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Abstract

Title : Model of human vehicle driving — a predictive
nonlinear optimization approach '

Author : Giinther Prokop
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When driving a vehicle the human acts as a controller in a highly dynamic environment.
Thus human behavior in that control loop has to a large extent been described using control

. theoretical methodology. We develop a driver model, in which driving is seen as a model

predictive control task in such a way that the driver accumulates knowledge about his/her
vehicle’s handling properties. He/she builds a model out of that knowledge and uses it to -
predict the vehicle’s future reactions on his/her control inputs. The human’s behavioral
optimization is reflected in the driver model by using that prediction model in order to
optimize control inputs such, that a set of criteria, which reflect human well-being, are
minimized. Prediction models and criteria depend on the current driving situation and
on personal driver preferences. The principal properties of the driver model are discussed
using very simple standard maneuvers like driving straight and cornering under different
preferences. The method is then applied to a more complex track. The findings from that
are backed up by experiments done in real world and in a driving simulator.
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Executive Summary

When driving a vehicle the human acts as a controller in a highly dynamic environment. The
buman operator must process different sensory perceptions suitably to continuously generate
control input to the plant. He/she works as a dynamic controller, which uses his/her model
information about the plant, together with his/her sensory perception to achieve his/her
control aim. Thus human behavior in that control loop can to a large extent be described
using control theoretical methodology.

Realistic driver models are particularly useful in three respects: first, it enables us to evaluate
vehicle handling properties by computer simulation in a very realistic manner. Thus the test
setup in a computer simulation can be exactly the same as in a real world experiment, so
that - provided the model is realistic - the same conclusions can be drawn. Second, when
developing driver support systems such as ABS, ESP, brake assistant etc. the driver is a
non-negligible part of the system, introducing hlS/ her own dynamics. If the human in the
control loop is not properly considered, he/she can destroy much of the benefit gained by
these systems. Third, when developing vehicle guidance controllers, they should be designed
such that the human finds them acceptable. The chance to achieve that is large, if such
a controller acts in a similar way than the human him-/herself would do. Thus, in this
application driver models are needed for prediction and adaptation.

Starting from basic assumptions coming from every day’s experience we try to deduct a
quantitative answer to the question of human behavior as a dynamic controller. These
assumptions are:

e Man can use and coordinate his sensory perception. If the human is to control
'a dynamic plant, he/she must have the possibility of perceiving important output
quantities with sufficient accuracy. Provided this, the human is able to relate different
percepfive inputs to each’ other, in order to get a clear image of the' current system
state. Therefore, we'can assume that the human is capable of deducing the current
state of motion from his/her sensory perception.

e Min has the abifity to learn dyndmic system’s behavior. Thus, to accumulate
* inforination about the plant dynamics by operating it. He/she does so by continuously
comparing the plant behavior in response to his/her input signals versus the behavior
he/she would have expected.from his/her imagination gathered so far. Consequently,
the human can cons’gantly improve hls/her imagination of the dynamic plant, and
he/she is able to predlct its behawor ever more precisely.

e Man is able to optimize his/her’ behavmr Experience shows that the human, as
soon as he/she has understood to a certain extént the system to be controlled, is able
to optimize his/her behavior by exercising. In the context of driver modeling mainly
the vehicle’s trajectory on the road and its velocity, but also the gear sequence are
adjusted optimally by the human driver.
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We develop a driver model, in which driving is seen as a model predictive control task in such
a way that the driver accumulates knowledge about his/her vehicle’s handling properties.
He/she builds a model out of that knowledge and uses it to predict the vehicle’s future
reactions on his/her control inputs. The human's behavioral optimization is reflected in the
driver model by using that ‘prediction model in order to optimjze control inputs such, that a
set of criteria, which reflect human well-being, are minimized. Prediction models and criteria
depend on the current driving situation and on personal driver preferences.

The optimization is performed using a Sequential Quadratic Programming algorithm. The
objectives f(p) of that optimization are connected to the optimization parameters p by

dynamic constraints. A procedure is shown to-calculate-analytical partial derivatives _J;(gl

of the cost functions f(p) with respect to the optimization parameters p, in order to improve
numerical convergence of the optimization...

The principal properties of the driver model are discussed using a one track vehicle model
as the'plant including aerodynamic drag, an HSRI tire model and the engine characteristics
being modeled by a look-up table in combination with a first ordel; filter (PT1).

Simple standard maneuvers like driving straight and cornering under different-preferences
are used to study the principal behavior of the resulting driver model. The method is then
applied to a more complex track, the Hockenheim Motodrom, Germany. The findings from
that are backed up by experiments done in real world and in a driving simulator.

The results show severgl things:

o The behavior predicted by the driver model corresponds well with real human behavior
under the conditions.tested in the. e\:perlmeng. Comparison of simylation ,and-exper-
1ment shows that the human driver is involuntarily able to optimize his/her behavior
for given preferences. This backs, up the hypothesis that driving can in. principle be
chara.ctenzed as a continuous optimization task.. However, it is necessary to extend

”Ehe real world experiments to higher speeds and more complex tracks.

o The vehicle’s trajectory during curve fiegotiation differs considérably from the curva-
ture minimizing trajectory.. It depends stronglv on the active preference, and has to
be considered in combination with' the velomty proﬁle along it. Th1s corresponds well
W1th experiences from racing dnvmg

-

H ]

¢ Experimental investigations in a statc driving ‘simulator-have otlly limited meaning-
fulness in the context of miodeliflg drivér control behavior. The Sensory ‘perception
is simply too different from-that on a real road, since any acceleration input to the
human is missing. Either a dynamlc driving simulator or, extended real world testing
is Jecessery for further validation of the model.

i 0
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Chapter 1

Introduction

Technology serves man. Man operates machines. Interaction between man and machine is
as old as technology itself. In applications, which contain fast movements and non-negligible
dynamics, the human operator must process different sensory perceptions sultably to con-
tinuously generate control input to the plant. He wofks as a dynamlic controller, which uses

'his modéFinformation.about the plant, together with his sensory perception to achieve his

¢ontrol aim.
}

Every day’s.experience shows that the human is able.to control and stabilize dynamic plants
of surprisingly high complexity, involving high order dynamics and nonlinearities of all pos-
sible kinds.

Con51der for example a chlld balancing 3 ba, ‘Wwhich rests vertlcally on the palm of his/her
atid. In the first place, ‘the chlld will recognize the instability, of th.at vertical bar. Secondly,

:he would reahze that he can know the current state ¢ of motign of the bar by watching it

and sénsi g the forces 1mposed on his hz}nd He will then see that he can influence the
bar’s ‘motion by moving His ha.nci and soon - a.fter a bit of. tralmng — the child will be able
to balance the vertical bar on his hand, thus to control and essentially stabilize a formerly
unstable dypamic plant.

Playing'soccér seems to be 2 really natural thlng for ‘most of ds — at least in our culture.
Fact'is th4t the human gate; which'is ¢ticral in this task is one of° the’ mosf highly developed
skills ofiiidn s far-as the control’ of*dynamm plahts 18 cohcerned But Walkmg and running
is only.part of the game. -Soccer'is interesting becausé' the players are 1nt.eract1ng with a ball,
precisely” coritrolling its movements and ‘taking into accolit its ‘dynamic ‘motion under the
influence of impacts, friction, and tricky aerodynamic forces.

One could think of a lot of other examples, where humans control complex dynamic plants
without any ‘apparent d1fﬁc1ﬂt3z aitd virtually mvoluntarﬂy Seemmgly, man has developed
skills;*whicH *allow hifn<to _pérform such ‘tasks. One of the 1mpor£ant questmns a.nsmg from
this"obsefvation is!if and Bow humah béhiavior in this context, can Be déscribed systemati-
cally, and if his reaction_to certain-'inputs" can be predicted to some extent.
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Chapter 1. Introduction

Research in this area is certainly mainly biological, behavioral, and to some extent psycho-
logical.

Engineers, however, are concerned with these issues as they try to design appliances to
be operated by humans. In some cases these appliances exhibit non-negligible dynamics.
Undoubtedly, such devices should be built in such a way, that they support the operator’s
actions and - dynamically — make his intuitive reactions to a certain perception stabilize the
plant, so that it can be easily controlled.

To accomplish this aim, we chose a descriptive approach to human behavior, rather than
to try to explain those particular human skills by biclogical means. The term "descriptive"
means that we try only to describe human behavior in the control loop without explaining it
physiologically or psychologically. Starting from basic assumptions coming from every day’s
experience, such as the examples mentioned above, we try to deduct a quantitative answer
to the guestion of human behavior as a dynamic controller.

These assumptions' are:

. Man can use and coordmate his 5ensory,percept10n‘ If the human,is to control a
dynamlc plant he must have the possibility of perceiving important output quantities
“with stufficient accuracy Provided this, the human is able to relate different pegceptive
inputs to each other, in order to get an even clearer image of the current system state.
Therefore; we can:assume that the human:is capable of déducing the-current state of

' motion from his sensory perception.

¢ Man has the ability to learn dynamlc system s, behavior. Thus, to accumulate
infornfation 3bou the plant dynanucs By Jllst opera.tmg it. Heé does so by cont.mupusly
coﬁ‘xpanng the plant behavior i in response to his mppt signals versus the beha.vmr he
* would have expected from his 1ma,g1nat1on,ga,thered 0] far Consequer;tly? the human
dan constaﬁtly 1mpro\re hi$ i a.gma.tlon of the dynar{'uc .plapt a.nd he is able to predict

1ts be‘Hémor more and more]gremSely bt

i -

15 ? 1 [ LI P

e Man is able to optimize his behavior. Experience shows that the human, as séon

ag he hag undorstood to a certain extent the ,system to be controlled, is able to optimize

g hlS bt;havwr Seemmgly, this optlmlzatlon sklll is somehow part of human, nature. {In
most cases, this happens alqlost ;nvoluntanly, as it is the case when.learnizg, to  walk
or to rlda a plcycle .But, there are other cases, whel;e, really .conscious decisjons sare
1nvolved in, this optlmlzamon for example .when playing, chess! or in, the.soccer game

mentioned above. oy N PRI TS

I o b v For, 1
Dr1v1ng a Vehlcle is a task Wthh Js: nowadays performed by-almost gvery- sadult person
in mdustnahzed countries. l}nder normal conditions, most, people are able 10 driye safely.
Statlstlcs show however, that ,yoa.d a.cc1dents keep happening, whlch means that ynder, certain
o

lis M

1Chess can be considered a$ & highly cothplex discrete-tiine dyhamic systernh. *

?_

.1.1. Research concept

circumstances human beings are not able to keep their vehicle safely under control. Thus,
Jhumans fail to stabilize their cars in particular situations.

"The need for enhanced driver- assmtance systems to support the driver in his task in today’s

Yehicles is therefore obvious. On the other hand, to determine, if a particular system rcally
fulfills the requirements it is designed for, and if it still does.so in interaction with the
human, is not, trivial. Driver assistance systems usually influence the dynamic properties
:qf the vehicle, causing the operator to thange his behavior and 'possibly destroy the-desired
effect.

It is therefore necessary to study<the human- operator’s actions and reactions as part of the
dynamic plant, in order-to evaluate the imrpact of diiver assistance systems on road safety.

Vehlcle driving is-thus a good a.rid useful example for the study of human behayior in the
loop It has become €ven more 1mportant durlng the last couple of years since substantial
1mprovements in computer technology and ever more elaborate 51mula.t10n techniques allow
a great deal of design and development work to be done by sunulatlon Accurate simulation
models of the driver support this:

4

1.1 Research concept

visual
information
external disturbance
plant  system state
. |+ (vehicle dynamics) ’
-——-—-——-—-—’
i
o A 4
K driver 1 A
Anput _ _
,drwp‘r‘perceptlon
1 i
o
i ' £
driver ———aoo
T . L

+ Figure-1.1: Control loop .consisting. of vehicle, plant, and
-external disturbances « ' = '

ny” 1 > ‘
[

(1115

The driver of .a vehiclé is:partrof a.closed ‘control 1gop- consisting of a plant, which is the
vehicle itgelf, and-the driver, who is.tocontrol the plant, see.Fig. 1.1: The vehicle's dynamics
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4 . Chapter 1. Introduction

is excited by external disturbances, whick partly can be perceived by the driver a certain
time in advance. The input passed from vehicle and environment to the driver consists
of visual information, accelerations, velocity information, position and velocity of potential
obstacles etc.. It provides'the information needed by the human to judge a certain situation
and react. appropriately. -

In doing so, the driver can essentially act on the steering wheel, the accelerator and brake
pedals, as well as on the gear shift and the clutch pedal. These devices are the control inputs
the driver uses for his action.

Research on driver behavior must start with a-proper description of the plant to be controlled,
namely the vehicle’s dynamics. We will introduce two, dynamic vehicle models in chapter 2.
The vehicle model must contain all effects, which can possibly affect the driver’s behavior.
However, the ‘mibdeling techniques ‘to be ‘used for this part are quite straightforward, and
Since, in dddition, they are not part of the research, their descrlptlon is very compressed in
chapter 2.

The proposed approach to driver modeling is essentially a model predictive contro! method
based on the above mentioned assumptions on the nature of human behavior in the control
loop. With increasing driving experience the human accumulates model information about
the vehicle’s-dynamic behavior. He uses this model contlm;ously, together, with: his sensory
perception to generate steering, throttle, brake, gear, and clutch inputs as needed to stabilize
the car:

There are threes tasks to be carried out by the driver. They constitute an hierarchical
controller, whichi reflects the human’s thinking d{ffiii'g_ihe ride: -

[rav— .

. Cogmtlve decision: This is the highest h1erarch1ca.1 level in the controller. Based
upon his expert knowledge about driving, the human decides on his preferences during
the ride in a particular situation, e. g. if he wants to go as fast as possible or, on
the other Hand, he considers a su;uatlon dangerous and tries to,decelerate as quickly
as possible, Another possible goal is to minimize accelerations- ‘on the passengers to
enhance-riding comfort. The cognitive decision task must ther(ifore provide a set of
weighting factors to give a trade-off between the cost functiohs of the subsequent
trajettory ‘optimization. !

It is"also necessary in the cognitive decigion task to decide on t;he model to be used
for optimizing 3 trajectory. Some possible medels are described in chapter 3. This. is
important to describe the huma.n ability to adapt to changing dynalmc behavior of the
plant. . .

- b

expert knowledge. It is also a process, where p0551ble decisions are not markedly
separated from each other. Therefore, a fuzzy*rule based decision making approach
seems Suitable to implement this task effectively:

» Trajectory optimizatjon: Once the driver has decided, on his.preferences during the
ride, he must convert this into proper action by generating a tfajectory, which He wants

1.1. Research concept ' 5
visual
information
external disturbance
plant system state
(vehicle dynamics)
U
steering angle
throttle position ¥
gear
clutch driver perception
control, ]
stabilization
h 4
preplanned
trajectory extrapolate
sensed data
trajectory

optimization

driver's
preferences

preference
generation

Figure 1.2: Basic 3-stage control concept for the descrip-
tion of driver behavior

the vehicle to follow, and a velocity profile along it. He utilizes his sensory perception
to estimate the current state of motion. Together with his information from looking
shead and the model information about his vehicle he is able to predict the reactions

of his vehicle to certain driving inputs.

According to the above assumptions on human behavior, man is able to optimize
his ‘action, provided that he has sufficient knowledge (=experience) about the plant
dyna,mlcs He is thus able to work in a model-predictive controller fashion, i. e. to
optimize his future action at one time, apply the optimized action for one time instance,
and optimize again. Depending on the complexity of the situation, the sampling time
of this action varies from about.0.2 s to 3 s, according to [15].

In mathematical terms the trajectory optimization task constitutes a nonlinear vector




Chapter 1. Introduction

optimization problem under dynamic equality and inequality constraints. In chapter 5
the corresponding optimization problems are formulated, such that they can be solved
using standard numerical optimization algorithms.

Control and stabilization: The lowest control level reflects the continuous stabiliza-
tion of the plant by the driver. The task is to continuously adjust throttle, brake, and
steering angle to minimize deviations from the trajectory, which has been preplanned
in the trajectory optimization level.

During simulation, this is done at a sampling rate, which makes it virtually act as
a continuous controller when considering the high time ‘constants involved in human
action.

This stabilization task generally constitutes a nonlinear vector optimization problem,
which is to be solved considerably more often than the'trajectory planning problem. Its

formulation and solution are given ip chapter 6. However, the high sampling frequency

required makes the simulation of this, task very costly in terms of CPU-time. Several
possibilities are being discussed therefore iri chapter 6 to reduce computational effort.

4

Chapter 2

~

Vehiclé simulation models

The mechanical model of the plant, which is to be controlled, is the basis of all further
investigations. All effects necessary for the human control task must be included. Since
our focus is on the human controlling the dynamics of a vehicle, we have to set up a model
describing a road vehicle’s lateral and longitudinal dynamics in the frequency range, in which
human control takes place.

This mddel must be distinguished from the simplified models described in chapter 3. The
latter are used by the driver to generate his input signals. Unlike that, we try here to describe
the physics of the plant, regardless of the driver's knowledge about it. The models developed
in this chapter are used as plant models as depicted in Fig. 1.1.

The methods used therefore are standard multibody modeling techniques. They are not
described, in detail here. We rather refer to a variety of textbooks on this topic, e. g.
1, 5, 8, 12].

Starting from the kinematic properties of the vehicle, the dynamic equations of motion of
second order

M(q)d + h(g,q) =B(a)f(t,q,9) (2.1)

1 . '
are derived tq describg its mechanica] dynamic behavior. ¢ € IR" denotes thereby a vector
of suitably chosen minimal coordinates with n being the number of degrees of freedom.
M (q) €-R™*" is the positive definite mass matrix, depending on g. h(g,g) € R" contains
p(‘)s'sib'ie centri‘fhga‘f and C?giolis-forces. ‘
f(t,'q, §)-1s & vector consisting of all forces acting on the systetn due fo both external exci-
tations and force elements. B is the input matrix for those forces.

~




2.1 Vehicle dynamics

s‘dnderlying this model is that the respective left and rrig'ht wheéls can be ‘considered as one

8 Chapter 2. Vehicle simulation models

2.1.1 One-track vehicle model

The kinematics of the one-track vehicle model is depicted in Fig. 2.1. The basic assumption

direction
of motion

Figure 2.1: One-track vehicle model

wheel in the middle of the vehicle. Consequently, no roll motion along the car’s longitudinal
axis (x-axis in Fig. 2.1) is considered. There is also no suspension kinematics included;
front and rear suspension consist of linedr spring/damper units; which connect the uhsprung
IMasses (-wheels) w1th the sprung mass’ ( Body) oo

-

cF denotes thereby the front st suspension sprlng stiffness, dy is the front suspensmn damping
coefficient, and c¢;p is the front tire vertical stiffness. cg, dg, and c;r are the respective
quantities for the rear axis. m and @ € IR**® denote mass and rotational inertia of the hody
with respect to its center of gravity CG, The /pairs m, @r and m, @ are ‘the respective

3y

2.1. Vehicle dynamics 9

inertial parameters for the front and the rear wheel. Iz and {r are the horizontal distances
of front and rear axles from CG. s is the height of CG above the wheel axes under static
load.

The body’s position is given by the position vector of CG rg :=(£ T Yy z ]T. Its orientation
is described by the yaw angle 1 and the pitch angle ¥. 2y and zg give the front and rear
suspension deflections. ¢ is the steering angle at the front wheel, relative to the body. ap
and ap are the absolute angle of rotation of the front and rear wheels, respectively.

From this model a set g of minimal coordinates can be determined:

T
q=[$yzwi9¢7—p Zr OF aR] eRY. (2.2)

Kinematics

The translational and rotational velocity vectors of the three bodies, in terms of the minimal
coordinates g according to Eq. 2.2, can be calculated from the kinematic properties of the
system, which are given in Fig. 2.1.

Let us define:

wpg := angular velocity of car body

vp = translational velocity of car body
wr = angular velocity of front wheel

ve = translational velocity of front wheel
wp = dngular Yelocity of rear wheel

vr = translational velocity of rear wheel

and the Jacobians of the three bodies with respect to translation and rotation:

JBT = 0w

q body Jacobian (rotational)

5t

Jg: = ' %’;}5‘- body Jacobian (translationaf)b
Jpr = 6"’(’1 front wheel Jacobian (rotational)

front wheel J acobi:%.n (translational)

ol
DR
SIS

rear wheel Jacobiah (i‘otati_’on_'a.lj' )

~
B
l
Q

—B%ﬂ . rear wheel Jacobian (translational)

™o aML s, 0" DI | . L.
The translational acceleration ¥;;1 = B, F; R and rotational acceleration w;;i = B, F, R for
each body tan now be.given assuming that Hone of the ninimal coordinates is ah explicit
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function of time, see [5]: &~
Fp 7
. . 0Jy . \ . ov; — Juq . : '
v = JitQ+(Z_'EQk)Q+Z'“_t'_“'t_qQk ;i t=B,F,R Fr
k 3q}c k BQ@
aJ, Ov; = J ' (2:3) direction
. .. ir . Y . S 0 - Jipq ) . ! . . of motion
w; = Jpd+ (Z 8q:qk)q+2——’a—%‘—qqk . i=F F R
-k & _ Figure 2.2: Suspension forces
, =Wy
f
il Kinetics Assuming that front and rear suspension consist of linear spring/damper elements, the forces
I ) N acting between body and wheel are linear functions of the suspension deflections zg, 2z, and
e The mass matrix M (q) in Eq: 2.1 is calculated using the Jacobians, see [1, 5]: their velocities zp, 2g:
| vy
M(q)=J"(q)MJI(q), ° (2.4) , ,
Fr = cpzp +dpzp : frontsuspension (2.6)
where ) } Fr = crzp+dgir : rearsuspension ) *
L d ‘
mIz; 0 . o1
! 5 ot 2.2 External forces
0. mFIg )
. mgl :
M = ) R o f oo~ . - The system Eq. 2.1 is excited by external forces, which are due to the contact between tire &
i : = @L , T . and road, aerodynamic forces, engine torque, and braking. !
' @F Ocle + Ty
!. L, 0 T i a s @R -J }j P Y §
' oy o w g1, ! 2.2.1 Tire model
fllit J(q@) = [ Jpt Jre Jre Jpr Jpr JRﬂ]' Sh e . '
‘ . The tires are the primary element to both carry the vehicle load and guide it along its track.
' 3! LI FI ¢ g ’ ~ 3 ' : : . 5 . .
The vector h{q, )'is a * B ! The c:orrect.calcula.mc?tr of the c_onta.ct forces between road and tire are thereforé crucial in
any simulation of vehicle behavior.
i - o ¥ ‘
' r moy I _ . , . 'The aim is to find a,mapping - preferably a force law — which relates the kinematic quantities
- ' ra o0 i i " describing thé relative motion between tire and road to resulting tire forces and torques.
’ H : ;”' ‘ N . " .
h(q q) J7(q) mgr¥p ¢ [ ‘ o5 The tire model uysed in our context was first developed by Dugoff et al., [3] and is commonly
’ Ouwy + wpQuwpg | | 1o - ¢ (25) - called HSRI-model (Highway Safety Research, Institute). Wiegner, [17], added the align-
Orw}h + WrOpwr ing torque, and Uffelmann-included the influence of varying wheel load. A comprehensive

»4

Relative kinemaj‘:ics between tire and road g
L J 3

' Orert, @ pwh Y \ overview over the so enhanced HSRI tire model can be found e. g. in (5, 6, 7].
H i - ; i N - i T ._! -

. Sprin and damper fo n s o . . . . .o . . .
' pring pe rees i U‘Spf nsmn and steermg 'y ' ‘The miotion.of the tire is described by séveral kinematic quantities, which are depicted in |
Suspensxon forces act vertlcally betweep sprung and unspryng mass;.see Fig: 2. 2 wooo. B Fig. 2.3: :
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v

Figure 2.3: Relative kinematics and resulting contact
forces between tire and road

Table 2.1: Kinematic quantities

vym : planar absolute velocity vector of the wheel center,
wy : angular velocity of the wheel around its axle,

07 : camber angle,

a : slip angle.

