e - s i m u l a t i o n a n d t h e dr iver 

s imu la to r exper imen t . I t is, t h a t even if h u m a n sub jec t s a re n o t able t o sense any 

acce lera t ion , t hey increase the la te ra l acce lera t ion 'much slower than* t h e y decrease i t . 
-f '• 

R e a l - w o r l d e x p e r i m e n t r e s u l t s n ' 

T h e recorded tes t d a t a of t h e la te ra l acceleration is pas sed t h r o u g h a b u t t e r wor th 
filter j2nd o rde r wi th the^cut off frequency 0.02 in order t o reduce t he ' no i s e in t h e tes t 
d a t a . 

•The course' of t h e l a t e ra l accelerat ion i n t h e real-world e x p e r i m e n t is s imi la r t o t h e 

course of l a t e ra l accelerat ion ca lcula ted in t h e ' s i m u l a t i o n . I t is ' cha rac te r i zed by a 

v e r y ' s m o o t h t r ans i t i on phase , wh'ich a l r e a d y s t a r t s before t h e ac tua l beg inn ing of t h e 

r ight t u r n . T h e la te ra l accelera t ion i£ slowly increased over a long d i s t ance . Most of 

t h e dr ivers reach the m a x i m u m lateral acceleration n o t un t i l t h e secbnci 'half of t h e 

r ight t u r n . T h e m a j o r i t y of the* subjects is t h e n able t o main ta in an a l m o s t cons t an t 

l a te ra l accelera t ion un t i l t h e y s t a r t to reduce t h e l a te ra l acceleration a g a i n in t h e las t 

fifth of the t u r n . T h e decrease of la tera l acce lera t ion is compared t o t h e ve ry s m o o t h 

t r ans i t i on p h a s e a t t h e b e g i n n i n g of the t u r n m u c h faster. Apparent ly , t h e sub jec t s 

consider a fast increase 'of l a t e r a l accelerat ion m o r e uncomfor table t h a n a fast decrease 

of la te ra l accelera t ion , see Fig . 8.5.3. 

• C o n c l u s i o n 
Simi lar t o t h e s i m u l a t i o n resul t s , t he course of t h e l a te ra l acceleration is charac te r i zed 

by s m o o t h a n d long t rans i t ion-phases . T h e difference,between the e x p e r i m e n t a l resul ts 

a n d t h e s imula t ion are such, t h a t h u m a n drivers s t ress a very slow increase of la te ra l 

accelerat ion r a t h e r t h a n a slow decrease. App ly ing a force or accelerat ion, respect ively 

on a h u m a n b e i n g is, therefore , considered as less comfor table t h a n re leas ing i t . T h i s 

show even t h e d r iv ing s i m u l a t o r exper iments , in which t h e subjects a r e n o t able to 

sense any accelera t ion . A-s imi la r beliayior is n o t represented by the s imu la t i on . In t h e 

s imula t ion , t h e l a t e ra l acce le ra t ion is faster increased t h a n decreased. 

S y s t e m r e s p o n s e : L o n g i t u d i n a l a c c e l e r a t i o n p r o f i l e 

• S i m u l a t i o n r e s u l t s 
The ' s imula t ion s t a r t s w i th a n ini t ial accelerat ion of 1 . 3 m / s 2 and is t h e n cons tan t ly 

decreased to zero un t i l t h e b e g i n n i n g of t h e r ight t u r n . ' T h e sudden d rops of t h e longi

t u d i n a l acce lera t ion d u r i n g t h i s phase are due t o shif t ing in to another gea r . Therefore , 

t h e c lu t ch .has t o b e o p e n e d ' a n d n o power t r ansmiss ion i s possible d u r i n g t h i s ac t ion. 

T h e long i tud ina l acce lera t ion is zero, while co rner ing a n d is smooth ly increased again 

in t h e las t q u a r t e r of t h e r igh t b e n d . At t h e end of t h e t u r n , t he accelera t ion r eaches ' a 

posi t ive m a x i m u m a n d is t h e n a l m o s t cons tan t un t i l t h e end of the tes t t r ack , tio neg

a t ive acce lera t ion occurs a t t h e end of the tes t t r ack , because their is n o r equ i r emen t 

t o s t op i m p l e m e n t e d in t h e s imula t ion , see also Fig . 8.6.1. 

• D r i v i n g s i m u l a t o r r e s u l t s 
T h e recorded t e s t d a t a of . the long i tud ina l acce lera t ion is passed th rough a b u t t e r wor th 

filter 2nd o rde r w i th t h e cu t off frequency 0.02 in order t o reduce the noise in t h e tes t 

d a t a . . . . . - ' 
however , t h e l o n g i t u d i n a l acce le ra t ion is no t r epresen ta t ive for real (h iv ing .behavior, 

i "due t o the lack oi^ acce le ra t ion feedback of the, d r iv ing s imulator . T)he long i tud ina l 

, accelerat ion i^ 'mucn t o o ' h i g h , s ee r t he scale o f F i g . 8.6.2 compared to t h e scale of Fig. 

S.tf.l and Fig . *8.6.3, which m a y also be caused by problerns.-of t h e d a t a process ing. 
s T h e course'~of t h e long i tud ina l accelerat ion is also, n o t very steady, w,hich also does no t 

represent a rea l is t ic d r iv ing behav ior . Therefore, n o fur ther conclusions c a n b e d r a w n 

from th i s set of t e s t d a t a . 

ft i 

•< * R e a l - w o r l d e x p e r i m e n t r e s u l t s 
' T h e recorded t e s t tfata'ofthe' longi tud ina l acce lera t ion is passed th rough a b u t t e r wor th 
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F i g u r e 8 . 6 : Preference: accelera t ion-opt imal , Long i tud ina l 

accelerat ion while corner ing a right b e n d , w i t h 

s t a r t i n g point and end po in t of the r igh t b e n d 

(dash-doted line) 

filter 2nd o rde r w i th t h e cut 6fT frequency 0.02 in order t o r educe t h e noise-in t h e tes t 
d a t a . t 

T h e drivers s t a r t wi th a relatively high in i t ia l longi tudinal accelera t ion^ wh'jch lies in 

t h e interval of 1.0 - 2.0m/s2. Th i s ini t ial accelerat ion is t h e n reduced cont inuous ly 

un t i l t he b e g i n n i n g of t h e right bend . T h e n , t h e subjects dr ive t h r o u g h t h e r igh t t u r n 
1 'wi th a c o n s t a n t low accelerat ion of less t h a n 0 . 5 m / s 2 . Therefore , t h e sub jec t s t r y 

tb reduce in t en t iona l ly t h e Iqngitudinal accelera t ion in d r iv ing s i t ua t ions w i t h h igh 

la te ra l a c c e l e r a t i o n ^ Because the subjects have t h e requi rement t o . c o m e t o a full "stop 

^ a t . the end of t h e ' t e s t t rack , none of drivers accelerate after t h e right b e n d aga in . T h e 

decelera t ion a t t h e end.of the tes t t rack is a lso caused by this, r equ i r emen t . 

• C o n c l u s i o n * 

T h e dr iv ing behav io r of t h e subjects m a t c b t h e s imula t ion ' resu l t s quite, well.. A n ini t ia l 

T apcelerat ion p h a s e wi th ,va lues of, 1.0 - 1 , 2 .077 i / s 2
? then , th , e feduc t ionqf t h e long i tud ina l 
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accelerat ion un t i l t h e beg inn ing of- the t u r n a n d t h e n corner ing wi th a ve ry low or 

w i thou t any long i tud ina l accelerat ion. Therefore', t h e sub jec t s connect t h e l o n g i t u d i n a l 

and la te ra l accelera t ion in such a way, t h a t t h e y t r y t o - r e d u c e one of t h e m if t h e 

o ther is increased. T h i s behavior also represented in t h e s imula t ion r e su l t s . T h e 

different b e h a v i o u r s t a r t i ng a t t h e last forth of t h e r ight t u r n is d u e t o different s t o p p i n g 

condi t ions for t h e s imula t ion a n d t h e real-world exper imen t . 

8 . 2 . 2 V e l o c i t y - o p t i m a l c a s e 

T h e set of weight ing factors, which was used for th is expe r imen t was accord ing t o T a b . 8 .1 

w = [ .1 0 0 0 0 1.0- 0. ] . - (8.2) 

S y s t e m i n p u t : t h r o t t l e s i g n a l 

• S i m u l a t i o n r e s u l t s 
T h e ini t ia l va lue of t h e t h r o t t l e signal is full t h r o t t l e for app rox ima te ly t h e first 15m 

of t h e tes t t r ack , see Fig . 8.7.1. After th i s phase, t h e t h r o t t l e pos i t ion is d r a m a t i c a l l y 

decreased t o a value of. a b o u t Q.l f o r ' t h e remain ing d i s t ance of t h e t e s t t r a c k . T h e 

oscil lation of *the t h r o t t l e pos i t ion is p robab ly caused by t h e low u p d a t e r a t e of t h e 

p roposed dr iver model . In order t o keep t h e ca lcula t ion t i m e needed for t h e s i m u l a t i o n 

low, a low u p d a t e r a t e of t h e driver mode l was chosen. Therefore , t h e d e v i a t i o n s 

from t h e 'nominal sys tem behav ior and t h e ac tua l s y s t e m ' b e h a v i o r b e c o m e t o big, 

which .leicfe t o p rob lems in the -con t ro l layer and an osci l la t ing t h r o t t l e ange l profile. 

These pro l i lems become more app'arent t h e more-complex t h e p red ic t ion m o d e l s are. 

Therefore , is t h e oscil lation in t h e tes t r u n w i th t h e p red ic t ion mode l w i th d r ive t r a in 

dynamics is s t ronger t h a n of t h e mode l w i thou t any drive t r a i n dynamics . 

• D r i v i n g s i m u l a t o r r e s u l t s 
' The1 in i t ia l values' of t h e throt t le 1 signal*are in the a r ea of'O.35-0.55 a n d n o t full t h r o t t l e 

' a s ' i n t h e s imula t ion . A T t e r l n e ' i n i t i a l phase, , t h e sub jec t s t r y to, m a i n t a i n a lower, 

cons tan t t h r o t t l e pos i t ion t h r o u g h o u t t n e run , see Fig* 8.7. 'Drivers w h o exceed t h e 

speed l imi t , see Fig . 8.8.2, control the i r speed by reduc ing t h e t h r o t t l e pos i t i on t o 0. 

Therefore, t h e sub jec t s d o no t p l an or know, respect ively t h e o p t i m a l t h r o t t l e pos i t ion 

in advance , b u t read jus t t h e t h r o t t l e angle as needed. 
• I, > i i^.i * ' • * * , ( i ' 

- ••'Reafc-World' e x p e r i m e n t r e s u l t s 1 ' ' 

' In'tSe-'real-worTd 'experiment , we'kian'also see a ini t ia l acce lera t ion phase , in rwhich t h e 
, s sub jec t s - show a* higher- t h ro t t l e - s igna l t h a n In* t h e res t of "the** tes t ruh . T w o of t h e 

i * subjects* give even-full throt t le"or- 'c lose to full t h ro t t l e , b u t -all t h e o the r s a r e more 
1 careful a n d so are t h e ini t ial t h r o t t l e signals in general- below 0.4. After t h e in i t ia l 

"* phase all t h e sub jec t s have different t h ro t t l e ' s i gna l s ' ove r t h e t e s t t r ack . T h e y differ 
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Fig. 1. Simulation 

mass point model without drive train dynamics 
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d o t e d l ine ) , ^ 
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' f rom cons tan t values over longer per iods t o oscij lat ing. B u t n o m e a n value a r o u n d 

.which the s ignals .oscillate c a n . b e de te rmined , see Ifig 8.7.3. Therefore,; t he : dr ivers d o 

n o t p l a n or d o n o t know t h e appropr ja fe throt t le , posi t ion to m a i n t a i n exact ly a given 

speed . Thej^hrot t ' le pos i t ion is;aaVjusted f requent ly as needed. Nojspecia'l p a t t e r n c a n 

b e d e t e r m i n e d from t h a t behav ior . 
f«- ( 

JJ 

• C o n c l u s i o n t ? " , * 

T h e ma jo r i t y of t h e drivers d o n o t accelerate w i t h full t n ro t t l e afr t n e Beginning of t h e 

t e s t t rack . A l t h o u g h n o spec ia l restrict ions, are, given, w ^ b respec t t o .minimizing t h e 

t f r , -acceleration exer ted on .the passengers , t he subjec, ts ;do no t acce le ra te as fast as possible 

t o reach the*'given speed of 25mp/ i . I n , a d d i t i o n , . t h e test-.driyers do>nQt show the s a m e 

, rt, ' b ehav io r as calculated-in, t h e s imulat ion- in t h e r ema in ing course of t h e tes t - run . T h e r e 
^ u, is an- o p t i m a l t h r o t t l e s ignal b e i n g de te rmined in, t h e s imula t ion a.nd i t is t r ied to keep 

-•this o p t i m a l value. T i p s behav io r is. n o t - r e p r e s e n t e d in, ,the. expe r imen t s . T h e drivers 
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a p p a r e n t l y do n o t p l a n or know t h e o p t i m a l value, t hey have t o read jus t t h e t h r o t t l e 

pos i t ion frequent ly in i r regular in tervals in order to control the vehicle speed. 

S y s t e m r e s p o n s e : v e l o c i t y prof i l e 
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F i g u r e 8 .8: Preference: veloci ty-opt imal , Velocity whi le 

corner ing a r igh t bend , w i th s t a r t i n g po in t a n d 

e n d po in t of t h e r ight b e n d (dash-do ted line) 

S i m u l a t i o n r e s u l t s 
T h e speed is r ap id ly increased t o t h e required value of 2bmph. After only 1 8 m t h e 

vehicle reaches- i t s desi red speed. F r o m then on, t h e Vehicle speed is hold perfect ly 

cons t an t t h r o u g h o u t t h e r ema in ing t e s t t rack, see Fig. 8.8.1. 

D r i v i n g s i m u l a t o r r e s u l t s 
T h e different courses of velocit ies ga ined in this expe r imen t s t a r t w i t h a va ry ing behav

ior t o approach t h e given speed l imi t . Some of t h e sub jec t s app roach the' desi red speed 

very carefully t r y i n g n o t t o exceed t h e l imi t of 2bmph. These sub jec t s need m o r e t h a n 

http://can.be
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50m t o reach finally t h e desired speed. T h e o t h e r subjec ts accelerate t he i r vehicle much 

faster a n d reach, therefore, t he speed l imit earl ier , b u t m o s t of t h e m severely exceed 

t h e l imi t after reach ing i t . E i the r way, the sub jec t s have g rea t difficulties in reaching 

a n d t h e n m a i n t a i n i n g t h e given speed according t o the given preferences. After t h e 

in i t ia l accelera t ion, p e a k s of 1 3 m / s and m o r e a r e followed by m i n i m a of lOm/s a n d 

lower, see Fig. 8.8.2. T h e problems of the sub jec t s t o fulfill th i s t a sk c a n b e expla ined 

by t h e dr iv ing s imula to r character is t ics . Since t h e dr iv ing s imula to r does n o t provide 

accelera t ion feedback, t h e subjects can not use t h e usual ly sensed acce le ra t ion t o con

trol t h e vehicle speed . I n addi t ion , the dr iv ing env i ronment is only poo r ly f i t ted w i th 

visual a ids in order t o he lp es t imat ing the velocity by the flow of t e x t u r e . Therefore , 

t h e on ly preference is t h e speedometer , which is apparen t ly no t sufficient to control 

t h e vehicle speed very precisely. 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

In genera l , t he sub jec t s need a longer d i s tance t o reach t h e given speed t h a n the 

s imula t ion resul ts show. Even if keeping the hor izon ta l accelerat ion low is n o t a n issue 

t o fulfill successfully t h e task , t he individual preferences are mos t ly such t h a t a h igh 

long i tud ina l accelera t ion is avoided. After t h e tes t drivers have reached t h e desired 

speed, t h e y are mos t ly able to ma in ta in a c o n s t a n t speed of app rox ima te ly 25mp/ i over 

t h e r e m a i n i n g t e s t t r ack . T h e differences of t h e abso lu te speed which is kep t cons t an t 

is p r o b a b l y due t o t h e imprecise speedometer of t h e tes t vehicle. 

• C o n c l u s i o n 

H u m a n drivers*are ab le "to ma in t a in precisely a given speed in a real dr iv ing s i t ua t i on , as 

„ shown in Fig. 8.8.3. T h e resul ts gained by t h e ' d r i v i n g s imula tor are n o t represen ta t ive 

because of the expe r imen ta l restr ict ions of t h e dr iv ing s imula tor , see c h a p t e r 7.2.3. 

T h e sl ight devia t ions from t h e vehicle speed in t h e real-world exper imen t c o m p a r e d t o 

t h e "perfectly cons t an t course of vehicle speed ca lcu la ted in t h e s imula t ion a re p r o b a b l y 

caused by a imprecise speedomete r of the t e s t vehicle as well as p r o b a b l e ex te rna l 

d i s tu rbances like e.g. wind which do not occur in t h e s imula t ion . In add i t i on , m o s t 

of the f sub jec t s d o n o t t r y to reach tne given speed as 'fast as possible. Seemingly, 

high, longi tud ina l acce lera t ion are considered t o b e uncomfor tab le , even if t h e given 

preferences do n o t imp ly special condit ions or res t r ic t ions w i th respec t t o t h e vehicle 

acce lera t ion . 

5. 
S y s t e m r e s p o n s e : v e h i c l e t r a j e c t o r y 

• S i m u l a t i o n r e s u l t s 
T h e t r a j ec to ry s t a r t s on t h e middle line of t h e t e s t track* The ' shor tes t p'ossible t ra jec-

E t o ry is t h e n chosen t o dr ive t h r o u g h the tes t t r ack ; Therefore, t h e vehicle t r a j e c to ry 

leads* t o t h e r i g h t l ane before the" tu rn . T n e vehicle s tays t h e n on t h e r igh t l ane or 

•inside l ane of t h e t e s t track' while" cornering. A n d then , t h e vehicle' does n o t change 
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Simulation 

Driving simulator 

Real-world experiment 

F i g u r e 8 . 9 : Preference: veloci ty-opt imal , Tra jec tory whi le 

corner ing a t r ight b e n d , 

lanes again after t h e r igh t tu rn . Th i s behavior is caused by t h e l i t t le weight of t h e 

dr iver preference t o d r ive t ime-opt imal ly . 

D r i v i n g s i m u l a t o r r e s u l t s 
T h e given preference t o dr ive wi th a cons tan t speed of 25mp/i does n o t inc lude au to 

mat ica l ly for t h e tes t dr ivers to drive t ime op t ima l ly t h r o u g h t h e tes t r un . Therefore , 

t h e y do n o t chose the shor t e s t possible t r a j ec to ry b u t t h e t r a j ec to ry they consider t o 

b e the m o s t comfor tab le . Apparent ly , t h e subjec ts prefer t o 'drive on" t h e left l ane of 

i the. . t es t t r ack , which also m e a n s t h e ou t s ide lane while-corner ing. T h e t r a j ec to r i e s a re 

such, t h a t s t a r t i n g f r o m the r ight lane of t h e tes t t r ack , all sub jec t s swi tch lanes or 

dr ive a t leasti&o t h e m i d d l e of t h e lane wi th in t h e first 5 0 m of t h e t e s t ' t rack, see Fig. 

8.9. Th i s behav ior is,per,haps caused by the very res t r ic ted sight d i s t ance in t h e dr iv ing 

s imula tor . Therefore , t h e subjects t ry - to increase the i r s ight d i s t ance by choos ing t h e 

.left lane or ou t s ide lane, respectively in t h i s exper imen t . 
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• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

In general , t h e sub jec t s s tay close to t h e midd le l ine of t h e tes t t r a c k . B u t while 

corner ing a s l ight t endency to dr ive closer t o t h e left bo rde r of t h e t e s t t r a ck becomes 

obvious. A l t h o u g h t h e given preference t o dr ive w i t h a cons t an t speed d o e s n o t include 

to dr ive t ime -op t ima l ly or to choose t h e shor tes t t ra jec tory , respectively, t h e sub jec t s 

t r y t o s h o r t e n the i r way by dr iv ing more on t h e inside l ane while corner ing . T h i s 

is basical ly the s a m e behavior , which is also shown in t h e s imula t ion resul ts . T h i s 

s imilar i ty would p e r h a p s become more obvious by t h e use of wider t e s t t racks . T h e 

average w i d t h of t h e used tes t t rack is j u s t 3 .52m and , therefore, t h e choice of the 

possible t ra jec tor ies is very res t r ic ted . Especial ly if we consider, t h a t a d r iver usual ly 

keeps a ce r t a in safety m a r g i n t o t h e border of the t rack , which cons t r ic t t h e choice of 

possible t ra jec tor ies even more . 

• C o n c l u s i o n 

T h e behav io r of t h e tes t sub jec t s in the dr iv ing s imula to r can no t be seen as represen

ta t ive for a rea l dr iv ing s i tua t ion , since t h e s imula t ion resu l t s pr incipal ly m a t c h t h e 

resul ts .of t h e real-world exper imen t . T h e s imilar i ty of t h e s imula t ion resu l t s a n d the 

real-world e x p e r i m e n t a re such, t h a t in b o t h cases, t h e drivers choose a s h o r t t ra jec tory , 

a l t h o u g h in t h e expe r imen t , n o special res t r ic t ion was given w i th respec t t o choose a 

shor t t ra jec tory . Therefore , i t s eems t o be a genera l behav io r t o dr ive a lways a l i t t le 

b i t t ime-op t imal ly , which m e a n s t h a t the drivers t e n d to prefer a shor te r d i s t ance over 

a longer, d i s tance . 

8 . 2 . 3 K e e p - r i g h t c a s e 

T h e set of weight ing factors, which was used for t h i s ' e x p e r i m e n t was accord ing t o Tab . 8.1 

w = [ .1 0 0 1.0 0 0 0 ] . ( 8 t 3 \ 

S y s t e m i n p u t : s t e e r i n g a n g l e 

In order t o c o m p a r e t h e s teer ing angles w i t h reference t o t h e long i tud ina l vehicle pos i t i on of 
t h e j o a d , t h e road cu rva tu re of t h e right ^ e n d is .added (da sh -do t ed l ( n e ) . f h e r o a d c u r v a t u r e 

, i s , s p i e d wi th the, factor 2 ; for convenience. ;. , , , 

v * 

S i m u l a t i o n r e s u l t s , l , ' » 

S t a r t i n g from t h e . m i d d l e line, t h e vehicle s teers t o - the right lane-of t h e t e s t ' t r a c k r igh t 

from t h e beg inn ing , see also t he -cou r se of the . t ra jec tory Fig . 8.11. T h i s behav ior 

resul ts i n s t r o n g oscil lat ion of t h e steering, angle a t t h e beg inn ing of t h e t e s t run , see 

F ig . 8.10.1.* T h e oscil lation of t h e s teer ing angle is p r o b a b l y caused by t h e low u p d a t e 

r a t e 'of t h e p roposed dr iver mode l . I n order t o keep t h e ca lcu la t ion t i m e - n e e d e d for 

the s imu la t ion low, a low-tupdate r a t e of t h e dr iver m o d e l was chosen. Therefore , t h e 
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F i g u r e 8 . 1 0 : Preference: keep-right , S teer ing angle whi le 

corner ing a r ight b e n d , w i t h road c u r v a t u r e 

' (dash-d6ted line) 

dev ia t i ons from t h e n o m i n a l sys t em behavior a n d t h e ac tua l s y s t e m behav io r become 

t o big, which leads,.to p r o b l e m s -in t h e control layer and an osci l la t ing s teer ing angle 

profile., T h e p roposed dr iver m o d e l needs t h e -whole d i s tance t o - t h e b e g i n n i n g of t h e 

right, bend, i n j o r d e r -to -reduce this, oscillations. From, thereon, t h e s teer ing angle is 

accord ing t g t j ie . road cu rva tu re w i th sha rp t r ans i t i ons at- ' the beg inn ing and t h e end 

of t h e right b e n d . T h e s teer ing angle is cons t an t from .the beg inn ing t o t h e end of t h e 

t u r n . 

D r i v i n g s i m u l a t o r r e s u l t s 
T h e genera l course of t h e s teer ing angle over t h e t e s t t r ack is, t h a t all (sujyjects p a r t i n g 

from t h e r igh t side s teer in t h e d i rec t ion of t h e middlej ine, . T h e n a re t h e s teer ing angles 

acco rd ing ' t o t h e road cu rva tu re , see £ig . 8.10.2.. A l t h o u g h i^ is n o t impl i ed in t h e given 

preferences t o reduce t h e l a t e ra l accelerat ion, t h e sub jec t s show long t r ans i t i ons phases 

a t t h e b e g i n n i n g a n d t h e e n d of t h e tes t t rack . T h i s leads t o t h e conclus ion j t h a t a b r u p t 

changes, o f ' t h e . s teer ing angle, which cause h igh la te ra l .accelerat ion 'are "considered 
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t o be' uncomfo r t ab l e for the subjec ts . While cornering, is t h e course of t h e s t e e r i ng 

angles n o t ve ry cons tan t . T h i s behavior can mean , t h a t t h e dr ivers have difficulties in 

curve .negot ia t ion and m u s t , therefore, readjust t h e s teer ing angle frequently. A n o t h e r 

possibi l i ty w o u l d be, t h a t t h e dr ivers do not p l an t h e a p p r o p r i a t e s teer ing angle in 

advance. T h e y prefer to read jus t t h e steering angle as needed in t h e cur ren t s i t u a t i o n . 