The longitudinal slip s between tire and road is defined as

£
i 1

! vl cosa — Rw
! “ InﬂM”cosa ; ||vne)| cosa > Run brake.  « -
o : (2.7)
b o H}%KHCOSQ ; ¥ ||va]|cose < Rw accelerate !

Fe

The ,modlﬁed HSRI tire model ;

The following desctiption of the modified HSRI tire model i§ an excerpt of all the’ hterb.f,ure
mentioned.above, It can be comprehended in detail e. g. in [5).

Given several parameters describing the mechanical properties of the tire: t
With the kinematic quantities defined in Table 2.1 and in Eq. 2.7, the following intermedi'afte

quantities are calculated with F; being the eurrent vertical tire force, and F}; being its static
value: ¢

External forces 13

2.2.

‘Table 2.2: Tire properties

fr ¢ traction potential
kr : traction coefficient
C, : lomgitudinal slip stiffness
C, : corhering stiffness
2lp : léngth of tire contact patch
.cr : ‘carcass lateral stiffness
3 ~

’ ¥
N

The slip velocity Vs betomes

vy = ||va|| cos o/ s? + tan® a. (2.8)
With this we can give an estimate for the coefficient of friction u:

p= fr(l—kgpvs) . (2.9)
Uéing an intermediate quantity 5, where

\/((C’ s) Ca tan a)
p (1 ~5) ’

the longitudinal tire force Fy, the lateral tire force Fy, and the resulting aligning torque M,
see Fig.2,3, can_ bescalculated depending on.the value of 5.

(2.10)

If 5 < 0.5, pure stiction is assumed between tire and road. The resulting forces and torques
are:

F, = _CstTTS__S
LR = Ghie ) (2.11)

M

Fygf- + F; (%IRtana—i- %) .

If 5 > 0.5, mixed sticking/sliding friction is assumed, and the resulting forces and torques
are computed as:

i 1 ’
Fz 3—025

= -c'Fi——

._. tana § — (.25
By = G55 = (2.12)

oy (2o N a((Eed) - g
M = Fﬁ‘!ﬂ(———%—l" —1‘)+F( i)tana+gg .
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1.

> g 0.5
£ o)
-1,

—15

long. slip [-]

long. ship [-]

slip angle [deg] slip angle [de'g],

Figure 2.4: Characteristics of modified HSRI tire model

Eqs. 2.8 through 2.12 provide a mapping from kinematic quantities, which depend only:on
the system state, to forces acting on the system. Thérefore, nechanically the modified HSRI
tire model is a force law, which contains no inherent dynamics: For ni6sét cases, especially for
small slip angles ¢, the resulting forces match well with measured 'data. There is, however,
dynamics involved, particularly at fast transient movements. For further information on how

such effects can be taken into gceount see [5, 6]. . ;

The characteristics resulting from the modified HSRI tire model are depicted in Fig. 2.4 for
a typical tire/road combination. . ' . .

2.2.2 Aerodynamic drag .

Aerodynamic forces onto the vehicle resiilt from bofh the vehicle, movement and the wind
speed. Assuming the vehicle’s velocity vector at the center of gravity (CG) is vp, and the
wind speed vector is vw, the relative motion between CG and air is expressed by the relative
velocity vector Pt ' Y

I

T (213)

v v

Av.= vw,— vp. s L « , B Cr

]
s

The horizontal aerodynamic force Fi onto the vehicle can then be approximated by

0 g Av
Fw=CWA—”A‘UH TR . (214)
2 |[4v]| A
“y
where cw is the vehicle’s coefficient of drag, A is its projected area, and. o denotes the
density of air. The resulting aerodynamic force is assumed-to act on ‘the centerof pressure,
- !

as depicted in Fig. 2.5. '

P
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Figure 2.5: Wind velocities and resulting aerodynamic
forces '

2.2:3 Drive train dynamics

] [ :

A simplified .model of-the vehicle’s drive train has been built, see Fig. 2.6. The engine
produces atprque M, ,depending.on throttle. position and engine'speed. M, is transmitted
via clittch, geq,rboic, and d,ifferer{lj;ial gear, to the wheels, \;vh,_ich finally drive the vehjcle.

A 160kup table as shown.in Fig. 2.7 is nsed to determine the stationary engine torque M, as
a function-of engine speed n, and throttle position g. The transient behavior of the engine
is then approximated by a first order dynamic filter of the form .

TMe + M, = M& ) (215)

where 7 is a time constant.
The. clutch operates ag a discrete switch, which is manually operated by the driver:

. 0 ;. clutch open . ;

= ¢a Ay 1 ¥ 2.16

Lelutch { 1 ; clutch engaged (2.16)
S

We assume further on a conventional manual gear shift with discrete, fixed gear ratios

'igeﬂ‘-"(n) ; n=1,...,Ngear, (2.17)
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thrattle engine Lemelon
position speed ——
clutch
engine gearbox [ Iy
ix” . . -
differential
Setu ot gear
. 0 ; clutch open T S
fonar =11 1 clutch engageds Loz TR

Figure 2.6: Vehicle drive train

which can be manually chosen by the drivér. '

The drive torque M,, transmitted to theiwheel is then

-

My, = ic!utchigearz'diffMe - (218)

2.3 Road parameterization

To keep the description of the road properties simple,.a simple.two:lane road with no‘inter-

sections is assumed for all further investigations. However, the development of a driver model

-does not'depend.oh that property:-Thus, rirore complex traffic situations involving tYaffic at
:intersections can be implemented by adjusting the road parameterization: appropriately.

According to Fig. 2.8 the rniddle line ‘of the ‘toad Is ‘a space curve rz(sn), defined in the
. inértial coordinate frame by its’components ;z7(5%), ryr(sz), and rzr(sg):"
i - - ‘; L Y] ' L I- ! .

. Hy R O R R O '
1Zr{SR)

rr(sr) = | ryr(sr) |- . (2.19)
IZR(SR)
1 [ T T §
The distance sy traveled from, a zero, positior rgo' = rr(sg= 0) acts as a curve parameter
to descnbe the middle line.

-Aftached to the middle line are lane width w;(sg) and sight dlstance dr(sp)s

1
In the numerical implementation rr(sg) is given by dlscretely sampled position vectors, see
Fig. 2.9 ) -

¥ T 1+

T = TR('iASR) ; i=0,...,ng, A (220)

T
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engine torque [Nm]

=7 0.4
02

engine speed [1/min] 1000 o throttle signal [-]

Figure 2.7: Lookup table for stationary engine torque

with Asp being a (constant) small road length increment. Discretized values for lane width
and sight distance are defined accordingly:

Wy = w;(iAsR) ; 1=0,...,ng,
)

) . (2.21)
dR,‘ = dR('&ASR) N =0,...,TLR.

Vehicle’s position relative to road

Starting from the road discretization (2.20), {2.21), a first order approximate for the vehicle’s
position and orientation with respect to the road’s middle line can be stated.

We introduce the unity vectors ug along the road middle line and up along the vehicle’s
middle axis

TRGti+1) — TR

Up =
TR(+1) — TRi
2.22
cos 1Y (2:22)
wu =
I=e sin v

The distance sg(t) traveled by the vehicle with respect to the road’s middle line at the time
tis

sp(t) =iAsgp + As (2.23)
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As
o.. R
. N k-5 T Up
Figure 2.8: Road parameterization 3 Tl
As.=ul (r5(f) — 7xs) . i R W G Ay
The lateral deviation Aw(t) from the middie line is ' CG
3 'B
T 0 -1 ..
Aw(t) =ng (ra(t) — rri) ;o on= UR . (224) {8 O, >
1 0 E Z X
] Iy ¢ ¥ N . l I
The vehicle’s orientation Az(t) relative to the road is Figure 2.9: Discretization of road description; vehicle's rel-
& ative position and orientation
u '
Ap(t) = 9(t) — arctan —= (2.25)
Ugra
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Chapter 3

The driver’s prediction models

Apparently human drivers have the abijlity to predict the vehicle future trajectory to a
certain extend. The accuracy of thlS forecast depends strongly on the driver’s experience. In
order to accomplish this task, the drivér needs a picture of the plant. In this project several
different prediction models are-assumed accerdingly to the different levels of driving skills.
All models have in common that th%y have simplified lateral and longitudinal dynamics.
The simplest modelvconsmts of a‘mass point model without any drive train dynamics. The
most complex modeL‘used in this sifmulation is4 one track model which takes into account
drive train dynarmcs as well as tire saturatzon

e

Single point mass model with static drive train and linear engine characteristics
This simplified model can be related to a beginner, but also skilled drlvers are supposed
to employ this kind of model in uncritical situations, in which the very simplified vehicle
dynamics is sufficient to plan a sensible trajectory. This model applies by moderate
velocities and small lateral acceleratlon ‘

The driver assumes a statlonary engine cha.ractens;cw The englne torque M, is piecemeal
proportional to the throttle position ¢ and does not depend on the engine speed. Beginners
are not supposed to have a very accurate image of the vehicle’s longitudinal dynamics.
Therefore, a very simple engine model is sufficient. This engine model can also be used by
skilled drivers in relaxed driving situations, such as undisturbed highway cruising or driving
in low-density traffic with a moderate speed. In these cases it is not important to describe
precisely the longitudinal behavior of the vehicle.

Single point mass model with dynamic drive train and linear engine character-
istics

This engine model represents a more accurate model of the vehicle engine and, therefore, a
better image of the vehicle’s longitudinal behavior. This model becomes important, when
the driver has to estimate the vehicle’s longitudinal acceleration, e.g. if he wants to overtake
within a certain distance or tries to merge into the traffic from a lane with lower speed.

21

L

The model can be related to a beginner with little driving experience, so that he is able to
foresee better the vehicle’s future longitudinal behavior.

In this case the static engine tqrque M, is passed through a PT1 filter in order to describe
the engine’s dynamics,of 1st order.

Single point fnass model with static drive train and field-interpolated éngine

charagcteristics .
Drivers with more driving expériefice are supposed to be able to déscribe the engine’s

"béh#vior better than just with a plecemeal linear engine torque solely’ dependent on the

throttle position. They also take into actount the dependency of the engine torque on
th“e engirie speéd: Therefore, the engine is modeled not only as d fun(,tlon of the throttle
posmon o Hut also as 4 function of the ‘engine ‘speed n,. ‘

This*ritodel is applicable in the samfe sitzations as the static engme torque only as a function
of g, like e.g. highway truisitig and undisturbed driving'in general The field 1nterpofat10n
have exclusively experienced drivers though, who have a better picture -of the vehicle in
general. Therefore, they also have a better image of the engine torque cha.racteristi%s.

Single point mass model with dynamlc drive train and field-interpolated engine
characteristics

If precise longitudinal forecasts become important for the driver, drive train dynamics
must be included. Experienced drivers who need to accélerate very quickly in order
e.g. to overtake or merge into traffic are supposed to use this model. It- tdkes drive
train dyna.mlcs into account as well as a better torque representation The engine
*tordue i5 a 'function of the throttle’ pokition ¢ and of the engine speed Ne. In order to de-
scribe the engine’s dynamic behatior, thé static engine torque is passed through a PT1 filter.

3 i 3 ol

One track model with-linear tire model and dynamic' drive train with field-
interpolated engine char,agterlsjncs

With increasing speed, or durmg’ fast manefivérs a precise imagination of the vehicle dynam-
ics becomes more important. In this respect the one track model gives a better description
of thelvehiclerthan just & mass pointumbdel. So-doesthe one track-model take into account
dynamics.arbund! thé yaw axis; which.is neglected-in the single mass-point médels. In ofder
to preciselyidescrilre the vehicle’s-longitudinal behavior, a dyhami¢ engirte nigdel (% order
dynamics) is used. In addition, the used engine model is a function of the throttle position
o and the engine speed’ n.. With higher velocities it 1s also ieasﬂy posmble to exceed the
tire saturation forces which leads to skidding and following' fro that'{oa possible 16ss of
the vehicle’s control. Therefore the-driver must take tire sa.turatlon into consideration, In
this’ preammon mod’él a 11near~t1re model is used Foliowmg ffom that it is ¢nly poss1ble for
the 'driver to étimate rotighly the firé sattration. ‘Driver who ‘are not very familiar with
extreme driving maneuvers may have such a picture of the tire saturation forces. iI-Iowever
they have enough experienoe in;order, to have azgoodirepresentation of the vehiclels dynamics.

SR TN v“etffi o » 5] L A |
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One track model with force saturation tire model and dynamic drive train with
field-interpolated engine characteristics

In this research project it is assumed that very experienced drivers have such a imagination
of their vehicle. It represents a better dynamic picture of the vehicle due to & one track
model instead of mass point model. These drivers also have a refined picture of the vehicle’s

longitudinal behavior which is described by a 1st order dynamic drive train. The engine i

characteristic is dependent on the throttle position and the engine speed. In order to drive
safely even in demanding situations they have a precise imagination of the tire saturation.

Therefore, they can make use of the entire saturation spectrum without running the risk of '

unintentionally exceeding the possible tire.forces.

Though it must ‘be mentioned that this vehicle still does not include roll motion along the
longitudinal axis which is important for the transient behavior of the vehicle by drastic
changes of direction. Vertical aerodynamic forces which become crucial. at, very high speed
are also not considered in this model. In this cases, the used predictjon model is not valid.

¥

3.1 General model description

N h | L) AL N I . . .
All the m%:-aels mentioned above have the following underlying main assumptions.
. i

Contact forces between tire and road on both, left and right vehicle -sides are equal
(one; track assumption). o

Aerodynamic forces. are proportlonal to,the square of the vehicle’s velocity, and act
_ solely in the opposite direction of the vehicle's longltudlnal ax1s

[
¥

The driving torque at the wheel is dependent on the used engine model. The engine

torque is then muiltiplied by the presen} gean ratip; seé cliapter'3.1.2:, N
MR LA L S TR I R hl .
e No roll motion along the longitudinal axig of tihe veh1cle 7
] s L
Y N q o ‘ LN " v

. [,These agsumptions apply, for the single mass point model$ as,well.as for-the one track fnodels.
Details-in réspect of the different models are -des¢ribed in chapter 3.2:1-and- 3.3.1. ‘Further

» cominon features of the used vehicle models are described in the-chapters:3.1.1 t0.3:1.4.

£ ¥
1 T : i ' * i (I F

PR i s PR Jo
3 1.1 Longltudmal 1npu1; Qb, P N P U T
The vehicle is accelerated by a drwmg force, generated, by, the engme an¢ the brake discs,
reSpectlvely One can assumé that a driver does not hit accelerator and, brake pedal .at the

Same tlme

~ oy

-

‘Thus, a system mput o €[-11]is mtroduce& The throttle-signal g*is zero, if the driver
neither accelerates nor brakes. ¢ = —1, if the driver is braking ‘with full force and p 2= +1

3.1. General model description
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-1 0 +1
full ne pedal full
brake input acceleration

L=

w0

n 5 08 G

,

Figure 3.1: Definition of the longitudinal input signal p.

indicates a fully opened throttle. The accelerator and brake pedal signals p* and p~ can be
uniquely extracted from ¢

L o(1 +sgng) accelerator signal

(3.1)
T = gg(l—sgng) brake signal .

Sée also Fig. 3.2.

P.Pa
+lj-
P
Lre————— ey _: -’-_p
i 1
-1 i +1
7
g
P
.
// )
P Y
’ -1 =+

Figure 3.2: Extraction of g™ and ¢~ from ¢.

3.1.2 Driving torque M,

In order to atcelerate the vehicle, the input signal ¢t has to be converted into a driving
torque M,, which, acts directly on the wheels. Therefore, the acceleration is depended on
the used. enginejand the transmission. The resulting driving torque M, (p"), propelling the

vehicle is

Ma(9+) = idutch'igear(n)idiffMe(Q+)- (32)
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igif5 is the ratio of the differential gear, and 4,.,-(n) denotes the gear ratio depending on the
current gear 7). fquscn gives the current clutch position and indicates therefore, if the engine
torque is transmitted or not.

; 1 0 ; clutch open
clutch 1 ; clutch engaged

The engine torque M,(g") is dependent on the used engine type and can also be influenced
by the current engine speed.

I case of the one track model the driving torque'has to be distributed on the front wheel
and rear wheel. Therefore, a distribution factor ¢ has to be introduced

Maf = (1-—-6)Ma
M. eM, .

Mgy is the driving torque transmitted to the front wheel and M,, is the driving torque
transmitted to the rear wheel.

front Wﬁeel drive

0 ;
e=< 0<e<l ; 4— wheel drive (3.5)
1 : rear wheel drive

Static engine torque M. (gt) as linear, function of p*

A static engine torque is used in driving situations.where the longitudinal behavior is not
crucial to fulfill the: driving task, e.g. highway cruising with an almost constant speed.
Beginners who do not have any experience may also use this kind of engine model to describe
the longitudinal behavior of their vehicle. The engine torque is calculated as a piecemeal
proportional function of the throttle position p*. The engine characteristics is depicted in
Fig. 3.3

“ ¥

(3.6)

° arr20t +barz 3 0T > 00

Dynamic engine torque M.(M,.(o"))
A dynamic engine model becomes important where a precisé: prediction of thé vehicle’s lon-

‘gitudinal behavior is crucial to fulfill successfully the current driving task, e.g. overtaking

Only eXperlehced drivers are supposed.to have such a Precise picture of the veliicle’s longi-
tudinal dynamics.The static engine torque M e(07) 1 is passed through a PT1 filter in‘order to
represent the dynamic behavior of the engine (1* order dynamics). T}, is the time tonstant
of the transient engine behavior.

TmMe(Q+) + Me(9+) = Me(9+) . 3.7

(3.3) .

(3.4) -
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200 : g : ;

150

1

engine torque [Nm)

0 0.2 0.4 0.6 0.8 ]
throttle position [-]

Figure' 3.3: Static engine torque M, as function of throttle
position o*.

Static engine torque M.(¢",n.) as function of p* and engme speed Toe

This efigine model is supposed to be used by i:he driver in the same situations as the static
engine model which is solely depénderit on the throttle input g*. Therefore, in driving situ-
ations where a precise knowledge about the vehicle’s longitudinal behavior is not important
to fulfill the driving task. The static engine torque is determified by a lookup table, see Fig.
3.4. Thus, the engine torque depends on the throttle position ot and the engine speed e
The used'é.lgonthm tovextract thé static & _éngine forque M.(o*,n,) is based upon geomet~
rical calculatichs. The ared E which 1s *defined ’chrough data, points from the ngen engine
characteristics My x;(0ok, Te0,j): K, 7 = 1,...,3 I8 intersected with the line glot ,ne) which-is
defined through thé current throttle posmon and engine speed: g and n, lie within-the area
of the orthogonal projection of E. Therefore, we can determine the static engine torque as

yoh %1

E(MOJ:J)O‘Q(Q ) The) s Lo S (3.8)

! e U . i as

see also Fig. 3.4.
Dynamic engine torque M.(M.(o%,n.))}

i. This engite model is supposed to:be used by the driver, if the driving situation requires a

precise picture of the vehicle’s longitudinal dynamics,;,e g. in.order to overtake or merge into
a lane with faster traffic. The static engine torque M. (ot 4 Te) 18 passed through a PT1 filter
in order-t¢ repteserit a;dynam;c:behevmr of the-engine. (1"' order dynamics). Tppis the time
constant of the transient engine behavior.

TnM. (0%, ne) + Me(0*,ne) = Mo(0",7me). (3.9)
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0

M, . (p..n )
0k 0k e

200~ "

3000

n, [1/min] o* [

te g e LT Y o o -
Figure 3.4: Static ex}g}ne tgrgue M ¢ as function of threttle
. i + N 2 ) t i, ‘: 1
L Jposition’ g7 an engine speed Te..

."3.1.3 "'Brake tobque M’

1y i i H 1

¢ “} 4
o 7.7 . . A T L . LAY
For braking the input signal ¢~ is translated into the torque M,, which js.directly applied

s

to the wheels. Kprake is a proportional factor relating the driver’s input sigrial o to a.brake

torqué. The equation:for the resultinig force is | .
L N * - r

o~ R i i

Fo w o i .
__.M -y — K . ) v R v ’ ] {
1 b(Q .ji; brake@ SENY : A B L 1 ! : (3’10)

v fienotes the vehicle’s velocity in the longitudinal direction. It is either $ (single mass
#% point model) or & (one track model). In case of a one track modél, the -brake torque has

to be transmitted to the front wheel and rear wheel. Therefore, a distribution factor ¢ is

introduced.
: f—‘ ﬁj h:— ’)I v
0 ; rear brake LR PR e e (TR A
- — E o - H - §: - » ! A 4
S0 =B il <0l distributed<brake torque' .« ¢ - corenlepee v 4311)
A A T Y fronit bidgke ¢ . Bt v . bt -0 e T
wr § Fl i - - P ae ,1‘_*‘ , 3: " i 1 \ ;'f.,: & R}
. . . T AL s ; . ' . x
The'equations for the front-brake torque Mpj-and the rear braké torque ‘M, are !
i Mg rt 1 ML ey, ¥
My = (M,
- M, = (1 —C)Mb. Yiot . ¢t . (3'12)

™
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3.1.4 Aerodynamic force Fy

The employed force law for the aerogynamic force is

F(v) = —ow Aw 02 (3.13)

cw 1s thereby the aerodynamic drag!cogfﬁcient,. Aw denotes the projected area of the vehicle,
and pyw is the density ofair. v is the'vehicle speed in longitudinal driving direction. Therefore,
it is in case of thé single mass point model v = $ and in case of the one track model v = 3.
It is assumed, that all aerodynamic férces act solely in opposite direction of the vehicle’s
longitudinal axis.

¥

3.2 Single mass point model

This class of prediction models represents only a very simplified vehicle dynamics. The driver
is supposed to use this class of vehicle models in situations where a exact determination of
the vehicle’s dynamics and tire forces is not crucial to fulfill successfully the current driving
task, e.g. highway cruising with almost constant speed and driving on roads with big curve
radii. But also beginners who do not have the experience yet-in order to have a very precise
image of the vehicle’s dynamics are also supposed to use this kind of prediction model.

1

3.2.1 Model description

Some of the basic assumptions underlying this prediction model were already mentioned in
vchaptert'3'. "Thé specific assumptions, which’only apply for the single mass point prediction
models, are: " ‘

e Only slow yaw motions are allowed, dynamics around yaw axis is neglected:

- . . L] - - -" b - l . -
o direction of motion coincides with vehicle’s longitudinal axis;

*
“a¥ W g

kinematic r’olzin‘g‘ constraints, at wheels are fulfilled. |

In this vehicle representation, the vehicle mass is concentrated at a gertain point, which is

o cdlled the center of gravity (CG). The vehicle’s path is described by the CG’s t}aiectory. The
vehicle’s orientation 1) is assumed to be tangential to the CG trajectory. With 5(#) being
the momentary travel speed along the trajectory at time £, the traveled distance s(t) acts as
a path parameter. = v sfalsty ¢ ol baucy f !

e an i AR e A rhin . TR R iKMo . Emm. s
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Figure 3.5: Vehicle as a mass point — CG: center of gravity
% * T 1
3.2.2 Yaw angle L

The trajectory curvature K (t) at tlme t can be-calb_ﬁlated from the stegring a:ngle goi(!t) and
thd veh1cle 8 wheelbase l r+ir, See F1g 3.5 '

18

-~

K(‘P) d";[’ , tango, N . . ;

FT — i, i 2

ds \/(IR—HF (lR)Qtanch

B § Lt B o) . Tty "
£

(3.14)

Following from that we can solve Eq. 3/14:in respect t6'thé vehiclé’s yaw angle ¢ and write

-

>y 'y V4 - ’ 45 oE [ANTE SV EFEENE AR PO | 1 1
o W= ] K( ct g~ [ K(w(t))S(y db, o Ly e (o (3:15)
.F ~ 2 E 22 Ter 1 f v
.‘.‘( LI ~ * T S ':J 3 ira.ia s el d

with s(t) being the momentary travel speed along the vehicle’s trajectory.
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3.2.3 Equations of motion

By introducing a state vector z and by considering the assumptions mentioned above, we
obtain the following sets of differential equations of motion .

Without drive train dynamics
In this case is the has the introduced state-space vector z the form

z=[s vz y] . | (3.16)

Therefore, is the set of differential equations as follows

[k (F (Mal0%) + My(07)) — F) |
K(p)$

z= = gi(z(t,p),p) , (3.17)
§cosy

| ssing ]

with M, from Eq. 3.2 and M, from Eq. 3.10. The term Fy is according to Eq. 3.13 and
K(p) is from Eq. 3.14.

With drive train dynamics

If drive train dynamics are included the state vector z has the following form, because the
engine torque has to be integrated as well.
{

i

,zz{Meéq,b:vy]‘ (3.18)

The equations of motion written in state-space form are

1 ]l 77
_ﬁMe + T’;Me

& (F (Mo(M.) + My(07)) - Fiw)

v (| Scosy
§s8int
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with M, either from Eq. 3.6 or determined by a lookup table, see Fig. 3.4 and M, from
Eq. 3.2. M, is from Eq. 3.10, Fi from Eq. 3.13 and K(y) is from Eq. 3.14.

3.3 One track model

With increasing speed, or driving difficult maneuvers a precise imagination of the vehicle
dynamics becomes more important. In this respect the one track model gives a better
description of the vehicle than just a mass point model. In addition, with higher velocities
it is easily possible to exceed the tire saturation forces which leads to skidding and following
from that to a possible loss of the vehicle control. Therefore, the driver must take tire
saturation into consideration. Experienced drivers are supposed to use this kind of vehicle
model e.g. while cornering with high speed.

3.3.1 Model description

One specific assumption in addition to the general assumptions described in chapter 3.1
apply for the one track models.

-4

e In spite of rolling constraints at the wheels, a force law is employed to calculate the
tire saturation. Either a linear tire model or a tire model with force saturation.

t H

See Fig. 3.6 for the model’s kinematics !

i

m and @ denote mass and rotational inertia of the body with respect to its center of gravity
CG. @r and @pg are the the rotational inertia of the front and the rear wheel. Iz and I are
the horizontal distances of the front and rear axles from the CG.

-

o T .
The body’s position is given by the position vector of CG, rg = [ T Yy ] . The orientation
of the vehicle body is described by the yaw angle v. ¢ is the steering angle at the front
wheel, relative to the body and g is the gfavitational acceleration.

- . i

13.3.2 - Tire models -

The underlying quantities in order to determine the tire forces are the longitudinal tire slip
s and the slip angle . The are calculated similarly for the linear tire model and the HSRI
tire model. The index ;.denotes the.front tire and , the rear tire. The definition of the

31

3.3. One track model

4

R

¥
— —= —»
U CG direction
of motion
Figure 3.6: Vehicle as a one track model — CG: center of
gravity

Y1 Xy

longitudinal slip i8

Rw¢ — £ cosy + (Q-HML) sin @

I; driving slip
if (Z cos + (?;f + Iy 1/}) sin ¢ < Rwy)
sy = (3.20)
T cosy+ (?,'H— Ly w) sin ¢ — Rwy
Zcosp+ (y + iy 1/}) sin brake slip.
if (£ cos + (y+ l;v,b) sin @ > Ruwy)
———ﬁw——R""’ —2 ; % < Rwy drivingslip
' (3.21)
8 =
£ = R . &> Ruw, brakeslip.

T

1+ R is the tire radius which is equal for the front wheel and rear wheel. w is the rotational
speed of the tires.
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a¢ and o, are the slip angles for the front or rear tire, respectively. The slip angles have the
following definition

&y = (p — arctan E—:&E&
(3.22)

o = —arctan.L_xlﬂé,

where ¢ is the steering angle and £ and ¢ are the longitudinal and latera] velocity of the

vehicle’s CG, respectively. ¥ is the vehicle’s yaw rate. See Fig. 3.6 for the vehicle’s kine-
madtics,

Linearized tire model

Driving situations where, only small tire Slip and small slip angles occur, a linear tire model
is sufficient for calculating the tire forces,

The linear tire model is based upon the HSRI-tire model in chapter 2.2.1. The kinematics
are depictedtin ‘Fig. 2.3. The longitudinal tire stiffness coefficient Cl, and the lateral tire
stiffness coefficient Cj, are the local gradients of the HSRI.tire model characteristics, see Fig.
2.4. The gradients refer to the characteristics where the slip s is zero.

It is also possible to use the linear tire coefficients in order to take further effects e.g. the
suspension system into account [5]. The resulting linear longitudinal tire forces are

= —!‘EszOSf
- —'K.TCIOS.,-.

K
L‘h

(3.23)

%!
§

sr and Sr, respectively, is the longitudinal slip for the front and rear tire, see Eq. 2.7.
K indicateksf whether the slip is driving slip (k =.—1) or brake slip (k = 1). C,, is the
longitudinal tire stiffness. - '

'k = 1 factor for driving slip (3.24)
kK = 1 factor for brake slip N
The lateral tire forces can be described with the following equations . .
{
t
Fyp = Citandy ' ’ '
F 2
Fyr = Cjytan Gy, (3 5)

where Cj, denotes tlie latersl tire,stiffness.and Qf, G are the slip angles at the: front and
rear wheel, respectively,
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Tire model with force saturation

“If the tire slip and the tire slip angle become bigger, a linear tire model is not precise enough

anymore to describe the actual tire forces, e.g. while cornering with high speed were the
tire forces can be pushed to the limit of tire saturation. Therefore, a more complex model

is used to determine the tire saturation. _ .
The tire model used for this prediction model is similar to the tire model used for the plant

model explained in chapter 2.2.1. However the tire model used for the predi.ction model ?s
simplified in respect, that no aligning torque is calculated and that. the vertical force F,: is
static. The kinematics of the general HSRI tire model is depicted in 2.4. In the follow1.ng
are quantities for the front wheel are denoted with the index f and for the rear wheel with
index r. The reduced set of equations is as follows.

The static vertical forces F; and F;, are calculated as

By = mglﬁ_lr (3.26)
Fzr = mng—_ﬁ;:

with m is the vehicle mass g the gravitational acceleration and l 7 and I, the distance of the
front and rear axle to the CG. The slip velocities v, 7 and v, are defined as

Vgp = (:i:cosgo—}—(y'+lf1ﬁ)sin<p)\/s2+tan2a
Ve = ZV8?+tana,

The term (zZcosy + (y + 1 1/)) sin ) represents the planar absolute velocity of the a:xle.of
the front wheel in rolling direction. Similar to that, # denotes the planar ak.)solute velloc:1ty
of the axle of the rear wheel in rolling direction. In addition with the coefficients of friction

Ly and fdr

(3.27)

)

2

pr = fr(l 1 kaver)

4 ! (328)
t L3 ¥
Hr = fR (1 - kR'Usr) 3
and the intermediate quantities 35 and 3,
B \/(C'..,.sf)2 + (Catan ay)?
Sf = _ L i
pg (1 — s5) 529)
_ \/(C‘Ss,,)2 + (Cy tan oy )?
HEE 2

pr (1 — s)
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is it possible to calculate the tire forces for the front and rear wheel.

If pure static friction is assumed (37 < 0.5 ; 37 < 0.5) the lateral and longitudinal forces for
the front and rear tire are

Fxf = _""fcstf‘i—f‘_%f

t (3.30

Fyy = CaFy aE(:f )
— s
Fyr = Canrj.TSi .

If mixed static/sliding friction is assumed (37 > 0.5 ; 57 > 0.5), the resulting forces for the
front tire and rear tire can be calculated as

Vr 1 S g \
sz — ‘—,rkaSFz Sf Sf 0:25

fl—Sftvg'% ot
_ tana; 37 — 0.25 (3.32)
Fyf _— Canf].-'Sf -372 . -
_ sy 8 —0.25 Y
o = Gy B -
Br = CuF PR T2 I |

" vt 1 - ) 1 1 i . ; v

i o 1
1 wl ' L ' q LU NI B ¢

i ‘
The intermediate tire quantities sf and sf are from Eq. 3.29. The factor  is according to

Eq. 3.24. C; denotes the longitudinal slip stifiness and C, the cornering stiffness. The slip
angle oy and a, is from Eq. 3.22 and the tire slip s; and s, from Eq. 3.20 and Eq. 3.21,
respectively. The vertical tire forces F;; and F, are calculated according to Eq. 3.26.

3.3.3 Equations of motion

. E 5,
The state-space vector describing the one track model is-

A

v

z=[d g ¥ w ow M| . - (3.34)
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Following from that, the differential equations describing the motion of the one track model
are in state-space form

[ %(sz cos @ + Fyr — Fyssing — Fw) + g -‘
%(in sin @ + Fypcos @ + Fyr) — e
& (Fusly sing + Fyply cosd = Fialr)

. = g, (2(t,p), P) - (3.35)
é;(Maf(Me) + Mys — RFzy)

L

The forces F, and F, are dependent on the used tire model. If a linear tire.model is us.ed
the equations Eq. 3.23 to Eq. 3.2 describe the tire forces. In the case of a tire model with
force saturation F, and F, are calculated according to Eq. 3.30 to Eq. 3.32.

The driving torques Moy and Mo, are defined by Eq. 3.2 to Eq. 3.5. The static engine torqe
M, is from Eq. 3.8. The dynamic engine behavior is according to Eq. 3.9.

The braking torques My and My, are related linearly to the driver's input signal p~. They
are calculated according to the equations from Eq. 3.10 to Eq. 3.12.

The aerodynamic force Fw is proportional to the square of the velocity and is from Eq. 3.13.
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Chapter 4

Analytical gradients of prediction models

In order to solve the optimizing problem in chapter 5 it is important not just to compute
the solution of the respective state vector but the sensitivity of the state vector z(p, t) with
respect to the optimization parameters throttle position o, steering angle ¢ and. gear ratio 7.
Principally, it is possible to determine the sensitivity with differential quotients. But in order
to get sensible optimization results differential quotients tend to be too impredise for dynamic

r4-._1 General scheme

B

4.1.1 Problem formulation

The state equations describing the driver's prediction models with initial conditions. are
2(t,p) = g (2(t,p), p) {4.1)
2(t =0) = z,, (4.2)

with g (2(¢, p), p) from Eq. 3.17, Eq. 3.19 or Eq. 3.35 and with p being a vector of parameters,
e.g. from Eq.’5.2.

In order to calculate the analytic derivatives % of optimization objectives such as
F = F(2(t,p),p), we need to know

)= sz + L), (43

37
4.1 General scheme

Consequently, we ask for the solution z(¢, p) of the initial value problem Eq. 4.1, and for its

derivative %(t, Pp) with respect to time.

4.1.2 Derivative of the state equation solution

The derivative of Eq. 4.1 with respect to the parameter vector pis

~

dz og, . .dz 0g (4.4)
o == ——(t + —(t,p)
2o =92y (4.5)
dp . dp
According to the rules of differential calculus, see [2] we know that
dz  dz ; (4.6)
drdy dydz’
Therefore, we can write Eq. 4.4
Fen = () ¢n) | (@)
dp‘” dp ’
Following from that the augmented state equations for the calculation of system states and
tl}eir analytic derivatives g—;(t,p) are
b3 ¥ ’
[ * ¢
t, g (2(t,p), p)
z(t,p) ) s
B 8
g 226 m%(,0) + %0,p)
) TE 15, t
[ 2(t=0)
z ( ) B Z0 (49)
dz
t=20 0
| &e=0
\

tox

i} 3
To formulate Eq. 4.8 for each prec\;l{i,ctionﬂ model we need to extract -ag(t,p) and Hg(t’ D)

from its respective state equation. .
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4.2 Derivative of the input vector

In order to finally calculate Eq. 4.8 we need to calculate the analytical derivatives of q with
respect to the parameterized input vector P at the time ¢. The derivative of p is later needed
to calculate the derivatives of the different components of the predictidh models.

op g% o(t:) + 2 th:z - Q,(t") (t—t)
opP0k=| o (vle+ ol Z gl - 1) |+t <t <t (4.10)
% (n (t:) + 1 @;ﬁ =1 (b ti))

In order to simplify further descriptions of derivatives with respect to the parameterized
input vector p the abbreviation ()’ := %%— s used from now on.

4.3 Derivatives of model components

L]

The different prediction models described.in chapter 3 are byilt up of several components.
. . - . . - N i 14

Starting with the description of the derivatives of the componénts which have all prediction

models in common. The remaining components which make up the entire prediction models

are explained one after another, so that we can eventually put all, ¢dmponents together to
i [ S

formulate equation Eq. 4.8. ' $

' 4.3.1 Driving torque

The driving torque propels the vehicle and acts on the vehicle wheels as defined in Eq. 3.2

R re !

® a

. . . t
i Ma(9+) = chutchzgea"r(n)zdiffMe(Q-:) . n s : (4.11)
1 R i n [UI
I e, Ko ol 1 L: i i
The derivatives of the torque M, with respect to the three input parameters are
oM, ‘ IR
. R . Ean |
3 —Fga’ = lglutchlgear (n)ﬁdiff%ﬁ |
. . b T B %
. oM, . . ... . oM - -
4 —35“ = tcluichlgear ('ﬁ')"rdiff_gaﬁ (4.12)
;-&2} 3]&? Yo e .

T 1 3 i o aew bay o0 R X T ol
Do . . 8M. ) 0i . *
—fn“ = igutehlgear (n)?difana‘ + Letusch —%‘#ﬂzdi Mes o L, . .
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The terms Qé%" Bﬁ{g and Q%ﬁ describe the sensitivity of the engine torque M, with

respect to changes of the input parameters. Therefore, the derivatives M are dependent on
the respective derivatives of the engine torque M., hence from the used engine type.

In case of the one track model, the driving torque is distributed among the front and rear
wheel, respectively, see Eq. 3.4. The resulting derivatives of the driving torque of the front
wheel M,s and the rear wheel M, are then '

o= (1—e)M,
e = G e 413)
ar a?

with the distribution factor ¢ according to Eq. 3.5.

Static engine torque ﬁe(g+) as linear function of o*
The definition of this engine type is

(4.14)
arpot +bya ;07>

— aprot + b ot <
Me(g+) _ { M10 M1 e Co
% gee B. 8.6. If-this engine model is directly used for a prediction model without being passed
through a PT1 filter; then is M.{g") = M.(¢*). Thus, the derivatives with respect to the
; inpunt parameters are

+
OM, (0" oM, (o* @Ml%% ; 05 <o
= = 1+
¢ ¢ am% ; ot > o0
M. (o%) ' .OM.Got) _ 0 (4.15)
7 7 -
aMe(Q+ _— aﬂe 9+ = {
t 7 n '

In this specific case any ¢hanges of the steering angle ¢ and the gear ratio 1 do not influence
, ,, the éngine torque and therefore,;do ggp»inﬁgeﬁcg the driving torque M,. The eéngine-torque
. OF i(,l}‘iy,ixjg!;ogqqe, respechively is golely dependent on, changes of the throttle signal g. The
i i o ., . : 3
term 7;%- is form: Eq. 4.10,

Dynamic engine torque M, (ﬁ?e(g"‘p - . SRS
The equation deséribing thé dynamic engine torqiie M, (M. (o)) is*according to Eq. 3.7
1

o ‘Me =7 (Me(o*) ~ M.) - , (4.16)

et e b g e ke M e
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Regarding the case where the static en

position, the derivative of the dynami
is as follows

oM, 1 am(m_aMe
8 T.\ oo oe )

. OM, (ot OM.
With 5 from Eq. 4.15 and ?ﬁﬂ

Static engine torque #7,(p*, ne) as

The static engine torque is determined by a lookup

throttle position p* and the engi

respect to the input parameter vector
It can be written as

ne speed n,. Therefore, the der
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gine torque M, (o") is solely dependent on the throttle
¢ engine torque with respect to the input parameter D

(4.17)

from the solution of the initial value problem Eq. 4.8,

1

function of p* and engine speed 7,

table, see Fig. 3.4. It depends on the
ivative of M,(o*, n,) with

N +
P is a function of the partial derivatives %%— and n..

- §
37 . 9 + ; R
M, = % (E’(Mn,kj)ﬂg(g‘,ne))t SR (4.19)
% is according to Eq. 4.10. The derivative of the engine speed, T;z Wwith respect t6-the input
‘Parameter vector B can be calculated based on Eq. 5.10 4s k
o = 80, ; 317v+60z,. ;v 0 !"".-; 2 Lo 420
e I dif f gea.raﬁR 97 diff gea.rnR . H ( . )

'Wherei% is from Eq.4.10 and % is the
diredtidn ‘with'respect tb the in
problem Eq. 4.8.

Dynamic engine torque Me(He(g+,ne))

' Yox 1, ;«'! f Y Fed 1

1] i :". H IR i ¥ . , PN - .
Put Parametes vector B Hom’the solufion &f the

¥ 3 f f

“Qerivative of-th&¢vehicle’s velgcity it 18igitudinal
rycafy g,
mitial Yalue
1

£+,

- ] . i, SR R 1 4 |
Eq. 3.9 defines the g)_rnqmic engine torque, M, (Me(g"'}qe)) as

M, = E‘}; (M—e(g+! Te) — Me) .

(LA F S ron
>

P H
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The derivative of the dynamic engine torque with respect to the input parameters is
L (wr (4.22)
M, = T (M;(Q+ane) - Mé) )
m

with the derivative of the static engine torque, M, from Eq. 4.18 and M, from the solution
of the initial value problem Eq. 4.8.

4.3.2 Brake torque
The definition of the brake torque is according to Eq. 3.10
- (4.23)
My(07) = Kbrareo ™ sgnuv. _
The brake input signal p~ is translated into a brake torque, which is d‘irectly applied to the
vehicle wheels. In order to get the sensitivity of M, in respect to the input parameters, we

need to derive M, with respect to the input parameter vector p. The resulting analytical
derivative of Eq. 4.23 with respect to P is

dp~ _Osgnv
Bﬂg (07) = Kbrake—%SgDU‘i'KbmkeQ %_

-~ Osgnv (4.24)
Bﬂg (07) = Kirakeo —%9
_ dsgnw
-—(F’laﬂg (Q_) = Kbm.keg _%’
with
Osgnu 0 ¥V w0 (4.25)
op

The term Q% is from Eq. 4.10. Since no velocity v = 0 is allowed for all of the ‘used
g : :
diction models equation 4.25 is always zero. S
frfec;se of the one track prediction model, the brake torque is distributed among ;helf;c:ﬁt
wheel and rear wheel. Therefore, the derivatives of the brake torgue of the front wheel M] f
and of'the rear wheel M}, with respect to the input parameters are

o

¥
i

My = o
My = (L- QM
[

kig;'ith the, distribution factor { according to Eq. 3.11.