If we j u s t see t h e t ra jector ies , t h i s behavior is also successful t o keep* t h e vehicle c lose 

t o the r ight s ide of the tes t t r a ck as it is required, see Fig . 8.11. 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

As in t h e d r i v i n g s imula tor expe r imen t , t he s teer ing angles are according t o t h e r o a d 

curva ture . T h e course of the s t ee r ing angles is also similar in respec t , t h a t t h e s u b j e c t s 

t e n d t o d r ive in t h e d i rec t ion of t h e middle l ine a t t h e b e g i n n i n g of t h e t e s t t r a c k , 

see Fig. 8 .10 .3 (posit ive s teer ing angles). T h e t r ans i t ions phases in i t i a t ing a n d e n d i n g 

the r ight t u r n a re smoo the r t h a n in the s imulat ion. T h e course of the s teer ing a n g l e s 

recorded in t h e real-world expe r imen t are no t cons tan t over g r e a t e r d is tances . T h i s 

can be caused by mul t ip le feas'ons. One effect is p robab ly the_ p lay of t h e jo in t s in 

t h e s teer ing g e a r a n d env i ronmenta l influences like e.g. wind , rough road shee t ing . 

Therefore, t h e s teer ing m o v e m e n t s of the driver are no t d i rec t ly t r a n s m i t t e d t o t h e 

wheejs a n c H n . a d d i t i o n ex te rna l ly d is turbed . This , leads to . imprecise s teer ing w h i c h 

makes f requent correct ions necessary. Another ; exp lana t ion is t h a t t h e sub jec t s h a v e 

p rob lems in cu rve negot ia t ion a n d need, therefore, to correct t h e s teer ing angle often in 

order t o fulfill t he -d r iv ing task . I t is als6 possible, t h a t r h u m a n dr ivers do no t p l an t h e 

a p p r o p r i a t e s t e e r i n g angle in , advance , so t h a t t h e y would b e ab l e t o keep i t c o n s t a n t 

t h r o u g h o u t t h e t u r n . T h e y ad jus t it as required due t o t h e cu r ren t s i tua t ion . 

r 
• C o n c l u s i o n s t r . 1 

Al though t h e t e s t subjects a re all a b l e t o fulfill t h e dr iv ing t a s k which requires t o s t a y 

on the r igh t s ide of t h e tes t t r ack , see Fig. 8.11, t hey do n o t behave op t ima l ly a s 

ca lcu la ted in t h e s imula t ion . T h e y do no t adjus t a n a p p r o p r i a t e s teer ing wheel a n g l e 

i a t t he -beginning* of " t h e ' t u r n which t h e y keep cons tan t until ' the" end 6f l the rf ight b e n d . 

«t T h e y p r o b a b l y look j u s t a ' s h o r W i s t a l i c e in advance* and a d j u s t t h e n the"steering a n g l e 

as the 'actual*"dr iving 'Si tuat ion*requifes l ' I n addition,- it would" be" t o o cost ly for t h e 

driver to=plan>a s tee r ing 'ang le a ' t o o long d is tance rifi "advance" Because a'lofr of fac tors 

like e x t e r n a l d i s tu rbances arrd~precise curve negot ia t ion would 'have-to,4 be5 taken- ' in to 

••'account. P. ! t c *t 

S y s t e m r e s p o n s e : v e h i c l e t r a j e c t o r y 

^ • S i m u l a t i o n r e s u l t s ' , ' , ^ t •> 

^"Star t ing from t h e ' n i idd fe l iheb f t l je;tesVj;rack,^he t r a j ec to ry leads i m m e d i a t e l y t o t h e 

r ight side of tr ie"track, where il; 'stays thrOughqut t h e r ema in ing t e s i run , see Fig. 8.11. 

« • D r i v i n g s s i m u l a t o r r e s u l t s s '• * . " J " r • * 1 } , 

'-M' i T h e t ra jec tor ies 1 s t a r t on . the-very r ight ' s i f je 'of ' tes t t rack, b u t t h e subjects '-have t h e 
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Simulation 

Driving simulator 

Real-world experiment 

F i g u r e 8 . 1 1 : Preference: keep-right, T ra j ec to ry while cor

ner ing a r ight b e n d 

t e n d e n c y t o dr ive s l ight ly t o t h e middle of t h e tes t t r ack . After en te r ing t h e r igh t bend 

t h e y s t a y closely to t h e r ight border . From there on, all sub jec t s m a i n t a i n a cons tan t 

d i s t ance t o t h e r ight b o r d e r unt i l t h e end of the .test t r ack , see Fig. 8.11. 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 
In t h e real-world exper iment , t h e vehicles s t a r t in t h e m i d d l e of the tes t t rack. . Before 

t h e r ight b e n d the dr ivers have also the slight t endency t o d r i v e n l i t t l e b i t left from 

t h e m i d d l e l ine r a t h e r t h e s tay ing close to the right; side of t h e t rack, which is ac tual ly 

r equ i red b y th is exper imen t . After enter ing the r ight b e n d , all sub j ec t s s t ay on the 

r igh t l ane a n d m a i n t a i n a cer ta in cons tan t d is tance t o t h e r igh t border of t h e t e s t t rack. 

T h e s u b j e c t s kept th i s cons t an t d is tance unt i l t he end of t h e test t r ack , see Fig . 8.11. 

• C o n c l u s i o n 
H u m a n dr ivers are able t o s t ay on the right lane of t h e t e s t t rack a n d t h e y a re also able 

t o m a i n t a i n a cons t an t d i s t ance t o t h e r ight border of t h e t e s t t rack . T h i s behav ior is 

also r ep resen ted by t h e s imula t ion results. B u t the t e n d e n c y t h a t t h e sub j ec t s in b o t h 
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exper iments t end t o dr ive slightly more in t h e middle of t h e t r ack before en t e r i ng t h e 

right b e n d has n o s imi la r i ty in t h e s imula t ion results . T h e reason for th i s b e h a v i o r 

m a y be, t h a t t h e sub j ec t s increase the i r safety marg in t o t h e r igh t side before e n t e r i n g 

t h e t u r n because t h e y feel uncomfor tab le t o enter a b e n d a t t h e very r igh t s ide of a 

track. I t m a y be also faci l i tates the curve negot ia t ion for t h e subjec ts d r iv ing m o r e in 

the midd le of a r o a d t h a n on the very right side. P e r h a p s is t h i s behavior be caused 

by the un in ten t iona l desire to increase the s ight d i s tance before enter ing a r ight b e n d , 

which resul ts in a t r a j e c to ry more in t h e midd l e of t h e tes t t r ack . 

J s* T l \ 
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8 . 3 D r i v e r b e h a v i o r o n s t r a i g h t t r a c k 

T h e resul ts ga ined from t h e t e s t r u n s on t h e t racks s t r a igh t e a s t and s t r a igh t wes t can b e 

s u m m a r i z e d t o behav io ra l p a t t e r n s of drivers on s t ra igh t t racks , . A l l d i a g r a m s shown in th i s 

sect ion refer t o t h e t e s t t rack s t r a igh t east . 

8 . 3 . 1 A c c e l e r a t i o n - o p t i m a l c a s e 

Fig. 8.12 shows t h e different dr iver behav ior while dr iv ing over a n a lmost s t r a igh t t e s t t rack 

w i th t h e r equ i rement t o keep t h e l a te ra l a n d longi tudinal acce lera t ion as low as possible. 

T h e set of weight ing ' fac tors , which was used for th is e x p e r i m e n t waVaccofdihg t o Tab . 8.1 

w = [ .1 1.0 0 0 0 0 0 ] . (8.4) 

S y s t e m i n p u t : S t e e r i n g a n g l e 

In o r d e r ' t o c o m p a r e b e t t e r t h e s teer ing angles wi th reference t o the long i tud ina l vehicle 

pos i t ion on t h e road , t h e road cu rva tu re of the tes t h a s been a d d e d (dash -do ted line) t o 

t h e course of s teer ing angles, see Fig . 8.12. T h e road c u r v a t u r e is scaled witji fac tor 2, for 

convenience. 

S i m u l a t i o n r e s u l t s 

T h e course of t h e s teer ing angle levels o u t the road c u r v a t u r e and , therefore, min imizes 

changes in thei s teer ing -angle, see Fig. 8.12.1. D u e t o t h a t behavior , t h e la tera l 

accelerat ion is reduced t o a m i n i m u m . 

' D r i v i n g s i m u l a t o r ' r e s u l t s ' " 
No t endency t o level o u t in ten t iona l ly the road c u r v a t u r e becomes obvious, see Fig . 

8.12.2. Seemingly, t he sub jec t s do n o t reduce t h e s t ee r ing angle to a m i n i m u m , and , 

therefore, d o n o t min imize t h e resu l t ing la tera l acce le ra t ion . T h e course of s teer ing 

angles is also s u p e r i m p o s e d by 'osci l la t ions, which m a y b e "caused by t h e s t ee r ing angle 

error ' ' funct ion ' of t h e d r iv ing s imula tor . Th i s error func t ion is t h o u g h t t o m a k e t h e 

feeling xif t h e M r i v i n g s imula to r more realistic wi th r e spec t t o ' the 'steering: behav io r . 

' Seeing t h a t t h e dr iv ing ' s imula to r does no t provide accelerat ion' feedback, i t is n o t 

possible for t h e sub jec t s t o a d j u s t ' t h e i r dr iving behav io r w i th respect ' t o min imiz ing 

t h e la te ra l a n d long i tud ina l accelerat ion. 

i R e a l - w o r l d e x p e r i m e n t r e s u l t s 
T h e recorded s teer ing angle profiles are very s m o o t h a n d have soft t r ans i t i on phases in 

p a r t s of t h e t e s t t r ack , where t h e road curva tu re changes significantly.: T h e sub jec t s also 

even ou t t h e road^cu rva tu re where possible and , therefore , 'keep ah a l m o s t cons t an t 

s teer ing angle over t h e ' w h o l e t e s t t rack , 'see Fig. 8 .12.3. Following "from t h a t , it 
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Fig. 1, Simulation 
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F i g u r e 8.12? Preference: accelerat ion-optimal ' , ^Steering 

'angles, with road cu rva tu re (dash^doted l ine) 

becomes a p p a r e n t , t h a t t h e subjects connect slow- changes ,of t h e -.steering "angle a n d 

smal l s t ee r ing angles w i t h low laferaj acceleration,. N 

.- < j, m i . ' ' " ' v 
• C o n c l u s i o n , , ,, > t 

J f t h e sub j ec t s a re rjroyided wi th acce}erat^on feedback, as in t h e real-world e x p e r i m e n t , 

fhen t h e y behave o p t i m a l l y wi th- respec t ( to min imiz ing dev ia t ions , f rom tye s teer ing 

, angle, j h i s behav io r l eads au tomat ica l ly £o a low la te ra l acceleration, pf t h e vehi-

t cle, which is, t h e goal of t h i s exper iment . B u t if, t h e su jye j i t s . a re .nq t p rov ided w i t h 

accelera t ion feedback, t h i s roptimaI fbehavior does not become a p p a r e n t . 

S y s t e m i n p u t : t h r o t t l e p o s i t i o n u- y-r ,* *v - < * i v - ,~<*n » 

,• S i m u l a t i o n . r e s u l t s / , ' v - j .f 

, -Af te r , an : ;n i t i a l -h igh t h r o t t l e s igna l r igh t a t t h e beg inn ing -o l the - t e s t t r a ck , . t he t h r o t t l e 

angle s t a y s .a lmost c o n s t a n t (*C 0.2) until-the^end of the tes t t rack , see Fig: 8.13.1. T h e 
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only significant dev ia t ion from the^constant value is . the r educ t ion 6f t h e t h r o t t l e angle 

•t>efore, fhe final r igh t bend* of t h e t e s t t rack, see Eig. 7.7 for t h e t e s t . t r a c k s t r a igh t east . 

• Jh i s behavior is* caused by t h e missing, condit ion to s t op a t t h e end of t h e t e s t t rack . 