(4.26)

Il




42 Chapter 4. Analytical gradients of prediction models

4.3.3 Aerodynamic force

The aerodynamic force, acting on the vehicle is defined in Eq. 3.13 as

Fylv) = ;CWAW%”KU@P : (4.27)

It is acting in the opposite direction of the vehicles longitudinal driving direction. Due to
the dependency of Fiy of the vehicle velocity v, which is dependent on the parameter input
vector p, we need also to calculate the derivatives of Fyy with respect to P. The resulting
analytical derivative of Fy (v) is according to that

Fy (v) = —ciw Aw pwo(p) Y (4.29) ]

with o' from the solution of the initial value problem Eq. 4.8.

4.3.4 Yaw angle (mass point model)

In the single mass point model is the steering angle ¢ directly correlated with trajectory
curvature K (). We can use this correlation in order to calculate the vehicle’s yaw angle 1.
The defigition, which was given in Eq. 3.14 was

drf tang
4 Jlr+1r)? + (in)2 tan? o

(4.29)

K(ip) is solely dependent of i, therefore, derivatives with respect to the input parameter p
and 7 become zero. The derivative of Eq. 4.29 with respect to steering angle is

dK(p) _dp (1 +tan?p) (I, +If)? (430
dg ~ dgp 2 72,2 32’ ' -30)
90((1,-}—1;) +1.“tan cp)
o dip d - '
With = from Eq. 4.10. .

1 j T L

4135 Tire forces (one track model)

The wheels of the single point mass models fulfill a perfect rolling constraint where as the
tire forces of the one track models are represented by a force law, which allows slipping. In
order to determine the sensitivity of the dynamics of the one track models with respect to
the input parameter vector p we also need to compute the sensitivity of the tire forces with
respect of the input vector. The starting point.to calculate the tire forces is the longitudinal
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tire slip s and the slip angle a. The longitudinal slip of the front tire was previously defined
as

( wa—:z':cosw+(3)+lf‘i.b)8iﬂ‘:0
- Ry
if (Z cosp + (y+lf¢)sin<.0 < Ruwy)

- | (4.31)
Ecosy + (y’r+lf1b) sin ¢ — Ruwy
Gcosg+ (3 + 1) sing
| if (Zcosp + (‘!)-i—lf?j)) sin ¢ > Ruwy)

see also Eq. 3.20. Therefore, the derivatives of the longitudinal tire slip of the front tire can
be calculated in the case of driving slip & cos¢ -+ (;t} + s 1,!;) sin g < Rwy as

(a‘:’ cos + Esin @’ + (§ + L) sing + (¥ + l_ﬂ,b) coscptp’) Ruy
;= (Rwy)®

T (4.32)
(:'c cos + (¥ + lf’%b) sin (P) Ruw'
(Rwy)* '

- H - . . " - - .
In case of brake slip, if £ cosy + (y + Iy 1/)) sin¢g > Ruwy, the derivative s} of tire slip sy with
respect to the input vector is calculated as

—Ruy (a: cosp + (¥ + lf"j") sin ‘P)
R . 2
(i: cosp + (7 + {y9p) sin SO)

Sf ==
(4.33)
Ruwy (:i;’ cos ¢ + Esin g’ + (§ + 1) sing + (7 + 1p1) cos cp(p’)
p ) .
(:1': cos @ + (¥ + L) sin tp)

-+

' is from Eq. 4.10. The quantities ', ¢/, 7’ and Wy are from .the soluti_on of the initial value
ﬁroblém’ Eq. 4.8. They denote the sexsitivity of the respective quantity of the state-space
vector z(t,p) with respect to the input vector p.

We can calculate similar to that derivatives of the tire slip at the rear wheel. The equations
describing the slip are according to Eq. 3.21

___Rwﬁ_— ) : I < Rwy accelerate
r (4.34)
8y =
& — Ruwy : # > Ruwy brake
I
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The fieriv‘ative:s of the slip s, with respect to the input vector p describe the sensitivity of
the tire slip with respect to the input vector. They can be calculated as

! LI
wrt' — Tw )
——Q—LMT ; Z < Rwy accelerate
!
5, =
Ruw,# — Riuw! ’ (439
py. £ ; Z 2 Rwy brake

where the quantities ' and «
They denote the sensitivity of
respect to the input vector p.

¢ are from the solution of the initial valie problem Eq. 4.8.
the respective quantity of the state-space vector z(t, p) with

In addition to the tire slip, the slip angle « is needed in order to determine the tire forces

The respective sli i
. pective slip angles for the front wheel and for the rear wheel were defined in Eq. 3.22

Qy = @-— arctany—_l_-;a&b

. _ (4.36)
O = — arctan 3‘"—“3-:'!—"'1‘2 .

In order to calculate the sensitivity of the lateral tire fore
we alsb need to derive the slip angles with res
that, we can calculate the derivatives as

es F, at the front and rear wheel
pect to the.input vector p. Following from

A (5 iﬂb) — & (7 + )
5+ (Y +1s9)°
(4.37)

(g Y) — i (5 - 1)
s

3 . .’ -’ .l . a L
‘g:lrfd?él?}??zl;sgii} lyt acr)lfdtg;; are ‘frc;tr-n !:he ‘sPh.ltlon of the.injtial value problem .Eq. 4.8. They
] Y e respective qua.rl;m@;}; of the sj:fa.te-space vector 5:(%, p) with res_?ect

vy
1 3 5 sl #

Linear tire model
Thelinéar tire mé XTI o ; -
model represents a lin ‘ i it
D ear correlatmn}_betvyeerp the slip quantities s and « and

the tire forces which can b i Y g M
foroos o ‘ an be transmitted to the road. Eq. 3.23 to Eq. 3.25 define the tire

- i

Fip = —k;Gus;

=Ky CIOS,-.

g
Il

(4.38)
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-F; = Cza tan Qar (439)
Fyppe = Ctanca,.

Following from that we can calculate the sensitivity of the tire forces with respect to the
input vector p. The resulting derivatives of the tire forces with respect to the input vector,
which represent the sensitivity are

t

me = -——IiszoS'}

4.40
Fmr, = '—K?-,.-CJOS;. . ( )
F7 = Cull+ianap)d (4.1
F, = Cu(l+tan’a)oy,

with the derivatives of the tire slip s'f from Eq. 4.32 and Eq. 4.33. &, is from Eq. 4.35. The
quantities o/; and ¢; are from Eq. 4.37.

Tire madel with force saturation

A better representation of the tire forces gives the tire model with force saturation, Especially
if the fire slip and the slip angles become bigger, the linear tire model is not sufficient
anymore. In order to determine the tire saturation of the tire model with force saturation,
séveral quantities have to be'calculated. Bach of them is dependent on the input vector p.
Therefote, in order to calculate the Sensitivity of the tirfe forces with respect to the input
vector, we need to calciilate the résp"ect:ive derivative of the quantities on which this tire
model is based upon. In the following.description of the tire model and its derivatives with
respect to the input vector p, all necessary quantities are summarized for-the front and rear
tire. Therefore, in order to calculate the forces and their analytical derivatives, the specific
quantities for the front tire and rear tire must be substituted. The equations for the slip
,  velocity v, the friction coefficient p and the auxiliary quantity 5,are defined from Eq. 3.27
to Eq. 3.29 as

Vy o = UpgV 82+ tan? o

-3

b= el ke (4.42)
5 = \/(Cﬁs)2 + (C, tan &)’
T p(l-s) '

vy is the absoluté velocity of the center of the tire in rolling direction. It is (Zcosy +
L (;y +-l-ﬂ;z,f;) sin )i for-the front tire and & fonithe rear tire. Following from that, is the Sensi-
tivity of 0z or the derivative of vy with respect to the inpit vector p, respectively

vy, = i'cosp—-isingpy + (¥ +1 fd')’) + (g + lph) cos o' front tire
S : (4.43)
f F

- b
vy = & .rear tire.
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Therefore, the derivati f i i
. ives of Eq. 4.42 with respect to the input vector p can be calculated

v, = vVt tanla+ LE(285 +2tana(l + tan? a)a’)
2 V5?2 + tan? o

K = fr(l—kgv)

” 12C3ss’ + 2C2 tan o (1 + tan?a) o /(C,s)® + (C, tan a) i (4.44)
\/(C'_.,s)2 + (Catana)®u(1 - s) w1 —s) B
+ \/ (Cys)? + (Cytan a)’s
(1 —s) ’

with the derivatives of the tire slip &' from Eq. 4.32 and Eq. 4.33 in case of the front tire or

s’ from Eq. 4.35 in case of the rear'tire. The dérivati i i
: : ivative of the slip angle o i
Eq. 4.37 'in is form Eq. 4.43. ) P 4g & 1§ acconding to

. o L, ' L, It L
fThe pregi,ously dQSQI.'lt.)efi quantities and their derivatives are now used to calculate the tire
Orces and Fhelr, sepsitivity with respect to the input vector q. The tire forces are computed
differently in case of pure static frigtion or mixed(static and siliding friction,

Pure statié friction is assumed if the auxiliar ity 5is

. ‘ : y quantity's is ¥ < 0.5. The lateral itu-
dinal tire forces, as defined in Eq. 3.30, are R rel an longitu
4 ' o '.r LI

A 4 11

a1 a e} w ' +
y = Cant]aEc;. l : (445)

Therefore, the analytical derivatives of Eq. 4.45 i preg
: : J - 4.43, which representthe susceptibili
tire forces with respect to the input vector p are PHBIY of the

4 [

F, = —kCF,—%—;
* -1 -l; 3) T

F, = crlitiniad .o sanay : (4.46)

If } H i ) i st
*mixed static/sliding fri¢tion is-assumeds.in caseiof 3 - L
Eq. 3:32 defined as - ! : ) 0 sl>.0.5,.th<i‘t1re forces are actordingto
' —
F, = —kC,F,% - 3 —~__0.25 "
FIJ = CaF;%%% _i—z-—_go'ﬁs . (4.47)
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In this case, the susceptibility of the tire forces with respect to the input vector p is repre-
sented by

.o §'(3 — 0.25) + s 35'(5 — 0.25
By o= kC,F; (1 — 3)32 Can'ﬁ(:Q—)?s-Tl

- -
1o0,F, 5= 025)5 fl‘_os")?:;’ g

g A+ tan® a) o/(3 — 0.25) + tan a3
* (1 - 5)8°

(4.48)

F, = C,

tan a3 — 0.25)s’ tan a(3 — 0.25)3
R (R i e et

In both cases, pure static friction and mixed static/sliding friction, are the derivatives of the
tire slip s’ from Eq. 4.32 and Eq. 4.33 in case of the front tire, or s’ from Eq. 4.35 in case of
the rear tire. The derivative of the slip angle o' is according to Eq. 4.37. The derivative

of the auxiliary quantity 3 is from Eq. 4.44.

4.4 Augmented equations of motion

In order to calculate not only the dynamics of the prediction models, but also the sensitivity
of the prediction models with respect to the input vector p, the state-space vector z(p, t) has
to be augmented to Z(p, t). The resulting state-space vector Z(p, t) for each of the prediction
models as well as the augmented equations of motion are described in the following chapters.

4.4.1 Single mass point model with static drive train

In the case of a single mass point model with no drive train dynamics, the state-space vector
z(p,t), Eq. 3.16 is expanded into Z(p, t) and has the form

z(t,p) T
Z(p,t) = =(svoyl vyl (4.49)

zl

Following from that, the augmented equations in state-space form are, see Eq. 4.8

z(t,p) * g (z(t,p),p)
Z{(p,t) = = 5 . . (4.50)
z 52(t,p)2'(t,p) + ¢'(t. D)
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“ with g (2(t, p), p) from Eq. 3.17. The terms gg(t, P) and ¢'(¢, p) can then be calculated as ~  4.4.2 Single mass point :model with dynamic drive train
! [0 0 0 0] If the prediction model includes drive train dynamics the differential equations of the engine
‘ torque have to be solved, too. Therefore, the state-space vector z from equation Eq. 3.18
| dg K(p) 0 0 0 has to be expanded to Z(p,t) and becomes
—=(t,p) =
Bz( p) o (4.51)
cosy —ésing 0 0 z(t, p) T
zZ(t,p) = =[Me s vz oy | M & vy o y’] . (4.54)
' | siny scosyp 0 0 | . o
; ’- % (}IE (M, -+ My) - F, ﬁv) ] The expanded equations of motion in state-space form are following from Eq. 4.8
|
K(p)'s : .
g’(t; p) = ((P) Z(t,p) g (Z(t,p),p)
| 0 ' (4.52) E(p,t) = =1, : (4.55)
il z 52(t,p)2'(t,p) + g'(t, p)
| i i 0 |
: d
. . ) with g (z(t,p), p) from Eq. 3.19. Therefore, we can calculate the terms (t,p) and g'(t, p) :
l Substituted in Eq. 4.50 the augmented state-space equations of motion are as follows 3‘3 |
L1 -
f [ m (R (M, + M) — FW) -1 ;
A : — 0 0 0 0
' Tn
| Yy _
| K(p)s
[ - ; b9 0 K@ 0 00 .
| $cos NP Y )N (4.56)
5 N . v v . & M ¥ 0 CdST,L*;r{SSiH"{b 0 ¢
| $sin ! i ' !
| Z=| ¢ f 2 T ¢ (53) 0 sityy  Scosy - 0 0
1 OE} > .
i (F (M + M) - ) tat
_ 1 .
i K(p)s+ K(p)# Tn
. sy |im-(F (Mo + M) ~ Fy)
S'ICOS'I/) - ésinqu)’ N L S TR w4 T ...R; ‘e b - ]
der J
. . . ! t,p) = ’; . 4.57
| §'sinp — S cos | : ! . g(“p) K(p)'s (4.57)
5 5 i . 0
“with M; from Eq. 4.12 and M; from equation E ' is accordi - | :
, q. 4.24. The term F : ,
fi and K () is from Eq. 4.30. erm Fy, is acc'ordmg to Eq. 4.28 ey . g |
i 4 | 1 [
| |
1t
of
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Inserted in Eq. 4.55 we can write the equations of motion of the single mass point model
with drive train dynamics as

K(ip)é '
scosy
§sin
Z= : (4.58)
1 1 55
_T,;M'; + T;Me

& (§ 1L+ M) - Fy)

K{p)s+ K(g)d - . ¥ . .

™

§'cosp — $sin Py’

| §'siny — dcosyy) ]

J
D
with M, | from Eq. 4.14 if a engine with linear torque characteristics, just“dépending on the
throttle position is used. If a engine with a field=interpolated*torqué ché.racterlstlcs is used,

M is calculated according to Eq. 4.19. M, is from Eq. 4.12 and M} is from equation Eq. 4.24.
The term Fyy, is according to Eq. 4.28 é(nd K(p) issfrom Eq,4.30. g

- -

4.4.3 One track model ’ }
1
!
In the case of a one track model with the state-space vettor 2(p, t) f;:_ornEq 3.34 the resulting
augmented state-space vector Z(p, t) becomes

Y
|
z(t,
(t,p) _ M 5§ oy w _ w59)
, M.r ?;l" 3 d{: {‘Jf r}T i g

at

4

Z(p,t)=
2z
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Following from that, the augmented equations of motion in state-space form are as defined
in Eq. 4.8

° (2(¢,p), P)
3(p,t) = #0) = ’ ’ ) (4.60)
<z g%(t,p)z’(t, p) +g'(t,p)

with g (2(¢, p), pj from Eq. 3.35. The terms g%(t, p) and g'(Z,p) can then be calculated as

-

0 4.61
2 (t,p) = (4.61)

0 0 0 000

0 0 00O00O

| O ¢ 0 00 0]
) 1 -
T, e
%(F’fcosep Fyysingy + Fj, — Fypsing — Fytcos o — Fy)

%(Féf sin @ 4+ Fry cos g’ + Fycosp — Fypsinpy’ + Fp.)

git,p) =

@lj( xflfSIln(p-f"FfIfCOSfp(p +Fflfcos¢ Fyflfsmtptp Foplr)

Z_%?(M;f + M}, — RF()

L &; (M + M, — RFy,)

The quantity ¢' is from Eq. 4.10. The. derivatives of the tire forces Fj and Fj are depe-ndent
on the used, tire modél. In case of a linear tire model they can be calculated according to
Eq, 4.38 and Kq. 4.39. Whereas in case of a tire model with force saturation, Eq. 4.46 and
Eq 4.48 describe the derivatives of the tire forces. The derivative of the static engine torque
M, is from Eq..4.19. M, and M, which represent the derivatives of the driving torque
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Zi:,h respect’ to the input vector p are from Eq. 4.13. The derivatives of the brake torques
Loy and Mj,_ are fr9m Eq. 4.26. Fy, which is the susceptibility of the aerodynamic force
with respect to the input vector p is according to Eq. 4.28.

With the equation Eq. 4.61 substituted in E

i . . 4. q. 4.60 we can formulate the complete augm
equations of motion for the one track prediction model, which are necessary té) solve tl%e iiril:fac.ll
value problem of Eq. 4.8. The augmented equations of motion in state-space form are

M1 1 %7 ]
T’;Mg“}“fﬂ‘Me

1 i i

i (Frypcos o+ For — Fypsing — Fy) + i

-,%(szsingo—i-Fyf cos @ + Fyp) ~ dp

& (Farlysing + Fyplg cos ¢ — Fyely)

@l}'(Maf + Myg ~ RFyy)

)
If

1 ! : : I '
#ril{Frpcos g — Frpsingy’ + FL, —F;fsmgo-— Fyrcos g’ ~ Fo) + 4/ -+ 4

1 . . -
i (Fzg sing + Fyy cos i’ + F; cosp — Fys sinpy! + Fp) — &'y — &y

1 /v ‘s . 3 ’
O (Faplsiig + Frply cospy’ + Fylfcos ¢ — Fyplysingy’ — Fode} ! -
1 apr o gttt ' !
i - b
Lt [N e - t Ny -
o (M, + M, — RFL,) "
. v : 1 ‘|\ ! ‘ J
L) ?"L' . ‘
LI ¢ i ! li. ' tre t
J ' 7 1 »? t " 1
t, 5 2 ! " !
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Chapter 5
The trajectory planning task

The driver’s plant. imaginations described in chapter 3 are involuntarily utilized by the driver
to predict and finally optimize his future behavior. In doing so, he works as a nonlinear
predictive controller. The basic process thereby is that, starting from the current time t,
the driver predicts the vehicle’s future reaction to his driver inputs for several seconds in

advance from his plant imagination.

His ability to optimize behavior is mathematically described as the solution of an opti-
mization problem. The driver "solves” this pptimization problem at every time that he is

replanning his future action.

5.1 Problem formulation

The trajectory planning task to be done by the driver constitutes a mixed continuous/discrete
vector optimization problem under dynamic equality and inequality constraints:

p’(t) = min {Flp@) | g (t.p(t)) = O¥t €lts; to +1a] 5 92 (2, p(1)) < OV €ltoito + tal} -(5.1)

F (pft)) € R™ is 4 vector of normalized objective functions, each of which should be min-
imized by a suitable choice of theé tithe-varying components of the ‘parameter ‘vector p(t).
p(t)* denotes the point, where f (p(t)) has a minifnum under the given constraints.

The equality constraints g;(p) = 0 € IR™* are constituted by the equations of motion of the
respective plant model, Eq. 3.17 or Eq. 3.19, and their respective initial conditions given by
the driver’s momentary perception of the vehicle’s state of motion.

The vector gs (p(t)) € IR™? of inequality constraints is explainéd in section 5.1.3.
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5.1.1 Optimization parameters

The inputs provided by the driver to control the vehicle are:

ot) e R : Longitudinal input: o ¢ [~1; 1] defines the driver’s input
to the accelerator and brake pedal. According to Eq. 3.1
2 2 0 gives the normalized throttle position, which is pro-
portionally related to the accelerator pedal position. ¢ < 0
gives a normalized measure for the force exerted to the
brake pedal.

v(t) e R : Steering input: ¢(t) is the steering angle, measured at

the steering wheel. The driver adjusts ¢(t) by turning the

steering wheel.

Gear number: 7(t) is mannally chosen by the driver

through manual gearshift operations. 7n(t) determines the

gear ratio between engine and wheel. In contrast to 0 and

©, 1 is usually a discrete variable with a fixed domain.

The vector p(t) of optimization parameters is then

n(t) €[1,2,...,5]

o(t) € R throttle/brake signal
pity=1 p(t) € R steering’ angle . (5.2)
n(t) € N ‘gear sequence ’

5.1.2 .Objective functions

The driver performs his optimization with respect to éérfain bbjectivé functions. Several
objectives are defined in this section. They have to be balanced versus each other by an

appropriate choice of weighting factors. : ¢ |

Maximize tfavel distanee Ctime—optimal) r T

The basic goal of vehicle driving is to transport bassengers or goods from one point to another
in an efficient manner. Efficiency means mostly speed. Thus, a driyer;%oy)d always try to
maximize the distance he travels in a given time,

The travel distance sr(t) is defined along the center line of the road, see Fig. 5.1. sr(ty +
tn) — sgp(to) is the djstance traveled between the current time ¢y and the; time ¢, iy, with

iy being,the optimigation horizon or the prediction time. Since the travel distance should
be maximized, its inverse is taken as an optimization criterion: -

i T Pl A i -

== 4 bR 3-] 53
SR(tg +'th) — SR(td) ¢ N ( )

E] {

fr

Minimize horizontal accelerations (acceleration—optimal)
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Figure 5.1: Travel distance with respect to road middle line

For a comfortable ride, inertial forces exerted on the passengers in aill tllr_ee dlrrlzctl;?;‘l;ii};oslli
i ing, however, or during accelerating a
be as small as possible. When cornering, : , OF C e om0t bo ol
horizontal accelerations. -Vertical accelera ion: -
D ot eruen h ension. The driver can
i i ly taken care of by the susp !
fluenced by the driver and are usual  ca : '
Ellinimize hoifizonta.l accelerations by a correct timing of accelerating, braking and cornering,

as well as by choosing large curve radii.

Figure 5.2: Longitudinal and lateral accelerations

+

I I

To formulate the acceleration criteria, longitudinal a,(t) and lateral a,(t) accelerations at
the center of gravity {CG) are considered, see Fig. 5.2:

ay(t) = K(£)3(t). (5.4)




56 Chapter 5. The trajectory planning task " 5.1. Problem formulation 57

4
For the optimization, quadratic integral criteria over time from %, to £, are used: p(aw()

iy th

f=[a@Wa ;= [dwa. (5.5)

“to to

>

Minimize brake usage (brake-optimal) . { 0‘“\__ ]. —“’/(I — :m
-wy(sp(t) Wo wilSg w

‘The main goal of minimizing brake usage during driving is to prevent kinetic energy from
being dissipated by the brake discs. On the other hand, people are instructed by driving

schools to spare the brakes when'going downhill to prevent them from overheating. Thus,
there are situations, where this criterion plays a significant role.

Figure 5.4: Penalty function for lane keeping

‘ ; i al position on the road, according to its definition in
A penalty function p; (9(t)) is defined to penalize brake usage, which is indicated by o(t) < 0, where Awg denotes the desired lateral positi

see Fig. 5.3 Fig. 2.9. -
The respective objective function is then again the integral of the penalty function over the
s (e(t)) = —o™ (), (5.6) prediction period:
(1) by |
T fom [ m(Bu(e) d (59
to

Minimize deviation of optimal engine speed (rpm-optimal)

Most drivers involuntarily try to keep a certain engine speed, f}t whiCI? they are'feeling
'8 comfortable with respect to engine noise on one hand, andn possible engine torque on the
’ ‘ ﬂ other hand. Assuming a perfect rolling constraint to be fulfilled at the driven wheels, the

> engine speed n,(t) is:
p(t) B .

] ) . 60. . $() (5.10)
ik = —{ a: t)) — >
‘ll | Figure 5.3: Pendlty fupctiofi for brake usage e(t) Qﬂzd‘f figear (1(1)) R
il The criterion f, is then formulated as the integral of the penalty‘function over the prediction We define again 4 penalty function pe (ne(t)) for the engine speed, see Fig. 5.5:

period: L. ’ g

3

® 11
g b t - pe (ne(t)) = (na(t) = neo)” (5.11)
il fo= [ (o)) at St T 5.7 , o
‘| ' to ( s - - =7 3.1 v With neg-being the engire speed felt optimal.by the driver.
’; The criterion to be minimized is again the integral of p. (ne(t)) over the prediction period.
Stay in‘'middle of lane (keep right) ) .
! l An important issue during highway driving is to stay in one lane and to avoid uncontrolled th (5.12)
E : lane-clianges. Thus, we define a quadratic function p; (Aw(t)), which penalizes the lateral . fo = [ e (ne(t)) dt :

deviation from the center of the lane: . iy . b

P (Aw(t) = (Aw(t) - Awg)* , . : y (5.8) Minimize deviation of given velocity (velocity-optimal) MR
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Pe(n 1) ‘r

0 1 3 T } >
¢,min 'e,0 N max nt)

Figure 5.5: Penalty function for engine speed

The velocity criterion is important in two possible situ
speed limits apply, which influtnce the driver’s behavior in a sense th
the deviation of his vehicle’s speed from the posted limit Second
may think that a certain speed. is appropriate for safety ;eaéonSF
speed zero and imposing all weight on this objective fun .

brake suddenly, e. g. to simulate an emergency situation.

» In certain situations he
: Making the appropriate
ction causes the driver model 1o

Speed deviations are penalized by the penalty function p, ($(2)

see Fig. 5.6:
Ps (3(2)) = (3(2) — 30)2 .
o ) $ o (5.13)
» §iS'a given. (desired) velogity. - T
‘2 -~ S T SRR L e "o !
rl" Yo ¥ ~ t rfP f
10 S
[ i
1%
* “ | —
X
0, s@

; Figure 5.6: Penalty function formirélocity’ T

The objective functioﬁ is again forr ; 2 .
. period: f7 is again formulatied. as‘the!integral ofipy ($(£) ) over ‘the,brediétion
i ]_ -

- 1 i o1 4T

it ;‘,‘} "‘q" ! 1 ‘;; T e !‘f‘ t e

T

. h=!m@@ﬁﬁ : ‘ - - (5.14)

Ob ectLUeS 3 LI ¥ oy EA 5 JE‘E £ ol t
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" To form a vector optimization problem, where a sensible trade-off between the objectives can

be made, the objective functions f;, ¢ = 1,...,7 have to be normalized. This is to ensure,
that equal qualities in different criteria result in equal values of their respective objective
functions.

We define threshold values fj, ¢ = 1,...,7 for each of the criteria, where the driver finds

the behavior only just comfortable. The normalized objective functions f; = fi/fio have a
value of 1 when the behavior becomes uncomfortable for the driver.

fu ‘ E fi/ fro
= sz ; F- f:z _ fz/:fzo (5.15)
fr Ir f1/ Fro
Table 5.1: Normalization of objective functions
criterion fio 7
. . _ 1 + _S(tp—1t)
time-optimal fio = F(tn — to) fr= sk (s
— 1 ty d
— = = t) di
fo = al—t) | 12 T TH-g4 =W
acceleration-optimal
fao = @alth—to), | 7 _ 1 b
fs = Tl —5) t{ay(t) di
: e < _ 1 b
brake-optimal fao = D (tn — to) fa= 5T =70 t{ m (o(t) dt
. ) J— - 1 % 2
keep right fs0 = Aw” (tn — to) fs= A=w—£[ (Aw(t) — Awg)” dit
. o
- - tp
rpm-optimal foo=Brg (ta—to) | Fo = s | (ne(t) = neg) dt
. § Ane (th'-— to) ty
ﬂ- a
. . —_—2 N s 1 b & YRy
velocity-optimal fro = As™ (tn — to) fr==——— 1 (8(t) — 80)" dt
As (th - to) to
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Table 5.2: Quantities used for objective normalization

£ given travel speed desired by the driver
a comfortable acceleration

Yo} comfortable brake input

Aw comfortable lane deviation

An, comfortable deviation in engine speed

s

comfortable speed deviation

5.1.3 Constraints

The vector f(p) of objective functions, see Eq. 5.15 mus
constraints g, (¢,p) = 0 and inequality constraints g, (t

g1(t, p) is constituted by
plant model imagination,

t be minimized under the equality
,P) < 0, according to Eq. 5.1.

the dynamic equations of motion Eq. 3.17, Eq. 3.19 of the driver’s

92,1(t)
9:(t,p) = gQ'f(t) (5.16)

G20(t)

is the vector of inequality constraints coming from the following considerations.
Stay on road

Figure 5.7; Definitior of quantities describing the relative
position of vehicle to road; w;: lane width; Aw:
. lateral vehicle position; b: vehicle width
} - e +

The most important cé}lstraint during driving is to keep the vehicle on the road under
all' circimstances. Fig. 5.7 show:

s all quantities needed to detérmine the vehicle’s relative

] 61
t+  5.1. Problem formulation -

* position on the road. Aw(t) is the vehicle’s lateral offset with respect to the middle line of
the road. The constraints to bg-fulfilled are:

: b
g21(t) = Aw®)+3-wm < 0O -
920) = —Dwt)+E-w < 0

Limit horizontal accelerations

If the driver employs a prediction model with kinemati(': rolling constraint.s between w}ile:ﬁs
and road, he has no measure for the contact forces, whlch‘ can be transmitted thrm;g . 2
tire latch. On the other hand, it takes very little experience tolknow_fv that only 1m'1te1
accelerations can be tolerated in both longitl}dinal and lateral dlrect!mns. The mg.xn'na
values thereof depend heavily-on the road conditions and on the accursty of the prediction
model employed.

.

Figure 5.8: Maximal and actual accelerations acting on
the vehicle; a: overall horizontal aceelera-
't10D; Gz,mar: maximal longitudinal accelera-
tion; .Gy max: maximal lateral acceleration
J‘ ? . ; ,
. A ! Lo .
i AF‘igﬁf'FS '8 shows the ‘accelerations acting on the vehicle in a body fixed coordinate system.
" " he Taximal allowable longitudinal and Jateral accelerations depend onleach‘ 0.1',‘1,'181'. They
are assumed to be sityated on an ellipse, the main axes of which are the vehicle’s roll and
Mg on an €
' T "pitch agbés:t of o M aa o *

[ s W v ¥ w1

. 2 2
R "“2:3-‘1 t N\ Gz mazx \Qymaz / * !

By &
N LI ¥ ¥

az(t) and a,(t) are the components of the resulting absolute acceleration of the vehicle's
Y. d I S S e Ty
G .tghte‘r',‘of gravity, in the Body“fixed’coordiftate $ystem; see Fig. 5.8.




‘g2 (¢, p(t)) <OVt €[to; £y + t4) have’to be discretized.
r oz ‘ t .
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Limit engine speed

When using manual gear shifting, the driver is responsible for the proper choice of his engine
speed. Particularly, he must not exceed the vehicle’s maximal engine speed 7, a0, On the
other hand, he has to keep the engine speed higher than a minimal limit valye Nemin tO
prevent the engine from stalling.

The respective constraints are:

92,4 (t) = ne(t) — Nemax < 0

1 ' (5.19)
92,5(t) = _ne(t)'l'ne,w_tin <‘ 0

End

Ability to decelerate to zero velocity within.half.sight distance

In many situations, especially on winding narrow roads, where there is dncoming traffic, the

driver must adjust his speed, so that. he can stop within half of the sight distance d,, if
necessary.

To formulate the respective constraint; we assume a brake maneuver with the highest possible
longitudinal deceleration: -

t

. d "
92,6 (t) = S(t) - 'V,2@z,ma§fi <s0-~ % o

L

(5.20)

Avoid obstacles

9.2 Implementatioir - _
1 LI 'y v | o

5.2.1 Problém reduction * ;

"y 3T 1 4 wd "1*
For a possible nutnefical treatment witfi‘-standarci* barameter optimization algorithms the
problem Eq. 5. must be suitably reduced. In pariicular, the control ,lnputs, whichwﬁ‘nally

have t6'be given ad functions of time, mus? be pﬁréxgléteriéed,,the ipeduality""g?nstraints
* e o 1 i
i . . [ I L 0F ~
Moreover, the continuous/discrete optimization problem must be suitably addressed. This
is accomplished by separating the problem into three steps, see Fig. 5.9:

\
)

® Solve the optimization problem Eq. 5.1 asSuming gll variables (thrgttl-e/'l')ifali:e 0 € IR,
steering ¢ € IR, gear 7 € IR) as real numbers.
4 LI | ..{ f 1 ¢

wd N . 4
* Discretize the gear numbers ( € IN), such-that a.certain error criterion is minimized.
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peR
problem1|lpe R
Ine R
'eR
lp e R
e R

problem 2| ne IN

N eN

er

problem 3
dpe R

P eR
‘&R
MeN

Figure 5.9: Implementation of the continuous/discrete op-
timization problem for the trajectory planning
task

4

e Solve the continuoys, part.of the problem (g € R, ¢ € IR) assuming the gear sequence
to be fixed at the result of the second step.

As a result of these three copsecutive steps we obtain a suboptima_l so%ution of the problelxln
Eq. 5.1. The simulations in'chapter 8 show however, that our solution is close enough to the

optimum to pgovicie sensible results. -
Problem 1: Optjmizatipn with réal'parameters
In the first step the parameters are assumed to be real functions of time:

i - RN N

' I 1 AR
doer il le(lprt) @R Y | (5.21)
i B ) 2 (il g G b TS to +Hin. .

lp(lp!t)'_ (P( D, t) < ]'R' ;, ; . [+ T 0
In('p,t) € R

i Since standard numerical optimization algorithms deal mostly with optimization parameters
L 905

instead of functions over time, the input vector p(t) must-be parameterized. We do this
using-a linear. interpolation: !




64
Chapter 5. The trajectory planning task

The time range [to; £, +t,] is divi i i
ey thme ge [to; o+ t4] is divided into n intervals by an equally spaced vector ¢ of interval

ti=[1 t t, | €RM. ' (5.22)

The parameter vector used for the optimizati i .
boundaries:! ptimization consists of the function values at the interval

17 = [lg(to) coe Yo(taly) | tﬁo(to) I‘P(tn-l) I
Nt} . ' (ta-r) ]TGIRa"- .23)

linear i . . . .
Interpolation Interpolation with zero-order hold

4
o

}' ! p(tn.Q o(t) p— _!_—

E E v, i) E I p )

’ P (ty) , P
’ : Pl i S
S e SN S S SV 8 SE NS SN N
to tl 'tz tn-] t-n- t! tlo, t‘l ;2 ‘e : tnll1 ti t

Figure 5.10: Interpolation of driver inputs

" ‘Linedr"interpolation is used to déterm) i0 '
erm . . tr 2 1
ne thé functiop values within thé intervals, see

Fig. 5.10: .
i
oo . 1
) f‘ _1 , 4 ! s
. ; lg(lp-"t) i I}Q (tt) ;!_ Tg—( ;{:'-;3 _,.tig,(tz)((;ti - t:) ' !
leflg = | 1,015 1_1° 1 tiyg) =1 ’ vt .
¢(3,1) 1<.o((1 :)) = [ o)+l Ze @y 4y | <, (520
n(*B, G ey i) =L hn - '
n(e)+ 2l —ntdee )| o

! T . . vy

A

The differential equations of motion describing the prediction model, which are included in

L .
the vector g, (p('p, t)) of equality constraints, are solved in! continuous time. Consequently,

g1 (P('P, t)) and the cost functjon vector F(p('p .
-2 P ) 5 D,t)) are evaluated i - :
vector 'g, (15, ¢) for the modified problem 1 is then:) e it continydug time. The

I

—_ —_ bt (& l-_,’ ‘

1 - -
System inputs at the ime {n = tn do not influence the behavior in the regarded time range:[to; ta]

L)
* }
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The discretized vector 'g,(*p(?)) of inequality constraints for problem 1 is:

92(1p(lﬁ= t)atl)

g0t = | PP e g (5.26)

9:('p('D, 1), tn)
The optimization problem solved in problem 1 is then

1

pr= min {Fo('p. 1) ) 'g.(Pt) =0V t € [t ta] ; 'T(p('B) L0} . (5.27)

Problem 2: Combinatorial optimization of gear sequence

In the next step the gear sequence '7* := [ Ip*(te) ... 0" (te-1) ] € IR™ is discretized to
obtain an integer sequence

%=y = gte) .. 2n(tay | €N (5.28)

of gear numbers. The optimization variable 25(*p, t) can be an integer number only. There-
fore, we interpolate between the interval boundaries using a zero order hold:
2(%,t) =2ty =t nlts) ;i< t<tin. (5.29)

Assume the same velocity profile 15*(¢) as in problem 1, the engine speed n, is solely a func-
tion of the gear sequence and of time: n.(*p, ). The vector 2g,(*p, t) of equality constraints

for problem 2 is then:
— 15*(1). . —
W %) L S PR G

n(*p,t) ~*£(°p, 1)

5,(°p,t) = (5.30)

In problem 2 the driver must assure that for the given velocity !4*(¢) the lower and upper
engire speed limits are not exceeded. Thus, the inequality constraints 2g,(*p) applicable for

problem 2 are

[ g24(*D,t1) ]

2—
o 924(°D, tn)
$\'P)= |——FH— €
2(P) 92,5(°P, 11)

R*". (5.31)

2

1

L 925D, tn) |
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The objective in problem 2 is to keep the deviation

is given by the solution of Eq. 527, low: from the gear ratio i .., (‘7* (t)), which

n—1 . 2 -5
2F _ Sgear (*11(t;)) \ oo (2
PR () ) (Gt
j=0 3year(l’7'(t_f)) : @j = sgn igmr(ln-(;j)) - 1) . (5.32)
The combinatorial optimization problem for problem 2 is then:
P — . T b P 2— I
P =, min {Folp.) 1%8,.CB 1) =0V t e fto; 1, ; Ble(BY) <0} . (533

Problem 3: Final optimization with fixed gear sequence

After selecting an optimal gear sequence, the throttle/brake si

adjusted to the changed gear ratios by a third ( gnal and steering angle are

3 continuous) optimization step.
The vector *p(2) of optimization variables for problem 3 is

s | Celt)
p(t) = (scp(t) ) € R?.

Discretizing p(t)

(5.34)
with respect to time under usage of Eq. 5.22 yields the parameter vector

o(tn-1) | 2p(to) 30(tn1) ]T e R>, (5.35)

‘The input variables at time ¢t are gained by linear interpolation:

%(p,1) = ( “elt) ) oty + 2l o),y

31—) - [ 3g(tg)

3 = 3 i+1 — L4 . 2
©(t) 3, ey 4 @ (ti) =3 o (¢ <t <tig. (5.36
@ (&) + = t;ﬂ (t:) (t—t) )

The equality and inequality constraints for problem 3 are:

t

a(’p(t))
3 (3— t) = 2,,%
9. (P, n(t) —2n (5.37)
p(t)-— % (°p, t) |
9:Cp(%B, 1), 1)
g - 3 3'-*, t),
g.Colp i) = | PPDE | (5.38)
9:(*p(*. 1), ta) |
The optimization problem, which is solved in problem 3 is then
3—» — . s . 3= 3=
= min {FOC.0) *BCPY =0Viet]; *5,0p(p,1) < 0}.  (539)

4
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5.2.2 Solution of the vector optimization problem

It is known from the theory of vector optimization, that there exists no unique solution for
the problems Eq. 5.27 and Eq. 5.39, if at least two of the objective functions are competing.
In general this is the case, so that the solution of the problems Eq. 5.27 and Eq. 5.33 span
an n; — 1dimensional subspace — the functional efficient set of solutions — in criterion-space.
Functional efficiency is reached, if none of the objective functions can be reduced further
without increasing at least one of the other objectives.

To obtain a unique solution the vector problems are reduced to a scalar substitute problem
using the method of objective weighting, {4]. Thus, we introduce a scalar preference function
P representing a weighted sum of the components of f. A row vector w € IR™ of weighting
factors is defined such that

ns

i=1

0w €1

is fulfilled. The preference function P is then defined as®

P (F(®),w) = wi(®), (5.41)
such that the scalar substitute problem is

min [P(F®),w) [5:(5)=0; 5.(P) < 0} . (5.42)

By solving Eq. 5.42 repeatedly -with a systematic variation of the components in w, one
could calculate the functional efficient set of solutions. In our case, we are only interested in
a single solution point for a given w. w is determined in the cognitive decision layer using
the driver’s expert knowledge.

For the optimization a Sequential Quadratic Programming (SQP) method is used, where
the Hessian of the Lagrangian function is, updated at every iteration by a quasi-Newton
approximation (BFGS), see [9, 10, 14].

3 1t 1 /

. L 4 (R
?Defining 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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Chapter 6

The vehicle control task

gies to follow that path as accurately as possible. This stabilization update has to be done
at a much higher sampling rate (time increment dt) than the trajectory update, which is
done at increments of At, see Fig.6.1'. For the following mathematical description, we in-
troduce an integer number % to count the trajectory updates, and an integer number 5 for

the stabilization updates between & and k + 1
5o = k=l + At = Al yonst. (6.1)

trajectory update

e

stabilization update

' 1o 1 Leood. l LY l L L Eese
I LI 1 R i ," ! I I T [

: l=1 2 3 hi PR “iz_'-l L i 1?1 2 3 1

1 H 1 i
ks deo mo K ‘ k+2 r k#3

| 5] | IR

i 1 ! At i r 1

" : ¥ { [ Lol L g i ’; E] : i * ':

: k k+ k|

©on : T COjrty= kAL ¢ 3 T s

 f
Figure 6.1: Timing of control updates at different levels;
k: counter for trajectory update, i: counter
for stabilization update, At trajectory update
time, 8t: stabilization update time.

tions (longitudinal) and path deviations (lateral)._ Longitudinal and lateral directions are
decoupled in this controller, . ! i

yv P v .
! For convenience we choose %t—t =n &€IN. Typically §¢ is about 10 times smaller than Ag: na 10.
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6.1. Reference trajectory filtering

.6.1 Reference trajectory filtering

. . - -~ k .
At each trajectory update *%, the actual perceived state of motion Z ( tg) is taken askthe
initial condition contained in the vector g; from Eq. 5.1. Due to controller errors 2 ( tg)
differs from the desired state of moti'On_«’@k -1z ("to) predicted at time (k — 1)¢,.

Consequently, if af the time.t>> *#; the.trajectory "z(zf) is solely taken as th.e new reference,
the: dec;ired tlja.jec‘qorys would Bepgrgge unsteady on position level at the trz?._]fectory updat_es.
This wotld resilt ’i'n:unsteaavyd driver input signals, i. e. jumps in throttle position and steering

angle. Therefore, atr appropriate filtering is necessary.
This is done by weighting the precedent v trajectory updates against each other using a
vector “forgetting factors’ u;.

S A

k Vg(kto) —————————————— /\‘
k Vé(k Vto)\ ————— /

k }S(kto)\ _____ :_
k }é(k l-to)/

YCTR 3 W A———

=
A e e —

Figure 6.2: Corre¢tion of the planned velocity to produce
smooth longitudinal driver inputs.