Therefore, t h e vehicle gains speed unt i l t he last b e n d , independen t , of t h e close end of 

the - t e s t t rack . I n or$er"npt t o ,d r ive too ; fas t t h r o u g h t h i s t u r n , t h e vehicle s p e e d m u s t 

.fre reduced, w h i c h is .^arr ied o u t by reducing the t h r o t t l e angle. 

ti-j 
D r i v i n g s i m u l a t o r r e s u l t s 
T h e course of t h e t h r o t t l e s ignals does no t show any specific in i t i a l p h a s e as in t h e 

s imula t ion . R i g h t from t h e b e g i n n i n g of the ' test Tun, mosC &£ the' ' subjects s t r ive for 

a" cons tan t ' t h r o t t l e ' pos i t ion^ see Fig/ 8.13.2. 13ut« und i r ec t ed ^a t t emp t s 'wi th large 

devia t ions in o r d e r t o ' a d j u s t t h e t h r o t t l e ' p o s i t i o n , ' l e a d s to* the?1 conclusion', t h a t t h e 

subjec ts have m a j o r .difficulties in e s t ima t ing ' t he vehicle 's fu ture behavior".* T h i s m a y 

•be caused, by -the l ack of acce lera t ion feedback of t h e ' d r i v i n g s imu la to r , which leads to 

unreal is t ic h i g h t h r o t t l e s ignals compared t o , t h e s i m u l a t i o n resu l t s o r ' t h e real-world 



124 
Chapter 8. Results 

exper imen t . 

V 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

T h e course of t h ro t t l e ang les is characterized by a ini t ia l phase wi th s l ight ly h igher 
t h r o t t l e ang le values t h a n d u r i n g t h e rest of t h e tes t r un . After th is in i t i a l phase , t h e 
sub jec t s t r y to m a i n t a i n sma l l cons tan t t h r o t t l e angles . Over the en t i r e t e s t run , t h e 
t h r o t t l e angles are in t h e in terval 0.1-0.2, wi th only l i t t le dev ia t ions , . see Fig . 8.13.3. 
T h e smal l devia t ions a re p r o b a b l y caused by ex t e rna l d i s tu rbances , which have t o be 
t aken in to account by t h e subjec ts . 

• C o n c l u s i o n 

Simi lar t o t h e s imula t ion resul ts , t h e subjects in t h e real-world e x p e r i m e n t m a i n t a i n a 
cons t an t t h r o t t l e pos i t ion over t h e entire tes t r u n . T h e cont inui ty of t h e t h r o t t l e posi
t ion leads t o a minimal" long i tud ina l accelerat ion, which is t h e goal of th i s exper imen t . 
T h e resul ts from the d r i v ing s imula tor exper iment are n o t represen ta t ive , due to t h e 
lack of accelerat ion feedback of the dr iv ing s imula to r . 

S y s t e m r e s p o n s e : V e l o c i t y p r o f i l e 

• S i m u l a t i o n r e s u l t s 

W i t h only an insignificant first accelerat ion phase , t h e vehicle velocity increases slowly 

b u t s t ead i ly unt i l 70m .before t h e end of the tes t t rack . T h e reached t o p speed is l i t t le 

below 14m/s, see Fig. 8.14.1. T h e speed is t h e n s l ight ly reduced in o rde r to dr ive 

t h r o u g h t h e final r ight b e n d of t h e test t rack. B u t seeing t h a t t he r e is n o s topp ing 

c o n d i t i o n e r , t h e s imula t ion at.-the end of t h e tes t t rack , no, fur ther conclus ions can b e 

d r a w n from t h e driver behav ior so close to t h e end of t h e t e s t (irack. 

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

'The velocitypfofiles1 a te*character ized by an ini t ial acce lera t ion phase , in t h e first 2 0 m 

o f t h e t e s t ' t r a c k t F r o m t h e r e on, t h e speed!'is slowly increased- t o w a i d s t h e end of 

t h e ' t e s t t rackj isee Fig. 8.14.*2. T h e toJ> spe 'ed ' reached by - the sub jec t s is indiv idual ly 

different a'n'dUs'in t h e r ange from 10-18m/s.- On ly 6heJsU~bject is n o t a"ble t o control 

t h e speed , which leads1 t o an und i rec ted behavior and -an oscil lat ing"speed profile. 100-

5 0 m before t h e end of" t h e t e s t t rack , the sub jec t s s t a r t t o dece le ra te t h e vehicle a n d 

decrease t h e vehicle speed in order to fulfill t h e s t o p p i n g condi t ion a t t h e end of t h e 

tes t t rack . •> ' f* ^ " n * 1 

•, R e a l - j W o r W e x p e r i m e n t r e s u l t s "• j - DT tJ r ^ 

.As in the, d r iv ing s imu la to r exper iment , -ihe velocity profiles are charac te r ized by an 

ini t ia l accelera t ion phase . T h e n , ' t h e velocity .is s t e ad i l y i n c r e a s e d ' t o w a r d s t h e end of 

i tlxe test, t r a ck . " Jhe topf speed of t h e tes t ' dr iver <is in t h e r a n g e of 9 - 1 4 m / s ~ Approxi-

» m a t e l y COmJ^eforeithe^end of t h e t rack the velocity is decreased aga in , because of t h e 
requiremeji t^tp m a k e &,full s t o p . a f . t h e end o f ' t he tes t t r ack . -: ' * ,f 
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F i g u r e 8 . 1 4 : Preference: acce le ra t ion-opt imal , Velocity 

profile 

• C o n c l u s i o n 

A p a r t from t h e different s t o p p i n g condit ion at̂  -the e n d of the tes t t r ack , t h e r e is no 

significant difference be tween t h e exper iments a n d t h e s imula t ion . Therefore , t h e speed 

is n p t r ap id ly increased, which would cause high long i tud ina l accelerat ion exer ted on 

t h e passengers . T h e sub jec t s also avoid fast changes of the vehicle veloci ty dur ing 

t h e t e s t ride, which would also increase t h e long i tud ina l acceleration exe r t ed on the 

passengers^ 

S y s t e m r e s p o n s e : V e h i c l e t r a j e c t o r y 

• S i m u l a t i o n r e s u l t s 

T h e resu l t ing t r a j ec to ry of t h e s imulat ion is t h e t r a j ec to ry wi th the leas t possible 

c u r v a t u r e . Following from t h a t , t he la teral acce lera t ion exer ted on t h e vehicle is also 

very low. I n order t o achieve th i s t rajectory, t h e vehicle changes lanes as needed a n d 

http://stop.af.the
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Simulation 

Real-world experiment 

F i g u r e 8 .15: Preference: accelera t ion-opt imal , Tra jec to 

ries, u n s t e a d y t ra jector ies a t a) caused by 

course of m a g n e t o m e t e r s in tes t t r a ck 

does not st ick t o one specific lane of t h e tes t t rack. 

• D r i v i n g s i m u l a t o r r e s u l t s 
Sta r t i ng in t h e midd le of t h e tes t t rack, t h e subjects s teer t o t h e left lane. All t h e 

subjec ts s t ay in t h e middle or on t h e left lane of t es t t r a c k t h r o u g h o u t t h e tes t r un . 

T h e y do n o t t r y par t i cu la r ly to even o u t t h e road cu rva tu re by choosing a t r a j ec to ry 

wi th t h e b igges t possible radi i . O n l y in t h e section of t h e . test t r ack , -with a significant 

change in t h e road curva ture , t h e y choose a sl ightly bigger r a d i u s a s t h e r a d i u s of t h e 

t e s t t rack. Therefore , t h e subjec ts do no t t r y to reduce t h e l a t e ra l acce lera t ion exer ted 

on the passengers by choosing a n op t ima l trajectory.- T h i s behav io r m a y b e caused 

by the lack of accelera t ion feedback of t h e d r iv ing t s imula to r . See ing t h a t , i t is a lmos t 

impossible for t h e subjec ts t o min imize t h e la tera l accelera t ion , if t h e y c a n n o t sense 

i t . 

R e a l - w o r l d e x p e r i m e n t r e s u l t s * ' 

T h e u n s t e a d y course of t r a jec to r ies ' a t the 'po in t a) is caused b y t h e charac te r i s t ics of t h e 

test; t rack and ' does no t represent t h e real vehicle t ra jec tor ies . I n t h e r e m a i n i n g p a r t s 

-of the t rack, t h e subjec ts s tay a lways c lose ' to t h e midd le of t h e t e s t t r ack . However, 

t hey have* £he t e n d e n c y t o choose a t rajectory, which evens ' o u t t h e road curva ture . 

T h e resu l t ing t ra jec tor ies have a smal ler cu rva tu re t h a n t h e t e s t t r ack . Following from 

t h a t , t he sub jec t s minimize t h e la te ra l accelerat ion by d r i v i n g a long a a p p r o p r i a t e 

t ra jectory. 

C o n c l u s i o n 

Al though t h e sub jec t s in t h e real-world exper iment , chtfose" a ' t r a j e c t o r y "with less cur

va tu re t h a n t h e t e s t t rack, they d o no t "behave as op t ima l ly a s ca lcu la ted in t h e s im

ulat ion. Especial ly , a t half d i s t ance of the test ' t rack, t h e s u b j e c t s s t a y close t o t h e 

middle line, r a t h e r t h a n x l r iv ing 'on t h e r igh t lane: W h e r e a s t h e y level* o u t bends in 
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high cu rva tu re sect ions of t h e tes t t rack. Th i s l eads t o t h e conclusion, t h a t h u m a n 

dr ivers d o n o t p l a n the i r behavior for a long t i m e in advance . T h e y r eac t a s required 

in t h e cur ren t d r iv ing s i t ua t ion , which leads to t h e r igh t behavior in h igh cu rva tu re 

sect ions of t h e t e s t t rack . 'But t h e do not look enough t i m e ahead in o rde r t o choose 

t h e o p t i m a l t r a j ec to ry be tween t h e first r ight / lef t b e n d a n d t h e final r igh t b e n d a t t h e 

end of t h e t r ack . 

S y s t e m r e s p o n s e : L a t e r a l a c c e l e r a t i o n prof i le 

In order t o c o m p a r e b e t t e r t h e l a te ra l accelerat ione wi th reference t o the l ong i tud ina l vehicle 

posi t ion on t h e road , t h e road cu rva tu re of t h e r ight b e n d h a s been added (dashed line) t o 

t h e course of s teer ing angles, see Fig. 8.21." T h e road c u r v a t u r e is scaled wi th fac tor 150, for 

convenience. 

Fig. 1, Simulation 

50 100 150 ^ 200 
Fig. 2, Driving1 Simulator 

250 300 

50 
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100 150 200 
Fig. 3, Real-world experiment 
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F i g u r e 8 .16: Preference: acce lera t ion-opt imal , La te ra l ac

celerat ion, w i t h road c u r v a t u r e (dashed line) 
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• S i m u l a t i o n r e s u l t s 

T h e course of t h e l a t e r a l accelerat ion is very s m o o t h and even, d u r i n g t h e en t i re t e s t 

r un . No sudden changes occur . T h e lateral accelerat ion is a l m o s t c o n s t a n t over m o s t 

t h e t ime a n d never exceeds values of 0 . 4 m / s 2 . In t h e section from 120-250m of t h e tes t 

t rack the m a g n i t u d e of t h e l a te ra l acceleration is even below 0 . 2 m / s 2 . T h e on ly p a r t , 

w i t h a higher l a te ra l acce lera t ion is t h e last r ight t u r n . However th is sec t ion c a n n o t b e 

compared w i th t h e e x p e r i m e n t a l results, because of the different s topp ing cond i t ions 

a t t he end of t h e t e s t t r ack . 

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

T h e recorded t e s t d a t a of t h e la te ra l accelerat ion is passed t h r o u g h a b u t t e r wor th 
filter 2nd order w i t h t h e cu t off frequency 0.08 in order to reduce the noise in t h e t e s t 
d a t a . 

T h e course of l a t e ra l acce lera t ion follows basical ly the road cu rva tu re profile. In gen

eral , t h e m a g n i t u d e of t h e l a te ra l acceleration profiles is higher t h a n in t h e s imula t ion . 

T h e course of t h e l a t e ra l accelerat ion profiles is also supe r imposed by osci l la t ions. B u t 

changes in l a te ra l acce le ra t ion is ac tual ly considered t o be uncomfor t ab l e for h u m a n 

beings. Therefore , t h e resu l t s gained in th is exper iment are qua l i t a t ive a n d q u a n t i t a 

t ive n o t r ep resen ta t ive for real dr iv ing behavior . Th i s is p r o b a b l y caused by the lack 

of accelerat ion feedback of t h e dr iv ing s imula tor . Seeing t h a t , i t is obvious t h a t i t is 

a lmos t imposs ib le for t h e sub jec t t o minimize successfully t h e l a te ra l accelera t ion , if 

t h e are no t ab le t o sense i t . 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

"The recorded t e s t data" of t h e l a te ra l accelerat ion is passed t h r o u g h a b u t t e r wor th 
filter 2nd order w i t h t h e cut off frequency 0.02 in order t o r e d u c e t h e noise in t h e t e s t 
d a t a . 

T h e course of l a t e ra l acce lera t ion is similar t o the-resul ts ca lcu la ted by t h e s imula t ion . 

T h e ' a c c e l e r a t i o n profiles of t h e different s u b j e c t s - a r e , s m o o t h a n d even. N o sudden 

changes in t h e l a t e ra l accelera t ion occur. Even the m a g n i t u d e of t h e acce lera t ion 

profiles are in t h e scale of t h e s imula t ion resul ts . Therefore , t h e sub jec t s a re able t o 

min imize successfully t h e l a t e ra l accelerat ion exer ted on t h e passengers . 

• C o n c l u s i o n 

T h e resul ts ga ined from the s imulat ion - m a t c h the' h u m a n d r iv ing behavior . H u m a n 

h drivers behave a l m o s t as op t ima l ly as the s imula t ion . T h e y a re "able reduce successfully 

•the l a t e r a l acce le ra t ion of the vehicle to a m i n i m u m ! T h e different resul ts of t h e d r iv ing 

s imula to r e x p e r i m e n t is p robab ly caused t h e lack of accelerat ion feedback of t h e dr iv ing 

s imula tor . 

S y s t e m r e s p o n s e : ' L o n g i t u d i n a l a c c e l e r a t i o n prof i l e 
^ 

• S i m u l a t i o n r e s u l t s 

T h e course of long i tud ina l accelerat ion s t a r t s w i th an ini t ia l va lue of app rox ima te ly 

8.3. Driver behavior on straight track f - 129 

t 

I-** 

Fig. 1, Simulation 

50 100- 150, 200 l 

/•, Fig., 2, Driving simulator 
250 300 

CD 
c 
a 
c o 

100 150 200 
Fig. 3, Real-world experiment 

2h* 

150~ 200 
Distance [m] 

. F i g u r e 8 . 1 7 : Preference: accelera t ion-opt imal , Longi tud i 

n a l accelerat ion 

1 . 3 m / s 2 . T h e acce le ra t ion decreases smoothly in the1 first 50m' of t'he tes t t r a c k ' t o a 

value of 0 . 5 m / s 2 . T h e s u d d e n d rops of the longi tudina l acce lera t ion du r ing t h i s p h a s e 

are d u e t b sh i f t ing in to anoth'er ' .gear. Therefore, t h e c luich h a s t o be opened a n d n o 

power t r a n s m i s s i o n is poss ible d u r i n g th is act ion. After t h e first 5 0 m of t h e t e s t t r ack , 

t h e long i tud ina l acce lera t ion is a lmos t constant for t h e n e x t 180m. 9 0 m before t h e end 

of t h e tes t t r a c k , t h e vehicle decelera tes again in order t o dr ive t h r o u g h t h e final r ight 

t u r n . B u t different s t o p p i n g condi t ions apply for thfe s imula t ion and the e x p e r i m e n t s 

a t t h e end of t h e tes t t r a ck a n d , therefore, no conclusions carf b e d rawn from t h e dr iver 

behavior so close t o t h e e n d of t h e t e s t t rack. 

•• D r i v i n g s i m u l a t o r r e s u l t s , " , t -i M < 
TJ ie recorded t e s t d a t a of t h e longi tudinal!accelerat ion i s p a s s e d t h r o u g h a b u t t e r w o r t h 

filter"2nd-ofder. w i t h the.cut'offfrequehcjS-'O.OS'in order t o r e d u c e ' t h e noise in t h e t e s t 

d'sta.- ' r .' ' ' *:, 
•*.. However,-.the long i tud ina l - acce le ra t ion is hot representa t ive-for real dr iv ing behav io r , 

{* a i due t o t h e lack of acce lera t ion feedback-of the dr iv ing - s imula to r . T h e l ong i tud ina l 
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accelerat ion is much t oo h igh , see the scale of F ig . 8.6.2 compared t o t h e scale of F ig . 

8.6.1 a n d Fig. 8.6.3, which m a y also be caused by problems of t h e d a t a processing. 

T h e course of t h e long i tud ina l accelerat ion is also n o t very s teady, wh ich also does n o t 

represent a realist ic d r iv ing behavior . Therefore, no further conc lus ions c a n b e d r a w n 

from th is set of t es t d a t a . 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

T h e recorded tes t d a t a of t h e longi tudina l acce le ra t ion is passed t h r o u g h a b u t t e r wor th 

filter 2nd order wi th t h e cu t off frequency 0.02 in order to reduce t h e noise in t h e tes t 

d a t a . 

T h e subjec ts s t a r t w i th a h igh in i t ia l longi tudina l accelerat ion, which lies in t h e in terval 

of 1 .0 -2 .0m/s 2 . T h i s ini t ial accelerat ion is t h e n cont inuously r educed w i t h i n t h e first 

5 0 m of t h e tes t t rack . F r o m the reon , the sub jec t s keep an a lmos t c o n s t a n t long i tud ina l 

accelerat ion unt i l a b o u t 100m before the end of t h e tes t t rack. In t h e las t 100m t h e 

subjec ts -decelera te t h e vehicle because of t h e requ i red full s t op a t t h e e n d of t h e tes t 

t rack . 

• C o n c l u s i o n 

Regardless of t h e different dr iver behavior a t t h e end of t h e t e s t t r a c k ma tches t h e 

s imula t ion resul t t h e -dr iver behav ior of t h e real-world exper imen t . A higher in i t ia l 

accelerat ion followed by a s m o o t h t rans i t ion p h a s e a n d t h a n an a l m o s t cons t an t longi

t u d i n a l accelerat ion over a long d is tance of t h e t e s t t rack. T h i s b e h a v i o r is s imi lar in 

t h e s imula t ion a n d t h e real-world experiment . . T h e resul ts of t h e d r iv ing s imula to r a r e 

ho t realist ic in respect of the - rhagn i tude a n d accelera t ion profile. N o conclusions c a n 

be d rawn -from th i s resul ts , because of p rob lems in t h e d a t a p rocess ing a n d t h e fact 

t h a t t h e d r iv ing s imula to r does n o t provide* any accelerat ion .feedback for t h e subjec ts . 

8 . 3 . 2 V e l o c i t y ^ o p t i m a l c ^ s e t , , 

f he set of weighting factors, which was u s e d f o r t h i s expe r imen t was -accord ing t o Tab . 8.1 

• t i > = - [ . . l 0 0 0 - f t .hQ) 0 ] . r. -< >» *, i (8.5) 

i» b 
S y s t e m i n p u t ; , ^thrott le s i g n a l . 

i i 
S i m u l a t i o n r e s u l t s 

For th is preference, t h e s imula t ion resul ts of the. throt t le-s ignal ifof-driving-on a s t r a igh t 

' t e s t . t f ack are s i m i l a r t o the s imula t ion resul ts for dr iv ing a r ight t u r n . T h e ini t ia l va lue 

'of t h e t h r o t t l e s ignal isVfuIl; t h r o t t l e for app rox ima te ly t h e .'first 15m. of *the tes t t r ack , 

see Fig. 8.18.1. After th i s phase , t he t h r o t t l e pos i t ion is d r a m a t i c a l l y decreased t o a 

va lue ,of .about ' 0.1 fo i i the r e m a i n i n g d is tance of t h e . t e s t t rack . T h e osci l lat ion of t h e 

,throt 'tle signal is p robab ly . caused by t h e l o w upda te* ra te of t he -p roposed 'd r ive r mode l . 

1 
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F i g u r e 8 . 1 8 : Preference: veloci ty-opt imal , T h r o t t l e s ignal 

In order t o keep t h e ca lcula t ion t i m e needed for t h e s imu la t ion low, a l o w , u p d a t e r a t e 

of the driver m o d e l was chosen. Therefore, t h e dev ia t i ons from the ' n o m i n a l s y s t e m 

behavior and t h e a c t u a l sys tem behavior become t o o big, which leads t o p rob lems in 

t h e control l aye r ' and an oscil lat ing t h r o t t l e angel profile. T h e s e p rbb lems become m o r e 

apparen t ' i f t h e d r ive r ' s predic t ion mode l includes dr ive t r a i n dynamics . 

• D r i v i n g s i m u l a t o r r e s u l t s 
Since no driver is ab l e t o approach in a directed m a n n e r f t h e given speed of 25mp/i , see 

Fig. 8.19.2, no d i r ec t ed behavior can be ex t rac ted f rom t h e course of t h r o t t l e s ignals , 

see 8.18.2. No significant initial p h a s e wi th h igher t h r o t t l e s ignals is shown in t h e 

recorded tes t d a t a . T o w a r d s the end of t he ' t e s t r u n , m o s t of t h e dr ivers m a n a g e finally 

t o reach a n d m a i n t a i n a n a lmost cons t an t s£eed of a p p r p x i m a t e l y 2 5 m p h , which is also 
! reflected by m o r e o r l e s s ' cons tan t t h r o t t l e signals of t h e subjects . 

• ( R e a l - w o r l d e x p e r i m e n t r e s u l t s - ^ 
T h e course of t h r o t t l e s ignals s t a r t s wi th different values, which are in t h e r ange of 

0.2-0.8. Seemingly, t h e long i tud ina l acceleration' a n d w i t h it t h e in i t ia l t h r o t t l e s ignal , 
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is s t rongly d e p e n d e n t on t h e different subjects a n d when they consider a long i tud ina l 

acce lera t ion as uncomfor tab le , regardless of t h e given preferences. I n t h e following 

course of t h e expe r imen t , t h e sub jec t s show var ious thro t t le angel profiles. A l t h o u g h 

all sub jec t s t r y t o reduce t h e t h r o t t l e signal w i th in t h e first 100m of t h e t e s t t r ack , no 

d i rec ted behav ior becomes obvious . Th is can be caused by an imprecise p i c t u r e of t h e 

vehicle dynamics , which requi res t o readjust t h e t h r o t t l e posi t ion frequently. B u t it 

c a n also m e a n , t h a t h u m a n dr ivers d o not p l an an op t ima l t h ro t t l e s ignal in advance , 

t h e y r a t h e r ad jus t i t as in t h e cu r r en t s i tua t ion requi red . 

• C o n c l u s i o n 

T h e resul ts , ca lcu la ted of t h e s imula t ion are n o t reflected in the e x p e r i m e n t a l resul ts . 

T h e differences t o t h e resul ts ga ined from the d r i v ing s imulator e x p e r i m e n t are p roba 

b ly caused by t h e lack of acce le ra t ion feedback a n d visual information (flow of t ex tu re ) , 

wh ich usual ly helps t h e dr iver t o adjust t he vehicle speed. W i t h o u t th i s a i d s it is very 

difficult t o m a i n t a i n precisely a cer ta in speed, which is also reflected in t h e t h r o t t l e 

ang le profiles. B u t the' different behavior of the sub j ec t s in the real-world e x p e r i m e n t is 

r a t h e r d u e t o an different a t t i t u d e t o driving t h a n caused by problems t o keep a cer ta in 

speed . I t seems, t h a t h u m a n dr ivers ra ther read jus t t h e th ro t t l e signal f requent ly in 

o rde r to m e e t a cer ta in goal, t h a n p lanning t h e o p t i m a l th ro t t l e value in advance . 

S y s t e m r e s p o n s e : v e l o c i t y p r o f i l e 

• S i m u l a t i o n r e s u l t s 

T h e speed is increased wi th in t h e dis tance of 1 8 m t o the required speed of 2$mph or 

11m/s. T h e velocity is t h e n ho ld perfectly cons t an t over the r ema in ing d i s t ance of t h e 

t e s t t r ack , see Fig. 8.19.1. 