K
From Fig. 6.1 follows:

Ry =Rl R A= L 9 = L =R 4 AL, (6.2)

According to Figs. 6.2 and 6.3 we define the quantities listed in Table 6.1,

j i kgl then calculated as
The filtered reference trajectory *rpp;(t) and velocity profile ¥5'(t) are then :

Arbor (’“to + t) = i_:o Uj:‘_jTPOI (ktO + t) ] s (6.3)
t

1, {1 Al
e _k—j' k t
kot =_ 4. Ui 8§ |, T . ) .
YLy o f S; (’fto RE t) q"fjgog,] 3 (} Q) ']
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vy position is
X
4 ey / ; “Tpoi(t) .
kv A i (1) — §(r)) dr (6.5)
LNV 50) = o(t) — K (181 = 5(0)) — Ko [ (/1) = 5() dr
! v g} "" "ll ’/::’ 0
. k l,yB ..o; e I krI:’OI(t) ," ; /:,""
i T 1’,’ ,’4' -
I ,;,"' , # i S Kby (t) with the followirg controller coefficients
" 0 ’ N Hh v ' A ] . .
((l "Yﬂ ?L}‘B H i & hos 4 Kp, coefficient of proportional term of longltudlnal control
{ll 1“ k }rpol(kto) 4 'JJ’, ! ’ ‘ b K],g coefficient of integra,l term of 10ng1tud1nal control
| // Tx. "eoi) l #
e k B
i = “';pm((:%)) Lateral control
! I' - POI . . ) . .
'I“ The steering angle () is used to contrE)l the veh.1cle in lateral direction. The underlying
g ¢ equation for the PID-control of the steering angle is
il
. I / t
k| - i - 6.6
, ; 5(8) = polt) — Krp(t) = KppS9(t) = K [ S(r)ir, (65)
0
Figure 6.3: Correctign .of, the planned trajectory to pro-
Jduce smooth lateral driver inputs. with the following quantities
. T Kp, coefficient of proportional term of lateral control
Table 6.1:1Qual_;tities defined for interpolation K; ’q, coefficient of integral ferm of lateral cqntrol
F3(1) + velocity predicted at time *fo for time-¢ ) K 1; o coefficient of differential term of lateral control
’“é’ (t) . filtered velocity predicted at time *¢, for time ¢ o " pominal value of steering angle, calculated in trajectory control layer
k5 (z = 0) & velocity perceived af time o A | Ay(t) lateral deyiation from the nominal trajectory.
krpor(t) :  POI position predicted at time Evgo for time # ] ated £
*roor(t) : filtered POI position predicted at time *#, for time ¢ Ay(t) is calculated Irom
*Fpor(i = 0) : POI position p)er(':eived at time o L. ., F 10 -1 6.7)
PR 1 H] ! toa ok _ & -_— X
o b ! Ay(t) = ("'POI(t) - "'POI) [ 1 0 ] t(t) -

with u; being a weight function (forgetting factor) with the following properties:
ot [} !

. k ! .
t(t) is thereby the unit tangent vector along the filtered reference trajectory “7po ; () at time

u; 20VjelN 5, Uo-.=£ ; w=0. ro (6.4) . ¢, according to Fig. 6.4.

6.2 PID control P " ot

. , )

Longitudinal .control

t

The throttle position g(t) is used in the control layer of the proposed driver model to control
the vehicle in longitudinal direction. The equation deéscribing the PI-control of the throttle
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actual POI trajectory

Tpoi(t)

Ar()

cotrected PO! trajectory

1

Tpoi(t) s

Figure 6.4 Projection‘éftrajectory error into'lateral direc-
tion. _
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Chapt_éfg 7

Experimental investigations

7.1 Real world experiments

In order to compare the simulation results with human driving behavior, a real-world exper-
iment was carried out., The experiment described in the following chapter took place at the
facilities of Califprnia.PATH, Richmond Field station, USA.

1 e

7.1.1 Test vehicle

The test vehicle, which was used for this experiment was a Buick Le Sabre 1997 with a four
speed automatic transmission, see also Fig. 7.1. Any further specifications of the test vehicle
are given in Tab. 7.1.1.

make | Buick

model Le Sabre 1997

engine 3800 series II, V6

max power 149 kW @ 5200 1/min |

max engine torque | 312 Nm @ 4000 1/min

transmission 4-speed automatic
curb weight 1560 kg
wheelbase 281 m

length 5.08 m

width 1.9 m

height 141 m

Table 7.1: Specification of test vehicle
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Figure 7.1: Test vehicle] Buick ‘Eé Sabre 1997, PATH,
Richmond Field Station (source: PATH)

" ’ |}

The test vehicle was fitted with several different sensors ifr order to measure the: driver input
data as well as the vehicle behavidr and position. Thé time'wad-alsé maisured with respect
to the data sets mentioned before. The measured driver input data consists of

¢ steering angle

‘| . ¥ ] v ,."_ + L LI

. throt;clie position t
L Y ¢

‘The measured vehicle data consists of

_!' ;
M E noet oy
® magnetometer number, - ” - -
H if v !
i - -
* magnetometer poles_ L K ‘
l o q b I
¢ lateral displacement front v Loag
o lateral displacement rear . “* ' -
PES bt
¢ wheel speed |, ~ " TR .
) - ! i L
® yaw rate o e B <y
* longitudinal acceleration ) ¢ T Al g

lateral acceleration
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7.1. Real world experiments

" The longitudinal vehicle position on the test track is a function of the magnetometer number

and, therefore, can be easily calculated. ‘The.véhicle orientation can be calculated, using the
late’ral displacement of the front and. fear sensor with respect to the:magnetometers mounted

on the test track. The sensors which .read- the magnetometer information are shown in
~p
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Fig. 7.2. The measurement range in which the magnetometer sensors provide sensible results

is approximately 0.5 m to the left and 0.5 m to the right side of the vehicle’s longitudinal © right turn,

axis, see also Fig. 7.2. The lateral .oﬁ"set is updated at every sensed magnetometer. But if the o left turn.

ma;g;]f}t;ometers are out of the vehicle’s measurement range, the lateral offset is not updated

until the magnetometer i i i .
g s enter the measurement range again. This leads to false information The road width differs slightly over the test track. The average road width is 3.52m. he

about the lateral offset, which has to be taken into account during the evaluation of the

results. road boundaries in the area of the right and left turn as well as in the area of the transient

part turn/straight of the test track were marked with white tape. In the remaining parts
of the test track the road boundaries were not explicitly marked with white tape. The
boundaries of the road sheeting were used as reference for the driver, instead. Following
from that, there is no precisely defined reference of the road boundaries for the test subjects
in this sections. This fact has to be taken into account in the evaluation of the driving
behavior.

The test track is fitted with magnetometers which are inserted in the sheeting of the test
track. The distance of the magnetometers to each other is one meter. Therefore, the longi-
tudinal position of the test vehicle equals the number of magnetometers which are passed by
the vehicle, see Fig. 7.3. It is not possible for the used software and sensors to handle two
rows of magnetometers at a time. Therefore, the magnetometers have to be inserted either
for the straight section or the curved section. The consequence are jumps in the lateral offset
at special parts of the test track. The magnetometers are inserted in such a way that jumps
occur at position a) and b), see Fig. 7.3. These irregularities have to be considered while
evaluating the lateral offset and trajectory of the test vehicle.

The length of the part of the test track, which is used for the test runs straight east and
straight west is 320m. The length of the part of the test track, which is used for the test
runs right turn and left turn is 250m. The minimum sight distance of the entire test track
is 63m. Therefore, the sight distance has just little impact on the driving behavior if we
consider the allowable top speed of only 30mph.

Measurement range

1.0m

I“

i 7.1.3 Experimental limitations

Figure 7.2: Front sensors mounted on test vehicle (source:
PATH) The experiment was limited in different ways which may have influenced the results.

e The maximum speed was set to 30mph because of safety reasons.

7.1.2 Test tracks

e An additional supervisor was sitting in the test vehicle who controlled that the speed

The test track which was used for the real-world experiments is shown in Fig. 7.3. It is part maximum was not exceeded. This rose pressure on test subjects and the original mind

of the facilities of California PATH, Richmond Fi A ) set which was intended for the experiment could be influenced. It is very likely that
was used in the four different ways’ nd Field Station, USA. The provided test track the subjects focus was shifted to obeying the speed limit rather than concentrating on

the instructions given during the course of experiments.

e strai . .
raight east, e No continuous test situation was possible, because the test tracks where no closed

o straight west, loops. In order to reach the starting point of the test tracks, the test subjects had to
leave the ‘testing area and drive short distances on public roads. Therefore, the test
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40 : . '
| " < Straight west ' ' ' - 7.1.4 Test subjects
| Straight east _
N P — eI oo > In the course of the experiment, the test subjects had to fill out a questionnaire. All the
i‘ 1 Curveright  \ SggpsriSme e e Erey information about the test subjects, is taken from these questionnaires. The subjects were
) 1 : =20 [ b R . assisted answering the questions in order to make sure, that the subject fully understood the
I ' ) 1 questions.
A -0 -
gl _ .
l! : 60 | a) number of test subjects 8
e . gender male
: ! ‘I sor PO R magnetometers i age 21-31
' H I 2100 | : ———  border line of test track profession all subjects work or study
R & ° with white tape marked border ' in the field of engineering
o -120 = - : :
¥ ‘ © | driving experience (time) 3 - 15 years
‘ AHIH -140 |- § driving experience (dist) 10,000 - 150,000 miles
‘ H | - driven miles within the last 12 months | 5,000 - 20,000
‘ | eor ; , ] driving skill (self-assessment) good -"very good
“ | 0 50 100 150 500 250 300 technical knowledge (self-assessment) .| good - very good
1 ¥
” | Figure 7.3: gest ground, California PATH, Richmond Table 7.2: General characteristics of test subjects
N, ield'Station, USA. a) and b
il the test track where jlm 5 111?1?:1;;11?51”? of For the test subject’s self-assessment of their driving skill and technical knowledge about
! | and the trajectory .nﬁay ({::cur olfset autos and driving, the subjects could choose
1]
[ . -
il 5 'S;]ftl)JeCtS had to switch between the.test situation and-a.real traffic situation Possible e very good,
! | 1 u s - .
| ! i 1‘1 ences on the test subjects mind set can not be ruled out. e good,
T
il e The measuri
il l e uring range of the magnetometer sensors was not sufficient for the experi- o fair,
1 -+ 1t was possible to extrapolate the vehicle rajectory’ partially, but the senso
” accuracy and the accuracy of the available track data was too low i’n order to o & poor
i meaningful results if the test vehicle left the measurement rarge for long distaﬁgca:sn
. as their answer. The test subjects were also tested about their general knowledge about

| specially, the meaningfulness of the experiment with the driver preference keep-right

was st c .
rongly reduced, due to that limitation. cornering witha vehicle. They could choose among the following questipns.

e
a) The tighter the corner is, the more you have t8 tutn the steering wheel.

b): The tighter'the corner-is, the less you have to turn the steering wheel.
¢) The higher your speed is during cornering, the lower is the side force on the passengers.
d) The higher-your speed is during cornering, the higher is the side force on the passengers.
e) The tighter the corner is, the lower is the side force during cornering.
f}‘ The tighter the corner is; the higher is the.side force during cornering.

All test subjects were aware of the correlation between steering wheel angle and trajectory
as well as speed and ¢urve Tadius And the side force, which is exerted on the-passengers.

They all chose the right answers a), d) and f).

. _ e The test.run with the 1 which in ng traffic
: preference keep-right, which includes ible i
; . : ) possible ‘oncoming
‘| | r , was carried trough without the possibility of real oncomipg traffic. "

¥

1 ‘! ' Li 1 -
h * The same test sequence was used for all test sub jects. Possible results may be influenced

‘by learning effects. r
* 1

il e The test vehicle has.a i 1
.automatic transmission. Therefore, th j
, : able to actively influence the current ‘gear‘ra.tio Followin:g, frt;enf1 Itll?;?nnslizf:llwas o
‘ - : ratio. -om that. sion can
.+ be drawn from that experiment, with respect to the engine speed and engine torque
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7.1.5 Course of experiments

The s.ubjects were asked to fill out a questionnaire. This was independent of the driving
expenme{lt and, therefore, before or after the test runs. The subjects were assisted answering
the questions in order to ensure, that the subjects understood entirely the asked questions.

The course of the driving experiment is as follows. The experiment starts, when the subject

_sits down on the driver’s seat. Before starting the engine, the subject gets several safety
1nstructions,

Safety instructions

The safety for all participating persons is the absolute priority for the experiment.

A safety belt is required for the test subject as well as for all other passengers in the
test vehicle.

The absolute speed limit for the experiment is 30 mph.

The test subject must not exceed his driving skills in order to fulfill the experiment.

¢ The driver must stop immediafely when other vehicles dr pedestrians enter the test
area.

The s.ub ject is also told, that it is possible to discontinue the experiment at any time of the
expe.nment without giving any reason. After that the subject gets a brief overview over the
ongoing experiment, the test tracks and instructions about vehicle. After each test run the
subject must make a full stop at the end of each track. This is necessary to store the data.

Safety reasons also require a full stop at the end of each run, because the subjeét has then
to enter public traffic again.

After this introductions, the actual driving experimerit begins and the subject is advised to
start the engine. The test person has then approximately 15 min time in order fé) adjust to
the test vehicle. The subject gets more time if needed. This training period includes fast
acceleration of+the vehicle and hard braking in order to get a feeling for the dynarics of
the vehit?le. During the-ttaining, all four different test rutes must be driven at least énce
The subject should also try to drive with, the.m;}ximum allowable.speed, so that the vehicle'

beh.avior at higher -velocities can be experienced. -No data is recorded during the trainin
period., , o : l °

2 T !

Aﬂ:er the training the instructor tries t6 give the subject sevéral spécial scenarios. ‘Oncé the
instructor has given the subject a'ceftain scénario in order 'génerate a'Special mind sét, the
order of test tracks is forall'different mind ‘sets the same. In this phase of the expérirf’lent
the data is recorded. The’ safety instructions are, repeated frequently to ensure. that thé

gxperir_nent is carried thropgh within the given safety regulations. The different scenarios
and mind sets are as follows.

i

7.1. Real world experiments:

Pt

§

e Driving without any given preference
Mind set: The driver is supposed to drive as he would drive without any special con-
siraint. Therefore, the driver needs not, reckon with qncoming traffic. The subject can
choose the trajectory liberally and does not have tq stick to one side of the road. This
scenario does also include that the driver does not need to drive particularly .careful
and no special speed limit is given.

Safety instructions: Independent of the given scenario, the subject must obey the max-
imum speed limit of 30mph and be aware of possihle -r}i k§ ;;j.nd fthe safety instructions
given before. Before the driver drives the next test track, these instructions are always

repeated.

i
e Driving comfortably, smoothly
Mind set; The driver should drive as smoothly as possible, This means that the
driver is supposed to minimize the longitudinal and lateral acceleration exerted on
the passengers. In this scenario, the driver does not have to expect oncoming traffic.
The given situation is such, that the driver-should imagire that a persom who is very
anxious,.e.g, grand mother, is sitting beside him. The goal is not to scare this virtual

person.
Safety instructions: Same safety instructions as given in the experiment before are

repeated.

¢ Driving with a constant speed of 25mph

Mind set: The driver is advised to keep a constant speed of 25mph. The given scenario

is a speed limit which is eagerly controlled by the police. No oncoming traffic has to be
{ taken into account, which means that the subject can choose the trajectory liberally
I without staying at one side of the test track. .

Safety instructions: If the speed of 26mph is too fast for the subject, the test person
: needs not to fulfill the experimental requirements. All the other safety instructions

mentioned above also apply for this test run.

ey EY

e Driving at the right side of the road

Mind det: The'instructions are that the driver:should try to stay at the right side of
the lane. As reference serves the right borderline-of'the track, which is partly marked
with white tape. The given test scenario is that the driver has to take into account
possible concoming traffic. That is why ‘He is supposed to stay on: the right.lane. No
special:speed lirhit except tlie absolute speed limit of 3@mph is given and the driver is
not advised, to drive:particularly smoothly. - o,

Safety instructions: Theisual safety instructions as.mentioned above are also repeated
so that the subject is always aware of the.existing safety regulations.
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7.2 Simulator experiments

In addition to the real-world experiment described in section 7.1, experiments with a driving

simulator were carried out. The used driving simulator was provided by Nissan CBR, Boston,
USA.

7.2.1 Driving simulator

Hardware

The used Hardware was designed and built by Product- Genesis, Inc. (Cambridge, MA)
The main component is the front two-thirds of & Nissan 240SX convertible which provides
kinesthetic and audio feedback to the driver. The complete test sétup is shown in Fig. 7.4.
The dimensions of the drivirg simulator are given i Fig. 7.5.

1

v I
a Figure 7:4: Test set. up of driving-simulator, Nissan CBR,
‘ Boston . .. , . . .

I I J

e [

The. audio feedback-.of the driving simulator is the engine noise which is dependent on the
engine' speed. The simuldtor also provides a force feedback 'in form of a steeting torque.
Depending on driving conditions, it generates a peak’ torque up to.5.67Nmr.ard s tontinuous
torque of 2:8Nm, which is usually sufficient under normal driving conditions. The instrument
panel displays of the test setup are completely under user control. :
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Figure 7.5: Dimensions of driving simulator, Nissan CBR,
Boston

A projector projects a 59° (horizontal) and 40° (vertical) color image onto the v_va.ll facing
the driver, see also Fig. 7.5. An SGI Octane/Si workstation provides for the described setup
the following update rates of the vehicle model and the virtual environmel%t. The d_ata. frame
rate is circa 30Hz and the graphics frame rate is circa 30Hz. For more information about

the used hardware, see [13]

Software

The current.software is based on a system developed by CyberGear, Inc. (Car}'xbridge, MA).
Key featurés of both include precise measurement of car parameters and input devices,
.control of the display devites in the car, and control over the appearance and movement of
other objects in the scene. The current vehicle position in the virtual env1r9nment is updated
on the basis of the current position, velocity, gravity, and drag. For more information about
the used software see [13].
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ivi i Environmental parameters
Driving environment 1 g = 98l  [m/s?] gravity
. i i o = 123 [kg/m?] density of air
‘The driving environment, which is provided by the driving simulator, is according to Fig.

|

Bl 7.6. ‘The color of the road is grey with white borderlines, The area between the road and

‘! the walls on the left and right side of the track is colored green. Every 50m poles are put up

! in order to provide the subjects with.better longitudinal reference. The pink walls on either

' ‘ sides of the test track are interrupted every 11.0m by 1.0m wide yellow stripes, in order to

enhance the contrast of the driving environment. This makes it easier for the subjects to ]

f estimate the vehicle speed visually by the flow of texture.
|
|
:

.l

Vehicle body

m = 1740 [kg] v,elhic?e boc.ly m?,ss ' ; Z_aXiS.
© = 3214 [kgm?) rotational inertia of vehicle body aroun
IJ i Ir = 1.058 [m] horizontal distances of front axle from CG
M I w In = 1756 [m] « horjzontal distances of rear axle from CG
’Jh ] I cw = (.34 [+) 1drag,coefficient
] T - m?] projected vehicle area
{ ' | ‘ 1 | Aw = 1.9 [ ] p
&
i Brake parameters
il — istribution, see Eq. 3,11
! Figure 7.6: Environment of driving simulator, Nissan ¢ = 0.697 [-] brak_e torque distribution q
! Kiroke = 4500 [N/m] maximal brake torque

. ' CBR, Boston
“ l
|

“ Engine characteristics
ii' l Vehicle model am = 434.8142 {Nm] v s
g |il bar = —40.5741 [Nm)]
il | B
;: “ The vehicle model used in the driving simulator is a one track model with a tire model am2 N 46.4208 [ﬁ m]]
"ii ! with force saturation. The equations of motion are according to Eq. 3.35. Therefore, the ::, bars = 114.7832 [Nm
§ | one track vehicle model with tire force saturation used as prediction model is similar to the  § oo = 04 (-]
} vehicle model used for the driving simulator. The driving torque M, is according to Eq. 3.2, ‘-} : . o
il ¢ Eq. 3.3 and Eq. 3.4, THe torque distribution factor ¢ is always 0. Therefore, the vehicle " Limiting engine speed.for automatic transmission
| ‘ g engine sp :
[ il l model of the driving simulator has according to Eq.-3.5 solely front wheel drive. The engine Pospmin — 92500 [1/min]
I . torque M, is represented. by a linear engine characteristics without drive train dynamics and N — 6400 [1/min]
It . can,, therefore, be calculated according to Eq. 3.6, see also Fig: 3.3. The specific vehicle Py _ (1/min]
& ! . P . I . . . Ndown min - 1500
' parameters, which were'used for the driving simulator.experiment are listed in the following ' (1/min]
- tables. ' Tldownmazr = 3100
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Vehicle gear ratios
l.gear = 3.9 H e longitudinal acceleration, B
2. =
gear 24 -] ¢ lateral acceleration. .
3.gear = 1.7 []
dgear = 1.3 [
S.gear = 1.1 [] 7.2.2 Test tracks
taiff = 2.8 :
H Five different test tracks were used for this experiment. Four test tracks were similar to
Vehicle wheels | Rlllettr;.cks ?;Ielc\ld ;'or the real-world experiment and the fifth test track was the Hockenheim
_ . i otodrom . .
g _ (2)‘25141 % [n’;} tire radius of front and rear wheel Track similar to real-world tracks
F = <*L gm?] rotational inerti : o -
Or = 92x1.1 [kgm?] rotational ;2::?3 Oi front wheeI' in rol}lng <:hrect10n Although the meaningfulness of the test tracks, which were used for the real-world experi-
1a of rear wheel in rolling direction | ments is strongly reduced to simple driving tasks, they were also used for expepiments with

the driving simulator. The goal was to back up the results gained in the real-world exper-
iment. In addition, the results can be used to filter out the specific effects off' the driving