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

f n e speed is increased cons ide rab ly in ¥ the first 20m o f the tes t t rack . B u t then , none 

of t h e sub jec t s is able to a p p r o a c h and keep the requi red speed no t un t i l t h e first half 

of t h e t e s t r un . In t h e second ha l f of the tes t r u n , the subjects a re finally able t o 

r educe t h e huge, devia t ions f rom t h e desired speed of 2bmph a n d ( to keep tjie velocity 

of the i r vehicle cons tan t , see F ig . 8.19.2. T h i s p rob lem is p robab ly caused by t h e 

d r iv ing s imu la to r character is t ics . W i t h o u t any- 'acceleration feedback a n d only l i t t le 

c o n t r a s t *of t h e env i ronment i t is very difficult for t h e subjects to' m a i n t a i n a cer ta in 

speed solely d e p e n d e n t on t h e speedomete r . J -* 

• R e a l - w o r l d e x p e r i m e n t r e s u l t s 

f"he sub jec t s need a cons iderab ly long t ime to reach, the desired speed. Seemingly, 

even if t h e sujbject do n o t have, t o reduce t h e longi tud ina l accelera t ion intent ional ly , 

t h e y avoid fast changes of t h e vehicle speed, which would cause a h igh long i tud ina l 

accelera t ion. After t h e first 50 -100m of the t e s t t r a c k , ' m a i n t a i n t h e subjects ' an a lmos t 

c o n s t a n t speed . In t h e l imi ts of t h e precision of t h e speedomete r a n d huma^i abili t ies, 

t h e dr ivers "show op t ima l behav io r in keeping a ce r t a in speed. 
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» C o n c l u s i o n , u 

Regardless of t h e first acce le ra t ion phase , which is much shor te r in "tne s imu la t ion t h a n 

in t h e real-world e x p e r i m e n t , t he s imula t ion resul ts ' .match t h e expe r imen ta l results . 

Etonian dr ivers are s imi la r t o the proposed driver mode l able t o acce lera te t h e vehicle 

• t o a ce r t a in speed arid then* keep th is speed cons tan t over jbhe r ema in ing t e s t r un . T h e 

"d r ive r behav io r *of t h e s u b j e c t s i n ' t h e dr iv ing s imula tpr expe r imen t , is n o t represen-

• * [ t a t ive . "The lack '6f Acceleration feedback'1 a n d the* flow of t e x t u r e , c a u s e s ' a different 

* 'dr iv ing 'behavior 1 as ' in a ' ' real 'environment' . 

S y s t e m r e s p o n s e : v e h i c l e t r a j e c t o r y 

it 
• ^ S i m u l a t i o n re su l t ' s ' ' , - • . , , . , • 

T h e r e s u l t i n g t ra jec tory-Of t h e s imula t ion is t h e shor tes t poss ible t r a j ec to ry t o dr ive 

a - t h r o u g h t h e - t e s t t r ack , see F i g . 8-20:1. Iff this cafe, rib o the r res t r i c t ions t h a n t h e speed 
l i m i t ^ p p l y for t h e s imu la t i on , Therefore, t h e l i t t le weight on dr iv ing t ime-op t ima l ly 
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Simulation 

Driving simulator 

Real-world experiment 

F i g u r e 8 .20: Preference: ve loci ty-opt imal , Trajectories , 

u n s t e a d y t ra jector ies a t a) caused by course 

of m a g n e t o m e t e r s in t e s t t r a ck 

in th is set of preferences becomes i m p o r t a n t , see T a b . 8.1. So, is t h e vehicle t r a j e c t o r y 
t h e shor t e s t possible rou te for t h i s t e s t t rack. 

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

Since n o special a t t en t ion is given t o the vehicle t ra jectory, t h e sub jec t s choose t h e 

mos t comfor tab le -one. Apparen t ly , t h e left s ide of t h e tes t track- is p re fe rab le over 

t h e r igh t s ide 'of the tes t t r ack . T h e subjects c h a n g e a t t he beginning of t h e t e s t r u n 

from t h e r ight lane to t h e left lane of the tes t t r a ck a n d s tay t he r e unt i l t h e e n d , see 

Fig. 8.20.2. None of t h e sub j ec t s ,makes the a t t e m p t - t o choose-t 'he shor t e s t poss ib le 

t r a j ec to ry as calculated in t h e s imula t ion . 

• .p , 'eal-world, e x p e r i m e n t r e s u l t s < c < 

' Ttte sub jec t s t end to s tay close .to t h e niirJdle l ine.of t h e t e s t track,.,see F i g . 8 .20.3. 

T h e g iven ' scenar io for t h e subjects tp!oes not i nc lude , other, res t r ic t ions t h a n t h e speed 

l imit . T h e r e f o r e , the subjec ts p a y # 0 special a t t e n t i o n to j t he .vehicle ^ ra j ec tg ry . U n 

intent ional ly , t h e y drive t h e t r a j ec to ry which is theUeast .effor t- tp find. T h i s . m e a n s t o 

s t a y ' i n t h e midd le of t h e tes t track.i No special, a t t e m p t s c a n b c e x j r a c t e d - . f r o m t h e 

course of t h e t rajectories , t h a t t h e dr ivers , t ry t o ^ r i v e t h e . s h o r t e s t p 'pss jb le . route for 

th is t es t t r ack . 

• C o n c l u s i o n " - r * r " " 

No special res t r ic t ions t h a n t h e p o s t e d speed l imi t a p p l y for th is exper imen t . There fore , 

t h e t r a j e c t o r y calculated in t h e s imula t ion is t h e -shortest, possible; ' according to1 t h e 

l i t t le weight , of t ime optimali ty- in t h e s imula t ion 'preferences. B u t compare 'd to1 t h e 

s imula t ion , t h e sub jec t s p u t . r a t h e r m o r e weight o h choosing a t ra jec tory , w h i c h t h e y 

can dr ive wi^th t h e least effort t h a n t r y i n g to , f ind . the shor tes t ,poss ib le r o u t e . 
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8 . 3 . 3 K e e p - r i g h t c a s e 

T h e se t of weighting factors, which was used for th i s expe r imen t was acco rd ing t o Tab. 8 .1 

. 1 0 0 1.0 0. 0 0 ] . . ( 8 - 6 ) w = 

S y s t e m i n p u t : s t e e r i n g a n g l e 

In o rde r to compare b e t t e r t h e s teer ing angles wi th reference to t h e l ong i tud ina l vehicle 

pos i t i on on t h e road , t h e road cu rva tu re of the right b e n d ha s ' been a d d e d (dash-do ted line) 

t o t h e course of s teer ing angles , see Fig. 8.21. T h e road cu rva tu re is sca led witl j factor 2, 

for convenience. 

Fig. 1,'Simulation f 
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F i g u r e 8 . 2 1 : Preference: keep-right , S teer ing angles, w i t h 

r o a d curva tu re (dash-do ted line) 

S i m u l a t i o n r e s u l t s 
Sta r ing . f rom4he :midpUe l ine, ,the vehicle steers t o t h e right l ane of t h e t e s t t rack r igh t 
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from t h e beg inn ing , see also t h e course of t h e t r a j ec to ry Fig. 8.22.' T h i s behav io r 

resul ts in s t r o n g oscil lat ion of t h e s teer ing angle a t t he beginning of t h e t e s t r u n , see 

Fig. 8.21.1. T h e oscil lat ion of t h e s t ee r ing angle is probably caused by t h e low u p d a t e 

r a t e of t h e p r o p o s e d driver mode l . In order t o keep the calcula t ion t i m e needed for 

t h e s imula t ion low, a low u p d a t e r a t e of the d r ive r model was chosen. Therefore , t h e 

devia t ions from t h e nomina l s y s t e m behavior a n d t h e actual sys tem behav io r b e c o m e 

t o big, which l eads t o p rob lems in t h e control layer and an oscil lat ing s tee r ing angle 

profile. T h e in i t ia l s t rong osci l lat ion is significantly reduced in t h e first 5 0 m of t h e 

tes t t rack. F r o m thereon , t h e s t ee r ing angle follows tlje road cu rva tu re w i t h s h a r p 

t r ans i t ions whenever t h e road curvature t )changes. 

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

Principal ly , t h e s teer ing angles follow t h e c u r v a t u r e profile of t h e tes t t rack , b u t t h e 

subjec ts need a lot of correct ion movemen t s 'in o rde r to keep their vehicle a lways a t 

t h e r ight s ide of t he - t e s t t rack , see Fig. 8.21.2. T h i s behavior is p robab ly caused by 

-difficulties of t h e sub jec t s in curve negot ia t ion , which makes a frequent r e a d j u s t m e n t 

of t h e s t ee r ing angle necessary. Ano the r - r ea son for t h e considerably s t r o n g osci l la t ion 

of t h e course of s teer ing angles m a y be the er ror function implemented in t h e d r iv ing 

s imula tor , which is supe r imposed as ex terna l d i s t u r b a n c e on t h e s teer ing angles . T h i s 

e r ror funct ion is t h o u g h t t o m a k e t h e dr iving feeling in t h e drivirfg s i m u l a t o r m o r e 

real is t ic for t h e subjects . 

• R e a l - w o r l d - e x p e r i m e n t r e s u l t s 

As in t h e s imu la t ion and t h e d r iv ing s imula tor exper iment , follow t h e s t ee r ing angle 

profiles m a i n l y the" cu rva tu re profile of*the-test, t r ack , see Fig. ,8.21-3. B u t t h e t r a n 

si t ions i n sec t ions of changes in t h e road curvature* are much smoo the r t h a n in t h e 

s imula t ion resu l t s a n d the s t ee r ing angles do n o t follow as precisely the- roaol c u r v a t u r e 

as in - the . s imula t ion . Th i s leads t o the-conclusion, t h a t even if-no special preference is 

.given t o r educe t h e la te ra l acce le ra t ion oij the ' vehicle, tn^ subjec ts avoid fast changes 

of t h e s teer ing-angle , which w o u l d cause h igh l a t e r a l accelerat ion. -

• C o n c l u s i o n 

T h e dr iver behav io r of the p r o p o s e d dr |yer model . i s 'bas ica l ly reflected in t h e d r iv ing 

j behav ior of t h e t e s t subjects . B u t t h e dr iv ing behav io r of t h e tes t s u b j e c t s is n o t as 

, . ext reme as t h e s imula t ion resul ts . T h e subjects p u t also always some weight on d r iv ing 

acceleration, o 'pt imal,-which "results in smooth , s ' teerihg angle profiles. Fas t changes of 

t h e s teer ing angle are also avoided, even in sec t ions of the tes t t rack , where t h e r o a d 

cu rva tu re changes considerably w i t h i n a short_ d i s t ance . 

S y s t e m r e s p o n s e : v e h i c l e t r a j e c t o r y % 

• S i m u l a t i o n r e s u l t s r * n 

1 S t a r t i n g from t h e middle l ine 'of t h e - t e s t track/"the'-vehicle drives immed ia t e ly to t h e 
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Simulation 

F i g u r e 8 . 2 2 : Preference: keep-right , Trajectories 

r ight side of t h e tes t t r ack . F r o m thereon, it s tays close to the r ight b o r d e r l ine for the 

r ema in ing tes t run , see Fig . 8.22. 

D r i v i n g s i m u l a t o r r e s u l t s 
All the sub jec t s m a n a g e t o follow exact ly t h e r ight border l ine of t h e t e s t t r a c k th rough

out , t he t e s t r un . On ly in t h e section wi th a considerably change of t h e r o a d cu rva tu re 

after circa 7 5 m from t h e beg inn ing of t h e tes t t r a ck t h e y do no t keep a c o n s t a n t dis

t ance t o t h e r ight b o r d e r , see Fig. 8.22. Therefore , t h e subjects a re ab l e to drive 

exact ly a long a desired t r a j ec to ry if it is required . 

R e a l - w o r l d e x p e r i m e n t r e s u l t s 

All t h e sub jec t s were m o s t of the t ime ou t of t h e measu remen t r ange of t h e magne

t o m e t e r sensors. Therefore , n o conclusions c a n b e d rawn from the t r a j ec to r i e s recorded 

in th is exper imen t . 

C o n c l u s i o n 
All subjec ts a re ab le t o fulfill t he dr iving task , which requires t o s t ay o n t h e right 

l ane of t h e t e s t t r ack , s imi la r t o the s imula t ion resul ts . B u t they do, n o t follow exact ly 

t h e road profile h i sec t ions w i t h high changes ,of , t he road curvature . I t is p robab ly 

uncomfor tab le for t h e dr ivers t o make fast changes of t h e vehicle d i rec t ion , which 

would lead t o h igh l a t e r a l accelerat ion. Th i s hurqan preference is obvious ly so s t rong, 

t h a t t h e sub jec t s do n o t follow exact ly the road curva ture , even if it is r equ i red by t h e 

exper iment . 
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8 . 4 T i m e - o p t i m a l d r i v e r b e h a v i o r i n t h e H o c k e n h e i m 

M o t o d r o m 

A s we could show in t h e exper iments discussed above, is t h e p roposed dr iver mode l ab le 

t o s imula t e h u m a n dr iv ing behavior in basic dr iv ing task , like corner ing a n d d r iv ing on a 

s t r a i g h t t rack. W e could also show, t h a t t h e proposed dr iver mode l is able t o r ep resen t 

different dr iver preferences while corner ing or d r iv ing on a s t ra igh t t rack. In t h e following 

c h a p t e r , we discuss t h e behavior of t h e proposed driver mode l in a more complex d r iv ing 

s i t u a t i o n t h a n j u s t a single curve or s t ra igh t section. T h e given preference for th i s s imu la t ion 

is t o drive t i m e opt imal ly , see Tab . 8.1 

w = [ l 0 0 0 0 0 0 ] . (8.7) 

T h e predic t ion mode l , which is used for t h e s imula t ion is a single m a s s po in t mode l w i t h 

d r i v e t r a in dynamics , see Eq. 3.19. T h e used tes t t rack is t h e Hockenheim M o t o d r o m (HM) , 

G e r m a n y . T h e M o t o d r o m e is a par t ' of t h e Hockenheim race t rack , l o c a t e d in Ge rmany . For 

severa l years, Hockenhe im has been used regular ly for t h e Fo rmula 1 G r a n d P r i x of G e r m a n y . 

T h e H M as used for our s imula t ions is 1870m long, exhibi ts 7 corners wi th the i r rad i i va ry ing 

f rom 35 m (corner 5) u p to 80 m (corner 1) and 7 s t ra igh t sect ions. 

S y s t e m i n p u t : s t e e r i n g a n g l e 

• S i m u l a t i o n r e s u l t s 

For a t i m e - o p t i m a l ride i t is i m p o r t a n t to corre la te t h e s t ee r ing angle exac t ly t o t h e 

poin ts "of t h e t rajectory, where t h e vehicle accelerates aga in . T h i s is reflected in t h e 

s imula t ion resul ts . Whenever the' vehicle accelerates aga in , see Fig. 8.23J, t h e n is t h e 

s teer ing angle reduced again'. Therefore, t he vehicle speed is low when t h e s t ee r ing 

angle is big. T h i s behavior reduces t h e la te ra l accelerat ion, a n d the ' t i r e ' fo rces are n o t 

exceeded whi le cornering. ' ' 

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

T h e course of s teer ing angles recorded in the dr iving s imu la to r exper iment , see F i g . 

8.23.2 a n d F ig . 8.23.3 are n o t so op t ima l w i th respect t o t h e given preference as t h e 

s imula t ion . T h e course of s teer ing angles is no t very d i rec ted which means , t h a t t h e 

subjec ts need a lot of correct ion movemen t s in order to keep t h e vehicle on t rack . T h i s 

leads t o h igh p e a k s in t h e course of s teer ing angles, which cause a high la te ra l accel

era t ion. Fol lowing from t h a t , t h e subjec ts have t o reduce t h e vehicle speed more a s 

ac tua l ly needed in order no t to exceed t h e t i re forces. T h e corre la t ion of t h e accelera

t ion po in t s , where the vehicle gains speed again , t o t h e s t ee r ing angle is n o t op t ima l . 

~ T h e acce le ra t ion poin ts are d i s t r ibu ted a round areas of h igh s teer ing angles b u t t h e y 

are n o t p l aced op t imal ly a t t h e ver tex of t h e t u r n . T h e recorded dr iver behav ior m a y 
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Fig. 1, Simulation 
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w i th b rake poin ts a n d accelerat ion po in t s 

b e influenced by the character is t ics of the dr iv ing s imula to r as descr ibed in t h e experi

m e n t s above, l ike lack of accelera t ion feedback, lack of flow of t e x t u r e a n d a lack of t i re 

noise feedback, which would give the subjec t t h e possibi l i ty to e s t i m a t e t h e cur ren t 

t i re s a tu ra t i on . 

• C o n c l u s i o n 
T h e course of t h e s teer ing angle ca lcula ted by t h e simulation' , is as shown o p t i m a l wi th 

respect to t h e given preference. B u t t h e dr iv ing behav ior of t h e t e s t s u b j e c t s is no t 

op t ima l . T h e accelera t ion po in t s a re n o t placed op t ima l ly a t t h e ve r t ex of t u r n s , t h e 

subjec ts 'need a lo t of correct ion movements a n d t h e course of s teer ing angles in general 
1 is no t as d i r ec t ed as t h e s imula t ion results . Therefore, t h e s imula t ion is n o t able in 

t h i s case to-reflect the d r iv ing behavior .of the ' sub jec t s . T h i s is p r o b a b l y caused by t h e 

dr iv ing s imu la to r character is t ics 'on one h a n d and of t h e lack of dr iv ing exper ience of t h e 

subjects on t h e o ther h a n d . T h e given preference is very e x t r e m e -and never h a p p e n s in 

a real dr iv ing s i t ua t ion a n d t h e subjec ts are no race drivers , which a re specia l ly t r a ined 

t o drive t ime-opt imal ly . Therefore , t h e exper iment m u s t a u t o m a t i c a l l y c o m e t o t h e 
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resul t , t h a t t he s imula t ion does no t reflect t h e dr iver behavior of t h e 

S y s t e m i n p u t : t h r o t t l e s i g n a l 

t es t subjects . 

Fig. i , Simulation 
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a n d accelerat ion p o i n t s 

•. - S i m u l a t i o n , r e s u l t s j 

T h e s t a r t i n g - c o n d i t i o n of t h e s imulat ion- is a t s p e e d o£ 4 m / s , which basically m e a n s 

' S t and st i l l . T h i s i a e t - h a s t o b e t aken into; account , when compar ing the s imula t ion 

resu l t s w i th t,he resul ts pf t h e driving, s imu la to r expe r imen t . T h e s imula t ion resul ts 

show, t h a t -the proposed dr iver mode l always accelerates .with full th ro t t l e . Therefore 

t h e dr iver -uses t h e m a x i m u m available engine /power , which is op t ima l in respect t o 

-minimize t h e d r iv ing t ime needed t o coyer t h e whole d i s t ance of t h e HM. However, t h e 
dr iver uses t h e brakes carefully in order n o t t o lose t o rhuch speed . 
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D r i v i n g s i m u l a t o r r e s u l t s 
T h e s t a r t i n g condi t ion ofi the, dr iving s imula to r exper iment , differs* f rom sub jec t t o 

subject , because of t he ' cou r se of the expe r imen t , see chapter* 7.2.*5. T h e l a s t successful 

run t h r o u g h t h e H M was t aken as resul t of. each respect ive sub jec t , which causes 

different ini t ial veloci t ies ,of\each set of recorded t e s t data.- In addi t ion, ' is t h e in i t ia l 

speed much h igher t h a n t h e ini t ial speed of t h e s imula t ion , which s t a r t s f rom an a lmos t 

s tands t i l l . Due t o t h i s s t a r t i n g condi t ion is t h e ^subject 's brake p o i n t for t h e first t u r n 

ou t of range. Therefore , is t he first significant p o i n t of the* course of t h r o t t l e pos i t ions 

the accelerat ion p o i n t of t h e first t u r n a n d no t - the b rake point of the" first t u r n as in t h e 

s imula t ion resul ts . T h e drivers-rarely use t h e possibi l i ty t o acce lera te w i t h full t h ro t t l e , 

which is "not o p t i m a l in respec t of-the .given- preference*. T h e b r a k i n g behav io r of t h e 

subjec ts is also not- time-optimal, see Fig. 8.24.2 and-F ig . "8.24.3. The* b rake p o i n t s 

a re defined as t h e p o i n t s of t h e course-of t h e vehicle velocity, when- the -ve loc i ty s t a r t s 

to .decrease again , s ee 'F ig . 8.31. This defini t ion 'coincides perfect ly *with ' the course of 

t h ro t t l e posi t ion in t h e s imula t ion results , see Fig. £.24.1'. B u t t h e "brake p o i n t s of t h e 

subjects, a re mos t ly p l aced before the sub jec t s ac tua l ly s t a r t b rak ing , wh ich m e a n s t h a t 

they decelerate the.vehicle- 'by only a t h r o t t l e pos i t ion of 0. Therefore , d i s t a n c e needed 

for decelerat ing t h e vehicle increases. D u r i n g th i s add i t iona l d i s tance , is t h e vehicle 

speed lower as ac tua l ly possible , which m e a n s t h e dr ivers do n o t b e h a v e opt imal ly . 

C o n c l u s i o n t 

Xhe driver behavior pf (the proposed driver mode l is opt imal- in respec t of t h e preference 

t o drive, t ime-op t imal ly , rtput it does no t reflect t h e h u m a n dr iy ing b e h a v i o r . T h e h u m a n 

driyers, t o n o t behave optimally. , In general , t hey do n o t use fu\l t h r o t t l e t o acce lera te 

the vehicle^ wfych resu l t s i n a iower vehicle speed as possible a n d t h e y d o n o t decelera te 

the , vehicle proper ly . ,The b rake points , which m a r k t h e points , of, a - r e d u c t i o n of t h e 

vehicle speed, a r e n p t p laced a t points , whe re t h e subjec ts actually, s t a r t to use t h e 

brake.. They, a re p laced Jjefore, which resul ts in a ' l onge r braking,pl is tance a n d b rak ing 

t ime ( as necessary., , < 

S y s t e r n ' r e s p o n s e : ' v e h i c l e t r a j e c t o r y 

S i m u l a t i o n r e s u l t s '' ' 

T h e 1 driver always s ta r t s ' corner ing 'a^ t h e ou ts ide shoulder a n d pul l s t o w a r d t h e inside 

border Of ' tne roetd 'whi le braking . THe driVer accelerates1 aga in a t t h e p o i n t s of t h e 

t r a j ec to ry wi th t h e h ighes t curvature . D u e t o t h i s behavior , t h e dr iver c a n max imize 

the vehicle velocity w i t h o u t exceeding t h e acce lera t ion l imi ts which a r e given in t h e 

t ra jec to ry p l ann ing layer. T h e driver reduces1 oh o n e ' h a n d t h e l a t e r a l acce le ra t ion d u e 

t o a t ra jec to ry w i th t h e lowest possible c u r v a t u r e t h r o u g h t h e H M . O n t h e o t h e r h a n d 

the l a te ra l accelera t ion d u e t o a perfect t i m i n g of vehicle speed w i t h respec t t o t h e 

vehicle i t r a j e c to ry . 'The vehicle speed*is*.always reduced , when t h e t r a j e c t o r y cu rva tu re 

'increase's, a n d t h e vehicle. .accelerates ag'anr, w h e n t h e t r a j ec to ry c u r v a t u r e decreases 

again. < i •- ^ 
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• D r i v i n g s i m u l a t o r r e s u l t s 
T h e recorded vehicle t ra jec tor ies a re n o t op t ima l wi th respect t o the given preference. 

Some of t h e subjec ts even lose con t ro l over their vehicle a n d dr ive a lmos t of t h e t e s t 

t rack, ,see Fig . 8.26 (first t u r n ) , F i g 8.29 (first t u rn ) , Fig. 8 .30 (last t u r n ) . T h i s is 

p robab ly caused by a w r o n g e s t i m a t i o n of t h e vehicle speed, which was ac tua l ly h igher 

t h a n t h o u g h t . T h e h igher vehicle speed led then t o a higher l a t e ra l accelerat ion, which 

exceeded t h e t i re forces. Sk idd ing a n d a loss of t h e vehicle cont ro l is t h e resul t . T h e 

subjec ts a lso d o no t choose consequen t ly the t ra jec tory wi th t h e least curva ture , which 

means t h a t t h e drivers d o n o t a lways s t a r t corner ing a t t he ou t s ide shoulder a n d pul l s 

toward t h e inside border of t h e r o a d while, corner ing and . T h e subjec ts -s tay very often 

too, close t o t h e midd le line or a t one side of t h e tes t t r ack a n d , therefore, do n o t use 

t h e benefit of the ent i re road w i d t h in order t o increase t h e cu rva tu re of t h e vehicle 

t ra jectory, see Fig. 8.27, F ig . 8..28. In addi t ion , t he . acce l e r a t i on -po in t s a n d b rake 

poin ts a re n o t placed optimally.- So, t h e acceleration po in t s a re no t always p laced a t 

t h e ver tex of t h e tu rn , as i t would b e op t imal w i th -respect t o t h e given preference, see 

Fig. 8.27, F ig . 8.28. T h e b rake po in t s are somet imes comple te ly misplaced, see F ig . 

,8.27 and often t oo far away f rom t h e tu rn , see "Figii 8.26,"Fig^ 8.28, which leads t o a 

lower vehicle velocity as i t . i s p o s s i b l e and to a longer t i m e n e e d e d ' t o cover t h e whole 

d i s tance of t h e HM.- i 

C o n c l u s i o n 

T h e Vehicle t r a j ec to ry o f l h e s imu la t ion i s 'op t imal ; according t o t h e given 'preference. 