Special parameter of HSRI tire model
simulator on human driving behavior. These results can then be used to evaluate further

i R = 1.0 [-] traction potential
CR f 0.009 [1/(m/s)] traction coefficient experiments without any reference to real-world experiments. The used test tracks were
C’S = 13 [V] longitudinal slip stiffness '
= 22 N : *
I [N] cornering stiffness e straight east, ’
- . i e straight west,
o eezﬁerifféﬁnt?l setup also provides the possibility to record specific test data. For this " e right turn . by
T }f) €1 the _0110‘_’“118 driver input data and data of the vehicle Tesponse were recorded : S |
€ recorded driver input data consists of " ed ﬂ e left turn. ‘
* Steering a,ngle, . . ‘ . ¥
. A The road width ‘of the test tracks of thé drivifig simulator is the average road width of the
e brake signal, , real test tracks of California PATH, BiChIPOHd Field Station, USA, which is 3.52m. The
. ! simulated tést tracks are depicted in Fig. 7.7.”
® accelerator signal. PR . ¥
}¥ockenheim, Motaodrom (HM), Germapy. ,
¥ i, LE S . ) . . . . . .
T { : . foa * he HM was used in order to.test the subjects.in a more.complex driving situations, see Fig.
he recorded data representing the vehicle response cohsists of r \ = & The HM was also used for training purpose. ;
[ qom 1 vF A

ol
¥

e vehicle position,
7.2.3 Experimental limitations

1

¢ velocity,
N * B 1. (1081 R | 1 . . .
® yaw angle, "The 'experimental results may be influenced by certain limitations, which are known for
' (e . - . ) experiments in driving simulators, in general. The results may also be influenced by the
.  * + " 1 . - e 1. . s .
¢ engine speed, _ ' ' . . specificicharacteristics.of the used driving simulator._ -
. . ' ) uligN l . i
® rotational speed front ' . . ¢ en s b gl : ) ..
P wheel, . o (Generally: 'test subjetts: tend to drivefaster and tend to risk more in a driving sim-
e rotational speed rear wheel, N - ' " ulatér compired-to' aCreal driving situation. This is ptobably caused by the lack of
consequences in case of an accident or dangerous driving maneuver.
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S 40 , [ ] _
AL 20 « Straight west ' ’ ' o The test tracks similar to real-world experiments are simplified in respect of road width.
B Straight east i This has to be taken into account while comparing resuits of the real-world experiment
A )= > with results gained in the driving simdlator.
. 3 - '
|'i1) 20 e The test vehicle has automatic transmission. Therefore, the human subject is not able
K . to actively influence the current gear ratio and engine speed, respectively.
. -40 - .
it N |
Rl sor | 7.2.4 Test subjects
%. . ! 80 I ———  border line of test track i J
Il : middle line | ] The test subjects had to fill out a questionnaire before the driving experiment. All the
mH{AI ~100 ~ e |l ' 1 information about the test subjects,-is taken from these questionnaires. The subjects were
"WHin 120 | % : ] assisted answering the questions in order to make sure, that the subject fully understood the
2 & ] questions.
¥ ~140 | 5 ! : g
At ! 4 number of test subjects 6
g ([l -e0 ¢ — ' , gender " | 5 female, 1 male
L L 1 - i 1. - N
r il . 0 S0 100 150 200 250 300 age . 21 - 32
[ : : rofession ' partly in the field of engineering
l il Figure 7.7:-Simulated test tracks P l b artii in other fields ’
| | .
iR — - -
i . ® The virtual environment P o B | driving experience (time) ' ~ 5-14 years
i !: ' extremely simple. The lacc):ictf)lf (fxl:‘t{:alftsimlélator 1s In comparison t0 a real environment | driving experiepce (dist) 130,000 - 1,000,000 miles
B | ' is more difficult for the test subiect eads to higher Ve.10(:1t1es In general, ‘because it driven miles within the last 12 months,| 0 - 10,000
b 1[18 Jects to estimate the vehicle speed visually. — . -
) ¥ driving skill (self-assessment) - | fair - very good
ZE et ¢ ;1}:; df{:mg Sinclll.lflﬁatoi dfoes not provide audio feedback in respect of wind noise, which ‘technical knowledge (self-assessment) | poot - very good
g | ,jnakes it more difficult for the, drivert i ’ ' 1 ch
i ) € driver .to; estimrate the current,speedy» { Table 7.3: General characteristics of test subjects
I o The driving simulator does also not-provide audio feet ' ‘ :
| -prov ; : . oy . .
‘;H ‘ I Therefore, the subjects do not not haﬁa ar:;"?e}ae‘ gﬂzoc}gfe:?:fdi-m rgtspect of 15}1_'{@ noise. ' For the test subject’s self-assessment of their driving skill and technical knowledge about
o we : have ! e tire saturation. Followi ivi j
\[ L »frO'ITl .,that\s it 18 flOt Pc_’Ss1ble for the driver to’ estimate thé fife sdturation: Trl'leré?cr)mg | autos and driving, the subjects could choose among
W thé'tiré forces’can be involuntarily*exceéded very easily. - herelore,
] Th ) i I ' . p ¢ very good,
I ll ¢ The driving simulator does not provide longitudinal or lateral accelerati
| : . .. eratio
\! : F which also leads to difficulties in controlling the vehicl speed. n feedback, * good,
| + No oncomitg trafl R e o fair
- oncoming traflic is simulated in experiment i . . ’ t
. fic. : 1 p ' “en s, v;rhich actually require onclommg traf- e. poor, ‘
e f - ¥ I b { A .
. . . : - vt PR | y 1 N -
“ e The 51g1ht C'hstance is Strongly reduced. while cornering: *due to the limitéd projéetion as their answer. As in the real-world experiment, the subjects were also questioned about
Ere: hso el% in front of .t.he driver. The driver’s curve negotiation is negatively influenced their general knowledge of cornering with a vehicle. They could choose among the following
: : wllfliieag‘ h1§ ma.kEe}es it exltiremgly difficult, for the driver to assess the suitable velocity questions. ,
! ornering. Especially, ' AR ’ - ' N )
5 & HARS ¥ Jeft curyes are affected by this limitation; of the driving a) The tighter the corner is, the more you have to turn the steering - wheel.

*i simulator. .
' o e s 1 b) The tighter the corner is, the less you have to turn the steering wheel.
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¢) The higher your speed is during cornering, the lower is the side force on the passengers.
d) The higher your speed is during cornering, the higher is the side force on the passengers.
e) The tighter the corner is, the lower is the side force during cornering.
f) The tighter the corner is, the higher is the side force during cornering.

Almost all test subjects were aware of the correlation between steering wheel angle and
trajectory as well as speed and curve radius and the side force on the passengers. Except
for one subject which chose answer b) instead of a) all other test persons chose the right
answers a), d) and f).

7.2.5 Course of experiments

The subjects were asked to fill out a questionnaire before the actual experiment.

After answering the questions thé subjects were advised in the use of the driving simulator.
‘The subjects were also told, that they can stop the experiment at any time without giving
any reason. It was also mentioned, that drivers in a driving simulator tend to drive too fast.
Therefore, they were given-the advice to watch the speedometer carefully. The subjects were
also given the pogsibility t6 make short breaks in between the different test rins in order to
maintain full concehtration tliroﬁghout the entire experiment, which lasts circa 2 hours.

After introducing the hardware, the subjects had approtimately 20 minutes in order to
adjust to the simulator. During that time, the drivers had to drive through all different test
tracks at least once, with special stress on the HM. This is the most-difficult track, which
needs the most training. It was also suggested to try dut how the vehicle behaves in extreme
driving situations e.g. when the-possible tire forces were -exceeded.' If the driver had still
major problems after this training period an additional training of 10 minutes was required.

In the first part of the experiment, the subjects had to go through the same test cycle as.in
the-real-world experiment. The instructor gave the subject.several special scenarios, which
were according to the scenarios used for the real-world experiment. Once. the instructor has
given the subject a certain scenario in order generate a special mind set, the order of test
tracks is for all different mind sets the same. The test tracks were straight east, straight west,
curve right and curve left. The experiment was carried through with the same order of test
runs and preferences as the real-world experiment, see chapter 7.1.5. As in’ the real-world
experiment, the vehicle must come to a stop at the end of each test run. It is alsq crucial,
that the driver follows the given track and does not cross the right or left borderlines. The
course of given scenarios and mind sets in the first part of the driving simulator experiment
was as follows.

e Driving without any given preference
No special situation should be assumed. The driver is supposed to drive without
any special-testrictions or preferences! The driver can choose his trajectory’liberally,
therefore, he-neither needs to take into account oncoming traffic or any qther Sbstacles
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nor does the driver has to drive particularly careful or must obey any given speed

limits.

e Driving comfortably, smoothly . _
?}11.113 dlriger is advised tg drive as smoothly as possible. The give_n npnd §et includes t}.lat
the driver should imagine to transport a person which does not. 11.‘.&:e high ac.celera.tmn
of any kind, e.g. grandmother. But it is also mentionefd, tha|t it in not obhga'?ory to
stay on the right side of the track. Therefore, the dr.wer cdn .choose the tra.gecto;'ly
regardless of the middle line of the test track. The main stress is put on reducing the

acceleration.

e Driving with a constant speed of 25mph o o
In this gtest run, the driver has to obey a speed limit of 25mph. As motivation to

stick to the speed limit, the picture of polite men who do speed checks is used. But
the driver is not advised to stay strictly on the right side of the road. Therc,:fore_, the
subject is still able to choose the vehicle trajectory independent of the track’s middle

line. No oncoming traffic is-assimed.

Driving at the right side of the road ' . .
) The gofl of this test run is to.stay on the right side of the track. The driver should

imagine possible oncoming traffic, so that it is not possible to choose liberally the
vehicle trajectory without risking an accident.

Usually, the experiment was stopped aftér this part to give the supjects a short break of
approximately 10 - 20min.

In the second part of the experiment, the HM was used as te:st track, see Fig. ‘1.8. ‘Il‘lhef}g:rl
was linked together for fives times so that it appeared as continuous tra?k. Thc_a ength of the
test run was at least two times the single distance of the HM. If the subjgcts did n9t ma.nag?c
to stay on-the track for the second time, the test run was extenc.led untﬂ.o?le en‘tlre part o
the HM was driven through without leaving the track. The maximum driving dlstaz_lce WZ;.S
set to the absolute length of the linked track. The subject was ac.l_v1sed to be partlcular-y
careful not to drive off the track. They were also given a set of different preferences as in

the first part of the experiment. The preferences were given in random order.

The set of preferences consists of

e driving without any given preference,

e driving comfortably, smoothly,

e driving at the right side of the road,

e driving with a constant speed of 55mph,

e minimize brake usage,
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e driving time-optimally.

The instructions for the runs with the first three preferences were exactly the same as for
the tracks of the first part of the experiment. The instructions for the test runs with the
remaining preferences are described below. T T

¢ Driving with a constant speed of 55mph
The given instructions are similar to instructions given for the preference driving with
a constant speed of 25mph. But despite of a speed limit of 25mph the subjects have -100
to obey a speed limit of 56mph. In addition, the subjects are alerted that this speed is
too fast in order to drive safely through all' the carves of the test track. That means,
that they have to decide the appropriate speed for each corner. The subjects are also

advised not to drive off the track but-to stay with in the limits of the borderlines. . -200 )
¢ Minimize brake usage
The instructions are such, that the subject should feel like on a race track and try to i
drive as fast as possible. But it is also given the constraint that they should use the ~300
g [l brake as less as possible. No oncoming traffic is considered and no other Testrictions o
il apply for this test run. /The driver can also choose.any trajectory regardless of the
1 middle lihe of the test track. |
L L . . ~400
.: '1 | ® Driving time-optimally i ‘. — border line of the test track
E ' During this run the driver should consider himself as a race driver. The only goal is to middle line
X ‘3 drive ds fast as possible without leaving the ‘test track. No oncoming traffic, no speed : }
T limits and no other constraint is given. The choice of the vehicle trajectory is also -500
g ; unrestricted. 2
Al
", |
R ! f .
L} ; ' _600 -
E‘ i o
I
E ) S < 700 )
: : .l ! ! 1 1 L
N, 4 L L

-1 OIO 0 100 200 300 400 500

Figure 7.8: Hockenheim Motodrom (HM), Germany
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Chapter 8
'Results

8.1 Parameters of simulation

8.1.1 Vehicle characteristics and parameters

The underlying kinematics and kinetics of the plant model used for the simulations are

already explained in chapter 2. The specific parameters which were used for the simulations
are listed below.

PN | t 3 i
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8.1. Parameters of simulation

95

Table 8.1: Vehicle parameters for simulation

Environment
g = 9.81
0 = 1.23
vw 0

Vehicle body

m
Iys
IZB
s

lp
ln

b

cw
A

TYZp

- Suspension system

cr
CR
dp
dr

f

I

il

1l

I

1574
2660
3214
0.3
1.058
1.756
1.7
0.34
1.9

[0.85 0 0.1] {m m m)]

2% 31392
2% 15113
2 x 2300
2 x 2000

[m/s?]
[kg/m?]
(m/s]

(k]
kgm?
[kgm?]

gravity
density of air
velocity of wind

vehicle body mass

rotational inertia of vehicle body around y-axis
rotational inertia of vehicle body around z-axis
height of CG above the wheel axles under static load
horizontal distances of front axle from CG

horizontal distances of rear axle from CG

vehicle width

drag coefficient

projected vehicle area

coordinates of center of pressure

spring stiffness front axle
spring stiffness rear axle
damping coefficient front axle

damping coefficient rear axle
L I
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Vehicle dsi 'I(;a]]:;le 8.2: Vehicle parameter for simulation 8.1.2 Driver characterlstics
ehicle drive and brake parameters K
€ - 0 -] dri o The different sets of parameters needed to specify the driver’s knowledge and trigger the
- . 12 % Tive torque distribution, see Eq. 3.5 driver’s actions are listed below in Tab. 8.3, Tab. 8.4, and Tab. 8.5.
¢ . 69';1- F‘?d/ s] time coefficient of vehicle engine
= . - brake torque distributi
Korake = 4500 [N/m] maximal (ll)rake to: ;Izlon, o Ba. 311 The driver’s skill and preferences are varied according to the intended mind set of the driver
d model. The driver's skill can be expressed by the use of different prediction models, see
Vehicle’s gear ratios chapter 3 for details. Whereas the driver’s preferences are expréssed through a set of weight-
1.gear — 39 ing factors, contained in the vector w, see Eq. 5.40. See chapter 5.2.2 how these factors
2.gear _ 2' H influence the solution of the vector optimization problem. The investigated cases are listed
4 Fl in Tab. 8.3.
3.gear = 1.7 [
4.gear = 1.9
5.gear = 1.0 { } Table 8.3: Weighting factors for case study
differential gear ratio = 28 [ time-optimal w=| 1.0 000000 ]
steering gear ratio = 17.1 - : I
H : acceleration-optimal : w=} .1 1.0 0 0 000 ]
Vehicle wheels :
le = 0.254 [m) tire radius of front and rear wheel ,‘ brake-optimal D w=| 50100000 ]
7 F - 2%28.58  [kg] mass inertia front wheel
yr = 2#+1.1 [kgm?] rotational inértia of front wheel keep-right w = [ 100 10000 ]
Iz in rolling direction
F = 206 [kgm?]  rotational inertia of front wheel velocity-optimal w=[.10000 100 ]
perpendicular to rolling direction
;nR = 2%54.43  [kg] mass inertia reax wheel
YR = 2x%1.1 [kgm? rotational inertia of rear wheel
in rolli irecti . . - .
Izzg = 2%0.6 [kgm?] 2;;;‘;5;:‘::::;2 I;f Tear whee] e time-optimal: The driver tries to reach the destination as fast as possible.
ctp _ 2'* 192000 i)e:rpendi-cular to.rolling direction e acceleration-optimal: The driver mainly tries to.minimize the lateral acceleration,
ot _ 2" [N/m] radial stiffness of front tire in order £0,'e.g. enhance passenger riding comfort: The driver keeps a small weight on
R = * 208000 [N/m)] radial stiffaéss of rear tire the time pptiniality criterion to make sure to reach the destination.
o bra.ke-optir‘gal: The driver Irit';ni'mizes the use of the brake tQ avoid unngcessary energy

Special parameter of HSRI tire model
dissipation or brakegdlisc overheating.

]J: R = 1.0 [~] traction potential
R = 0.009 [1/(m/s)] tracti flici 2 3 ’
o - i a0 /)] ira ::::1 'coei lcllent.ff e keep-right: The driver’s main preference is to stay on'the right side of the foad. This
o - v N gitu inal slip stiffness preference applies, if-there is other traffic in neighboring tfaffic lanes or if the driver
L - S o8 cornering stiffness 7 has to reckon with opposing traffic.

. [m] length of tire contact patch 3

] .» ‘velocity-optimal: The driver tries.to reduceithe deviationfrom a given vehicle speed,
£ e.g. to meet a posted speed limit. 3 ‘

CR 242950 [N/m] carcass lateral stiffness




98 Chapter 8. Results 8.2. Driver behavior during cornering
‘The investigated sets of weighting factors put extreme weight on single‘preferences. However, Table 8.5: Driver parameters for simulation
in a ordinary driving situation, a human driver would rather use a balanced mix of different Constants for lateral and longitudinal control
weighting factors, than to put all the attention to a special one. proportional factor long.  Kp, = 0.3 [s/m]
i i i integral factor long. K, = 01 [1/m]
Further driver parameters are listed in Tab. 8.4 and Tab. 8.5. oroportional factor lat.  Keg = 8 frad)m]
integral factor lat. Krp = 35 [rad/m/s]
differential factor lat. Kpg = 65 [rads/m]

Table 8.4: Driver parameters for simulation

Time constants ;

Table 8.6: Calculation time for simulation

prediction time " b = 44 [4] Test track Calculation time (hours)
update sampling time At = 04 [s] straight east 2.5-3.5
time to hold clutch tetutch = 0.6 (3] straight west 25-35 B
minimal time to change gear Lyear = 2 {s] curve right 20-3.0

2.0 - 3.0
Objective function formulation grv; le;t. Motodrom 8.(? - 10.0
desired lateral position Awyg = 15 [m] oeRennein ) T
desired engine speed Teen = 2500 [1/min]
speed limit Richmond tracks = 25 [mph] .

speed limit Hockenheim Motodrom = 55 [mph)

So
39
Objective normalization I
desired speed 5 = 74.56 [mph]
a
2

comfortable acceleration g = 25 [m/s%
comfortable brake input = 0.2 [-]
comfortable lane deviation Aw = 15 [m] "
comfortable engine speed deviation An, = 2000 [1/min]
comfortable velocity devigtion . A3 = 1242 mphl ., «
1 I -Constraint boundaries A S SR o TS )
« ! -plaxi y tion' .= B 2 . s : I
| maximal long. acceleration Gz mad’ 6 im/s ] 8.2 Driver behavior during cornering
maximal lat. acceleration Oyriaz = 4 [in/8% w k
. » — 2 .
Mgy jnafl-m%l l'at.;' a:\c:(.:eleratlon ! agear’n??ﬁn ~ -21 ' l[n*t/’s‘ ]'r; Y L The resulzts gained from the test runs on the tracks r'lght bend, ﬁl}d left Ibend c:an b? sumrpa—
for ‘¢hange gear in curve D a L f el rized to behavidral patterns of drivers while cornering. All diagrams shown in this section
. . . . . ' L 5 »
{nlnl'rrlal engine sp eed Memin = 900 {1/ rm.n] ' refer to the right bend.
- ‘Tnaximal engine speed s Memez 1, = 6100 [1/min] .
n i :Inaxjm&l“sﬁeefif}g torglle oo Msteen,maz',r Eat 30.0 [N m] 1 ’ ., .
LRI . 8.2.1 Acceleration-optimal case .

« Figs 8.1 shows thé differént driver behavior while driving through a right bend with the

he. time, which:is necessary for ¢glculating the simulation i5 dependent on the'test track ireqruirement torkeep the lateral and longitudinal acceleration as Jow 'a§ possible. The set of

and the driver preference, see Tab. 8.6. ¢




100
Chapter 8. Results

weighting factors, which was used for this experiment, was according to Tab. 8.3

w=[.11000000]. (8.1)

System input: Steering angle

In order to compare better the steering angl i itudi
or gles with reference to the longitudinal vehi
position on the road, the road curvature of the right bend has been addedg(da.shed lir(:e)lctlz

Fig. 1, Simulation

Q.05 ccov-vrvr civainn .................... ................... e o

0 50 100 150 200 250

Steering an_gle -1

0 50 100 150 200

vt o — ' = )
0 00 'EOFT o ! " 45t - 200 7 A ae0
Distance [m]
i % I % 1. P T A v 01 '
L Figure '8.1: Preference! acceleration-optitmal, Steering’ an- ?{ oo,
- 3 . - N u - EMEE R 4 s
gles while cofnering a' right bend, with road '
curvature (dashed line) (L
P f T 3f wd 2 [ 1Y 4 } "'j

¢ Simulation results

The' proposed _dr%ver mor:iql starts steering before the actyal curve begins in: order to
achieye a smooth transition without;any fast changes in. thg steering ,z;ngle. While
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cornering the steering wheel angle is kept constant. Therefore, the lateral acceleration
is reduced to only the minimum lateral acceleration due to cornering. No additional
acceleration due to correction movements of the vehicle are added to the lateral accel-
eration, which is exerted on the passengers during the right bend. At the beginning
of the last fifth of the right bend the driver steers back and reduces very slowly the
steering angle to 0 again.

e Driving simulator results

Right at the beginning, the majority of the test subjects steer to the left in order to
position the vehicle more in center of the road, see Fig. 8.4 to compare the different
vehicle trajectories. Like the in the simulated results, the subjects also start adjusting
the steering angle for the right bend before the actual curve begins. Because of that,
they also reduce the lateral acceleration due to a very smooth transition phase of
the steering angle from 0 to the_value which is necessary to drive through the right
bend. But at the end of the turn all the test subjects steer back quite fast to the
initial steering angle of 0. It seems that it is more important for the drivers to have a
smooth increase of lateral acceleration rather than a smooth decrease. But since the
test subjects can not feel any acceleration in the static driving simulator it is difficult
to derive a general pattern from that characteristic. Oscillations of the steering angles
in the transition areas may indicate, that the test subjects have difficulties in curve
negotiation. Therefore, the steering angles seem to be adjusted by trial and error rather
than by an accurate action.