W h e r e a s t h e t ra jector ies r ecorded in* the dr iving s imula tor expe r imen t , a re far from 

being o p t i m a l . In t ra jec tor ies a re not ' op t ima l i n respect "of t h e t ra jec to ry curva tu re , 

the" in i t i a t ion of t u r n s a n d t h e pos i t i on of the b rake po in t s a n d accelerat ior i 'points w i th 

respect o f the 'vehic le t r a j e c t o r y ' a n d t h e test track.*-These deviations 'from" t h e o p t i m a l 

behavior a r e p robab ly p a r t l y caused by the dr iv ing s imula to r . Tfie_ represen ta t ion of 

the t e s t - t r a ck in t h e s imula to r , m a k e s : i t difficult fd r the ' c i r ive r s - td nego t ia te t h e r o a d 

curva tu re . T h e lack of flow of t e x t u r e reduces t h e abil i ty t o ' e s t i m a t e the vehicle speed . 

No accelera t ion feedback a n d n o feedback of the t i re noise cause difficulties t o e s t i m a t e 

t h e t i re s a t u r a t i o n . B u t regard less th i s const ra in t of t h e d r i v i n g s i m u l a t o r ^ Js_ also 

i m p o r t a n t t o see, t h a t t h e sub j ec t s t a r e no t specifically t r a i n e d t o drive t ime-opt imal ly . 

Th i s preference does n o t occur u sua l ly in such a marked degree ^ in^n or/ i inary d r iv ing 

s i tua t ion . So i t . i s no t surpr i s ing , tha,t; the, subjects, do no t b e h a v e t ime jop t ima l ly a n d , 

therefore, t h e s imula t ion resu l t d q e s . n o t reflect t he subjec ts behavior . 

d i s tance before a curve a n d t h e speed m i n i m a a t t h e po in t s of t h e vehicle t r a j ec to ry 

w i th t h e h ighes t cu rva tu re , see also Fig. 8.25. 

• D r i v i n g s i m u l a t o r r e s u l t s 
T h e s t a r t i n g veloci ty is different from subject t o subjec t , because of t h e course of t h e 

expe r imen t , see chap te r 7.2.5. T h e y are" in the range from 30 - 5 0 m / s . T h e subjec ts 

also reach the i r t o p speed in t h e 6 t h s t ra ight sect ion of the tes t t rack . I t is in t h e range 

of 25 - 3 8 m / s , see Fig. 8.31.2 a n d Fig. 8.31.3. I t is no t possible t o ass ign t h e b rake 

po in t s a n d accelera t ion p o i n t s t o specific po in t s of t h e tes t t rack as in t h e s imula t ion . 

T h e d i s t r i bu t ion of these p o i n t s is too wide a round the curves of t h e t e s t t r ack , so t h a t 

no special p a t t e r n becomes obvious, which is followed by t h e majo r i ty of t h e subjects . 

• C o n c l u s i o n 
T h e sequence of brake p o i n t s a n d acceleration po in t s ca lcula ted by t h e s imula t ion , 

is o p t i m a l ad jus ted t o t h e t e s t t rack . T h i s is n o t t h e case in t h e recorded velocity 

profiles of t h e d r iv ing s imu la to r exper iment . Especial ly in the midd l e p a r t of t h e tes t 

t rack , which is difficult t o dr ive , is it no t possible t o ex t rac t a specific d r iver behavior 

for b rak ing a n d accelera t ing . Obviously, t h e sub jec t s a re no t able t o fulfill t h e t a s k 

op t ima l ly a n d , therefore, t h e s imula t ion does no t reflect t he subjects d r i v ing behavior . 

T h e reason, w h y t h e sub jec t s c a n n o j fulfill t h e given task is p robab ly p a r t l y caused by 

t h e cpns t r a in t of t h e d r iv ing s imula tor , see chap te r 7.2.3, like t h e lack of accelerat ion 

feedback, e tc . A n o t h e r reason is probably, t h a t m o s t of t h e subjec ts a re n o t well t r a ined 

to drive t ime-op t imal ly . T h i s preference, especially in such a marked degree does n o t 

reflect a u sua l dr iv ing s i t u a t i o n on public roads. Therefore, it is n o t surpr i s ing , t h a t 

t h e sub jec t ' s behavior differs from the op t ima l behavior . 

S y s t e m r e s p o n s e : v e l o c i t y p r o f i l e - , «,t 

• M , . , - . - • 
-j • . S i m u l a t i o n r e s u l t s •» • * * — • . , ( 

k T h e s t a r t i n g velocity of t h e vehicle is 4m/s: T h e vehicle r eaches i ts^top speeds on t h e 

s t ra igh t sec t ions 'o f the H M . T h e abso lu te "top.speed o f -36p i / s reaches the-vehicle on 

t h e end of t h e 6 t h s t ra igh t sec t ion , see Fig. 8.31. T h e speed m a x i m a are1 a lways a s h o r t 
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C h a p t e r 9 

C o n c l u s i o n s 

D r i v i n g c a n b e charac te r i sed as goal ^ £ ^ ^ * ' £ £ ^ 

t o r s a n d obs t ruc t ed by < ^ t ^ . b ^ J ^ ^ ^ ! B a n d t h e cons t ra in ing fac tors 
t h a t t h e a sp i ra t iona l fac tors which are a t e c a U e d pre ieren e ^ 

a re processed b y t h e h u m a n dr iver m such a way h a - t h e „ * ^ ^ 

neuver . Therefore , i t is also a s s u m e d t h a t i t i spos s ib l e t o s : e x R e r i m e n t 

u s ing non- l inear op t imiza t ion . A real-world ^ ^ ^ ^ f n c l u d e d , i m p l e d r i v ing 
were car r ied o u t in o rde r t c . p r o v e ^ s a s sumpt , T e expe r ime ^ ^ & _ 

M o t o d r o m ) . . , 

O n t h e s imple t racks , t h e . s ^ c t a , had. t c ' J ^ X ^ £ ^ ^ ^ ^ 

acce le ra t ion , main ta in ing , a ^ ^ ^ ^ ^ ^ ^ ^ which, ac tua l ly reflects 

r o a d , . I n these t ^ P ^ ^ ^ ^ ^ ^ ^ ^ L ^ t h e ' d i r e c t dr iver 's ac t ions , 
t h e h u m a n dr iv ing behav ior . T h e sys t em inpu t n w m 1 S 6 i 

like s teer ing wheel ang le a n d t h r o t t l e s i g n a l v
B J ^ ^ ^ ^ t i o n L d long i tud ina l 

which is r epresen ted by t h e ™ " ^ f C t ^ f ^ £ * e s p 0 n s e of t h e vehicle m a t c h 
acce lera t ion . T h e - s y s t e m i n p u t o f ^ d ^ ^ ^ I Z Z s ^ ^ r , resul ts can b e 

- t h e s imula t ion resul ts w i t h i n t e n a b e ^ ^ S ^ h y f i c a l skills and technological 

*-' * , • • n or,r?*tiiP rpqnlts of t h e e iper infent^ enables us t o 
T h e c o r r e s p o n d e n c e - * t h e s imu la t ion resul ts .and t h e r e s u l t s ^ * t h P taffi 

p r e d i c t . h u m a n - d r i v f t g b e h a v i o r t o a cer ta in ex " £ ^ S s f t ^ w i t h . t h e h u n a a n 

crucia l , if e.g. a dr iver s u p p o r t s y s t e m is ^ ^ ^ ^ Z d e a technique, wh ich 
dr iver . • W i t h ' the. fo rmula t ion d i s us d in tins t h e s * we c p ^ ^ ^ 

' ^ ; h S ^ s ^ r t S d S o = e £ t h e h u m a n d n v e , i n cont rad ic t ion t o 
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t h e decisions m a d e by the dr iver s u p p o r t system. 

Chapter 9. Conclusions 

So far, we c a n d r a w th i s conclusion for simple dr iv ing maneuvers . T h e va l id i ty of t h e pro

posed dr iver m o d e l in more complex d r iv ing s i tuat ions, like m o r e difficult rou te s o r add i t i ona l 

traffic on t h e d r ive r s lane as well as oncoming traffic h a s t o be invest igated. Therefore , we 

also discussed a n expe r imen t , which required to drive t ime-op t ima l ly t h r o u g h a r ace t rack 

(Hockenhe im M o t o d r o m ) . A l t h o u g h t h e s imulat ion resu l t s a re o p t i m a l w i t h r e s p e c t t o t h e 

given preference, t h e y d o n o t reflect t h e behavior of t h e h u m a n subjec ts in t h i s expe r imen t . 

T h e influence of t h e dr iv ing s imu la to r in such a ex t r eme d r iv ing s i tua t ion was t o b ig in order 

t o d r a w conclus ions from th i s expe r imen t . Especially, t h e lack of acce lera t ion feedback and 

t h e few visual a ids , which d o n o t provide a sufficient flow of t ex tu re are t h e m a i n reasons 

w h y the s u b j e c t s have p rob lems in dr iv ing opt imal ly t h rough the t rack. A n o t h e r reason, 

t h a t m a y exp la in t h e difference between the s imulat ion resu l t s and t h e s ub j ec t ' s behav ior 

is t h a t d r iv ing t i m e - o p t i m a l l y is n o t a preference, which is usual ly appl ied o n p u b l i c roads . 

So , t h e sub j ec t s a r e n o t t r a i n e d enough j u s t by the i r genera l d r iv ing exper ience t o fulfill 

successfully t h i s ve ry special t a sk . 

B u t in o rde r t o d r a w final conclusions a b o u t the dr iv ing behavior in m o r e c o m p l e x d r iv ing 

s i t u a t i o n s i t is i m p o r t a n t t o .analyze a n d t o carry o u t fu r the r exper iments . I n t h e course of 

t h e d r iv ing s i m u l a t o r exper iment w i t h t h e Hockenheim M o t o d r o m as t e s t t r a c k , e x p e r i m e n t s 

w i t h add i t i ona l preferences t o t h e t ime-op t imal behavior were carr ied out . T h e add i t i ona l 

preferences were t o min imize t h e hor izonta l acceleration, t o m a i n t a i n a c o n s t a n t speed , t o 

keep t h e vehicle on t h e fright s ide of t h e road and to use the brakes, as l i t t le as possible. I t is 

i m p o r t a n t t o a n a l y z e th i s resu l t s a n d t o .compare t h e m w i t h t h e resu l t of t h e t i m e - o p t i m a l 

d r ive r behav io r . T h i s preferences d o n o t involve as much knowledge a n d in fo rma t ion a b o u t 

t h e vehicle d y n a m i c s a n d t h e cu r r en t sys t em s t a t e as t h e t i m e - o p t i m a l preference. Therefore , 

t h e cons t ra in t of t h e dr iv ing s imu la to r becomes less i m p o r t a n t and t h e sub jec t s b e h a v e in 

a more real is t ic way. In add i t ion , t h e s e preferences are c o m m o n l y used in p u b l i c traffic. 

So, the" dr ivers d o n o t "need special d r iv ing knowledge a n d can apply ' t h e d r i v ing exper ience , 

which they g a i n e d over the years . ' 

For, fur ther e x p e r i m e n t s it is also i m p o r t a n t tp s i m u l a t e h u m a n driver ,behayior wi th^a m i x 

of preferences. T h e s imula t ions ca lcu la ted for-this .pro jec t ,a re carr ied o u t w i th an e x t r e m e 

weight on special-preferences. B u t on ly . in rare cases human-dr ivers have j u s t one. preference. 

.Usually a m i x of preferences is used. 

I t is also i m p o r t a n t lo men t ion , t h a t the 'cognit^ve "decision ' layer, which gives t h e p roposed 

'driver mode l the'T-equired flexibility'is n o t ' implemented ye t a n d , therefore, Yhe s imula t ions 

in t h i s p r o j e c t ' were' ca lcu la ted w i t h o u t the cognitive decision 'layer, ' t h i s h a s j u s t l i t t le 

i m p a c t , on , the carr ied , ou t expe r imen t s and thei gained resul ts , because - fo r one t e s t r u n 

f always j u s t o n e preferences was given. ,Butifor future research, especial ly wi th , inc reas ing 

ex te rna} 'd i s tu rbances j t he cognitive,decision layer is crucial t o mode l -human dr iver behavior . 

'Environmental- influences like wea the r , day t ime or o ther road users h a v e grea t" impac t -on t h e 

h u m a n d r iv ing bejhayior a n d cause t h e h u m a n driver t o change preferences. T h e cogni t ive 

depision layer w o u l d also enab le t h e plriver mode l t o swi tch be tween different p red ic t ion 

S E E : V S Z S Z Z Z E Z L , « . , . - - - - - - — « 

resu l t s . 
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