¢ Real-world experiment results

The little peak at the beginning of the steering angle profiles is not represented in the
vehicle trajectories, see Fig. 8.4 and Is caused by a initial alignment of the wheels
at the beginning of the test runs. The following behavioral pattern is similar to the
driver behavior shown in Fig. 8.1.2. The steering angle profiles are also characterized
by smooth transitions. The stress lies also in a ‘very smooth increase of the steering
angle before and at the beginning of the right bend. Although the test subjects in the
real-world experiment steer back later compared to the drivers in the driving simulator
experiment, they also reduce the steering angle and with it the lateral acceleration
much faster than the results gained in the simulation. The steering angle profiles are
also characterized by slight oscillations.

o Conclusion
Obviously human drivers seem to consider a increase in lateral acceleration much more
uncomfortable as a comparatively fast decrease of lateral acceleration, see also Fig:
8.5. This human preference is reflected in the steering angle characteristics, which is
not, shown 4in the behavior of the ‘proposed: driver model. The slight oscillations, which
occur in' the driving simulator experiment as well as in the real-world experiment may
be capsed due to difficulties of human drivers in curve negotiationt which makes it hard
to-estimate an appropriate steering angle for longer distances in advance. But it can
also be caused by a certain play in the joints'of the vehicle’s steering gear or external
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disturbances, which do not occur in the simulated test runs. Since no exact data is

know about the steering gear or any external disturbances no further conclusion can
be drawn from that.

System input: throttle position

Fig. 1, Simylation
! T T T

_--— mass point model without drive traln dynamics
—_— mass point model with drive train dynamics

S v ey e e o me o

250
X
B
=)
&
2 -
=
e
=
ool
250
250
Distance [m)
! . > ! ' *
Figure 8.2: Preference: acceleration-optimal, Throttle por
sitions while cornering a right,bend, with start-
ing point and end point of the right bend (dash-
doted line) o
[
‘e Simulation results ~ :

‘Moderate initial acceleration with approximately half throttle, which drops dramat-
ically within-the first few meters to a throttle position of below 0.3. Then smooth
. decrease of the throttle angle until*the beginning of the turn. Throughout the turn
a constdnt very small throttle angle until the last fourth of the right bend. Then in-
creases the throttle angle again very smoothly until the very end of the turn. After
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the turn, the throttle angle stays on an almost constant low value of below 0.2. The
course of the test track is, therefore, represented in the course of the throttle angle, see
also Fig. 8.2.1. Therefore, the longitudinal acceleration of the vehicle, which is directly
connected with the throttle position is very low while cornering. Following from that,
the absolute acceleration, which is exerted on the passengers during the turn is reduced
to only the inevitable lateral acceleration.

e Driving. simulator results

The throttle angle value is mostly in the interval of 0.1-0.3, see Fig. 8.2.2. Therefore,
the subjects try to fulfill the driving task by using an almost constant low throttle
position. No special connection of the throttle ahgle and the road curvature is shown
by subject’s behavior in order to reduce specifically the longitudinal acceleration while
cornering. But this may be explained by the lack of acceleration feedback of the driving
simulator. The course of the different throttle angles is characterized by sudden drops.
This behavior may be explained by the difficulties of the subjects to maintain a constant
speed, which leads to sudden reaction$. See the diagram of the velocity profiles Fig.
8.3.2 for the uneven velocity profiles. The sudden drops of the throttle angles are also
accumulated at the beginning of the turn, which may be caused by the reduced sight
distance due to the characteristics of the driving simulator. Following from that, the
subjects have major problems in curve negotiation, which leads to a reduced velocity
at the curve entrance and, therefore, to a reduction of the throttle angle, too.

¢ Real-world experiment results

The behavior of the subjects can be characterized by a slightly higher initial throttle
angle at the beginning.of the test track, which approdches a:more or less constant value
after the first fifth-of the testf track. Irregularly oscillations of the throttle angle values
within tHe-interval of 0.0-0.2 may indicate, that the subjects do not plan the desired
throttle angle in advance or according to the actual road curvature to fuifill the driving
task. However, they try to reach the goal of this experiment by maintaining a more or
less low constant throttle signal within the mentioned interval.

e Conclusion
Similar to the simulation, all the subjects try to reach the goal of this experiment
By using small throtfle angles throughout the test run. .But none of the subjects
shows a similarly planned behavior like the simulation. In this test, the -connection
between road curvature and throttle position does not become obvious in the subjects
behavior. Seemingly the subjects do not plan their behavior in advance, they rather
1 react according to the cuireht heeds.

]

o

System response: Velocityrprofile

e Simulation resulfs
The speed constantly increases until the beginning of the right turn. Duting the first
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Fig. 1, Simulation less oscillating velocity profile. The difference.of the velocity profiles is probably caused
by the driving simulator. A lack of acceleration feedback and visual aids like the flow
of texture of the surrounding environment, makes it difficult for the test subjects to
control their speed. Sodn after the turn, the subjects start to break because of the
stopping condition at the end of the turn. This restriction does not apply to the
simulation. Therefore, no further conclusions cdn be drawn from that behavior.

0 50 100 "
Fig. 2, Driving simulatos 200 250 o Real-world experiment results
15 — T ) ; 1 | — As'in the simulation, the velocity profiles show a constant increase of speed until the

! R beginning of the turn. The desired top speed is seemingly depended on individual pref-

Em_ erénces. The average values are slightly higher. than the simulation results. Throughout
-_‘g the turn, 4he drivers maintain an almost constant speed with the very slight tendency
o to get faster towards the end of the turn, see Fig. 8.3.3. Because of the requirement
to come to a full stop at the end of the track the subjects start to decrease the vehicle
0 50 Flg1 goRea| orld 150 200 250 velocity in the second half of the last fifth of the test track. This requirement does not
j 15 —r o expsr',mem , : apply for the simulation and no conclusions can be drawn from that.
30 | I
il 18 M- prr— I e Conclusion
l ] b — B s 2 Regardless of the different restrictions and, therefore, different velocities at the end
E 1’ il S iR SR U [N TISR O TONUI , of the test track, the test subjects and the simulation show similar behavior before
e " ' : : and while cornering. Especially, the results from the real-world experiment match
it very well the simulation results. The differences of the driving simulator results with
il | Distance [m] v respect to the simulation results are very likely to be caused specifically by the driving
‘ i . f simulator, Obviously, it is very difficult in the driving simulator to control the vehicle
' m _ Figure '8.3: Preference: acceleration-optimal,Velocity pro- speéd precisely, without any acceleration feedback.
; HW file while cornering a right bend, with starting | o
il point-and end point of the right bend (dash:
i ,, doted.line) : System response: Vehicle trajectory
| h 1 2 P -
1 three quarters of the t the vehicle veloci : i * Simulation results ‘
: if E"i Lo quarter e turn, the vehicle velocity stays almost constant, with the very vThe trajectory- calculited by the simulation,starts in the middle of the-lane. For a
g i slight tendency to get slower. From there on, the speed starts to increase very smoothly . while.the driver.stays ibthe middle of the lane. About 207 for-the bend, the driver
2 1l . again; until the end of the track, There js no stopping condltlon at the.end.of.the track starts tp initiate the'tutn. The trajettory leads smoothly to the right side of the
' in the Sl,rnulatlon Due to this, the vehicle velogity increases untjl the very .end of the track, .where it stays d;hro‘{lghout the turn. Shortly before the end of the turn the
Wl ;) test run. : 0 3 f trajectory. leads smoothly to the-left side of the track and the driver changes slowly
b\ ‘ - ! . lanes. From thereon the trajectory stays at the left side of the test track until the end.
lrf il * %Il'lymlg simulator sesults, ' ﬁ The result achieved by this behavior is that, the trajectory curve radius is maximized
g i e velocity profiles are characterized by a, first acceleratlon phase within the first and, therefore, the lateral acceleration is minimized, See Fig. 8.4.
el 25:m ofthe test track. This first acceleration is in respect of the simulation results 7 Y re -
1 mich faster. This may be caused by the lack of acceleration feedback; which makes it ¢ Driving simulator results« ¥ 3
‘ ‘ ?mpossible for the driver to sense the actual acceleration. After that, the additidnal «The initial: position of the test vehi¢les'is the-right lane offthie test ‘track. ‘Right from
increase of speed becomes less. The acceleration phase ends at about 10m before the - the beginning, the test subjects ‘steer<to,the left side of the track. Ofite the drivers
beginning of the-curve. Then, half of the drivers seem to be able to ‘maintain a.almost ~ 1. sreach the left side of the test track, they stay there for the reinaining test run. There
+  constant speed while cornering, whereas the other half of the drivers show'a more of i is-only a slight tendency to drive more in the middle of the road towards‘the end of the
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o Real-world expenment result.s

. oply a slight tendency- to,drive to the'left side, of the]track at the beginhing. Most
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Simulation

Driving simulator

Real-world experiment

N H t

“

Figure 8.4: Preferefice’ acceleration-optimal, Trajectones
while cornering a right bend

I -

Aok, P [}

N ¥ 1
test track. None of the drivers changes lanes again when they are on the left side of the
road. The result of this behavior is only a little reduced lateral accelération:: The radius

of, the ontside lane is slightly bigger thamthe radius of ‘the inside lafe: , Therefore, the
lateral acceleration exerted on the passengers s slightly.smaller. on the' outside lane,
thanjon'the inside lane, if the turn is carried out with:the'same.speed. None of the test
subjects sees the p0331b111ty of-a behavior as calculated in the simulation, whith would

=lgad to a,even bigger curve radius and, thérefore,:to.a.smaller latéral acceleration, see i
Fig. 8.4. R oy .
COR - Lo 1

: ;v
The starting point of the experiment is on the middle hne of the test track. In general
most of the subjects stay relatively close to the centerline of the test-trdck? There is

of the subjects initiate the turn approximately.:35m for the right. turn and tend then “
to stick more. to the. right side of the track. Towards the end of the tirrn, until the *
end ofrthe test track, the trajectories are then.gtouped around thé-middle litie of the :

¢
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track without any special tendency, see Fig. 8.4. This behavior is not sufficient to
significantly reduce the lateral acceleration.

e Conclusion

Basically, the subjects seem to know and understand the connection between road
radius and lateral acceleration, but they do not behave optimally as shown in the
simulation, see Fig. 8.4. The behavior of the subjects in the driving simulator helps
to reduce the lateral acceleration but it does not show the same pattern as in the
simulation. This behavior is very likely to be motivated by, the driving simulator
and its provided environment, because the behavior of the subjects in the real-world
experiment is principally the same as in the simulation but just not as optimal. The
reason why the subjects only show the tendency to behave optimally may be caused
by the relatively small test track, which does not allow a wide range of different tracks.
The optimal or close to optimal behavior probably would have become-far more obvious
by the use of a wider test track.

System response: Lateral acceleration profile

In order to compare better the lateral acceleration- with reference to the longitudinal vehicle
position on the road, the road curvature of the right bend has been added (dashed line)
to acceleration profiles, see Flg .8.5. The road curvature is scaled with factor 150, for
convenience.

e Simulation results |

The conrse of the lateral acceleration is very smooth and even, during the entire test
run. The lateral acceleration increases slowly walready before the curve and reaches
its maximum a short distance after entering the right bend. While driving through
the curve, the lateral acceleration is constant. In the last fifth of the turn, the lateral
acceleration decreases again. The reduction of the lateral acceleration at the end of
the turn is even slower and smoother as the increase'beforé and at the beginning of
the turn, see Fig. 8.5.1.

-

e Driving simulator results

The recorded test data of the lateral acceleration is passed through a butter worth

filter 2nd order with the cut off frequency 0.08 in order to reduce the noise in the test

data.

Principally, the course of the lateral acceleration is similar in.a way with the results

gained from the simulation. The lateral acceleration profiles are represented by two
. smqoth transition phases which start beforé the curve and, at the end of curve, see
Fig, 8,5.2. In between the latera) acceleration is oscillating within a certain interval,
which is basically similar to the-constant lateral acceleration phase of the simulation.
The lateral acceleration shows a slight tendency to reach, a maximum in the second
half of the right turn. Since the driving simulator does not provide any acceleration
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Fig. 1, Simulation
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Figure 8.5: Preference: acceleration-optimal, Latersl -ac-
celeration while cornering a right bend, with
road curvature'(dashed line)
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feedback, it is not surprising that the subjects havedlﬂicultles in maintaining a constant
lateral acceleration and estimating. the latera] acceleration, in general. There is only
one obvious difference in the driver behavior between‘the-simulatioh and the driver
simulator experiment. It is, that even if human subjects are not able to sense any
acceleration,rthey increase the lateral acceleration'much slower than'they decrease it.
Real-world experiment results 6 !

The recorded test data of the lateral acceleration is passed through a bitter worth
fitter 2nd order with the:cut off frequency 0.02 in order to reduce the noise in the test

.

. data. .

"The course of the lateral acceleration in'the réal-world experiment is similar to the
course of lateral acceleration calculated in the: simulation. It is’characterized by a
very ‘smooth transition phase, which already’starts before the actual Begirining of the
right turn. The lateral acceleration is slowly inéréased over a long distance. Most of
the drivers reach the maximum lateral acceleration not until the second ‘half of the

i
kS
S
3
4
bt
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System response: Longitudinal acceleration profile

frr

e Simulatjon results

it » Real-world éxperiment resuits

right turn. The majority of the subjects is then able to maintain an almost constant
lateral acceleration until they start to reduce the lateral acceleration again in the last
fifth of the turn. The decrease of lateral acceleration is compared to the very smooth
transition phase at the beginning of the turn much faster. Apparently, the subjects
consider a fast increase ‘of lateral acceleration more uncomfortable than a fast decrease
of lateral acceleration, see Fig. 8.5.3.

Conclusion
Similar to the simulation results, the course of the lateral acceleration is characterized

by smooth and long transition-phases. The difference between the experimental results
and the simulation are such, that human drivers stress a very slow increase of lateral
acceleration rather than a slow decrease. Applying a force or acceleration, respectively
on a human being is, therefore, considered as less comfortable than releasing it. This
show even the driving simulator experiments, in which the subjects are not able to
sense any acceleration. A-similar behavijor is not represented by the simulation. In the
simulation, the lateral acceleration is faster increased than decreased.

' The simulation starts with an initial acceleration of 1. 3m/s? and is then constantly
decreased to zero until the beginning of the right turn. -The sudden drops of the longi-
tudinal acceleration during this phase are due to shlftlng into another gear. Therefore,
the clutch has to be opened ‘and no power transmlssron is poss1ble during this action.
The longltudmal accelération i is zero, while cornering and is smoothly increased again
in the last qua.rter of the right bend. At the end of the turn, the acceleration reaches'a
positive maximum and is then almost constant unt11 the end of the test track. No neg-
ative acceleration occurs at the end of the test track because their is no requirement
to stop implemented in the simulation, see also Fig. 8.6.1.

. Drlvmg 51mﬁ1at0r résults

The recorded test data of. the}longltudmal acceleration is passed through a butter worth
ﬁlter 2nd order V;Ilth the cut off frequency 0. 02 in order to redus,e the noise in the test
data ;

However the 1on 1tud1nal a(i:celeretmn is not representatlve for real dr1v1ng behavior,
“due to the lack o acceleratron feedback of the driving simujator. The longitudinal
" acceleration i rnuch too hlgh see the scale of Fig. 8.6.2 compared, to the scale of Fig.
8 6.1 and F1g "8.6.3, which may also bke caused by problems of the data processing.
' “The course “of the longltudmal aeceleratron is also not very steady, Wthh a.lso does not
represent a realistic driving behavior. Therefore, no further conclusions can be drawn
from this set of test data.

L}

'THe recorded test data of the longitudinal acéeleration is passed through a butter worth
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Fig. 1, Simulation

0 50 100 150 200 50
y . 2
Flg. 2, Driving simulator

Longtudinal acceleration [m!52]

Distance ]

l Figure 8.6: Preference: acceleration- pt1rnal Loqgltqdlnal
accelération while  cornering a right bend with

startihg point and end pomt of the rlght bend
(dash-doted hne)
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glt:r 2nd order with the cut off frequency 0.02 in prder to reduce the noise; 1n the test
ata

'Thé drivers start with a relatively high initial longitudinal acceleratlon, wh;ch lies in
the interval of 1.0 - 2.0m/s%. This initial accéleration is then reduced continuously
until the beginning of the rlght bend. Then, the subjects dr1ve through the right turn
'with a_constant low acceleration of less than 0. 5m/s Therefore the su bjects try
tb reduce mtentlonally the longu:udmal acceleratmn in dr1v1ng srtuatlons w1th high
lateral acceleratlon _Because thé subjects have the requlrement to. ceme to a full’stop

ky
at the end of the ‘test tracK, none'of drivers acceleraté after the nght bend agam The

deceleratlon, at the end of the test tra.ck is also caused by thlS requlrement

. ll

Conclusion !
The drivi_ng behavior of the subjects match the simulagion results quite well. An initial
agceleration phase with, values of 1.0 -.2.0m/s?, then the reductiorr of the longitudinal
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acceleration until the beginning of the turn and then cornering with a very low or
without any longitudinal acceleration. Therefore, the subjects connect the longitudinal
and lateral acceleration in such a way, that they try to-reduce one of them if the
other is increased. This behavior also represented in the simulation results. The
different behaviour starting at the last forth of the right turn is due to different stopping
conditions for the simulation and the real-world experiment.

4 1

8.2.2 Velocity-optimal case

The set of weighting factors, which was used for this experiment was according to Tab. 8.1

=[1 000 0 1.0 o ]. ~ : (8.2)

System input: throttle signal

¢ Simulation results

The initial value of the throttle signal is full throttle for approximately the first 15m
of the test track, see Fig. 8.7.1. After this phase, the throttle positioh is dramatically
decreased to a value of.about Q.1 for-the remaining distance of the test track. The
oscillation of “the throttle posmon is probably caused by the low update rate of the
proposed driver model. In order to keep the calculation time needed for the simulation
low, a low update rate of the dtiver model was chosen. Therefore, the deviations
from the mominal system behavior and the actual systern’ béhavior become to big,
which Jeads to problems in the: control layer and an oscillating throttle angel profile.
These problems become more apparent the moré- complex the prediction models are.
Therefore, is the oscillation in the test run with the prediction model with drive traim
dynamics is stronger than of the model without any drive train dynamics.

. ﬁnvmg srmu,lator résults
The initial values of the throttle signal'are in the area of 0.35-0.55 and not full throttle

‘43 in the 51mulat10n Aftef'i"tl’lellmhal phase the subjects try to maintain a lower,
constént throttle pésition throighout the run, see F1g* '8.7. ‘Drivérs who exceed the
speed limit, see Fig. 8.8.2, control their speed by reducing the throttle p081t10n to 0.
Pheréfore, the subjects do not plan or know, respectively the optimal throttle position
1n _adv{anqe, but readjuet \the,throttle angle as needed.

1 ¥

1 * §

‘. Real'-vv’orld éxpériment results
+ In'tBereal-world ‘experiment, we'‘can’also see 4 initial accelefation phasé, in-which the
" subjects show a higher throttle signal than in- thé rest of the:test run. Two of the
I ,subjects! give even- full throttle“or-close to full throttle, but all thé others are more
b careful and so are the initial tHrottle signals in general below 0.4. After the initial
~  phase all the subjects have different throttle 'signals over theé test track. They differ
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Fig. 1, Simulation
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from constant values over longer periods to oscillating. But no mean value around
-which the signals oscillate can be determined, see Fxg 8.7.3. Therefore + the; drivers do
not plan or do not know the appropr;ape throttle position to mamtem exa.ctly a given

: speed The t‘hrottle pos1t1on is adqute frequex;tly as needed No spec1a1 pattern can
i T

0. be determmed from that behz‘mor . e '

ll

1 s 11 ', ?

e Conclusion

The majority of the drivers do not accelerate with full throttle ab fhe begmnmg of the

test track. Although no special restrictions. are, given with respect to.minimizing the

i, acceleration exerted on the pagsengers, the subjects.do not accelerate as fast as possible

0 to reach the gjven speed of 25mph. In addition, the test-drivers do-nat show the same
.y = 'behavior as calculated-in, the simulation in the remaining course of the test-run. There
.+, .15 ap-optimal throttle signal being determined in the simulatjon and it is triéd to keep
~this optimal value. This behavior i3 not represented in the, experiments. The drivers
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apparently do not plan or know the optimal value, they have to readjust the throttle
position frequently in irregular intervals in order to control the vehicle speed.

System response: velocity profile

Fig. 1, Simulation

100 150 200 250
Fig. 2, Driving simulator

Velocity [m/s]

250

Djstance [m]

Figure 8.8: Preference: velocity-optimal, Velocity while
corneripg a right bend, with starting point and
end point of the right bend (dash-doted line)

e Simulation results
The speed is rapidly increased to the required value of 25mph. After only 18m the
vehicle reaches its desired speed. From then on, thé vehicle speed' is hold perfectly
constant throughout the remaining test track, see Fig. 8.8.1.

e Driving simulator results
The different courses of velocities gained in this experiment start with a varying behav-
jor to approach the given speed limit. Some of the subjects approach the desired speed
very carefully trying not to exceed the limit of 25mph. These subjects need more than
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50m to reach finally the desired speed. The other subjects accelerate their vehicle much
faster and reach, therefore, the speed limit earlier, but most of them severely exceed
the limit after reaching it. Either way, the subjects have great difficulties in reaching
and then maintaining the given speed according to the given preferences. After the
initial acceleration, peaks of 13m/s and more are followed by minima of 10m/s and
lower, see Fig. 8.8.2. The problems of the subjects to fulfill this task can be explained
by the driving simulator characteristics. Since the driving simulator does not provide
acceleration feedback, the subjects can not use the usually sensed acceleration to con-
trol the vehicle speed. In addition, the driving environment is only poorly fitted with
visual aids in order to help estimating the velocity by the flow of texture. Therefore,
the only preference is the speedometer, which is apparently not sufficient to control
the vehicle speed very precisely.

e Real-world experiment results

In general, the subjects need a longer distance to reach the given speed than the
simulation results show. Even if keeping the horizontal acceleration low is not an issue
to fulfill successfully the task, the individual preferences are mostly such that a high
longitudinal acceleration is avoided. After the test drivers have reached the desired
speed, they are mostly able to maintain a constant speed of approximately 25mph over
the remaining test track. The differences of the absolute speed which is kept constant
is probably due to the imprecise speedometer of the test vehicle.

e Conclusion

Human drivers-are able to maintaih precisély a given speed in a real driving situation, as
shown in Fig. 8.8.3. The results gained by the'driving simulator are not representative
because of the experimental restrictions of the driving simulator, see chapter 7.2.3.
The slight deviations from the vehicle speed in the real-world experiment compared to
the perfectly constant course of vehicle speed calculated in the simulation are probably
caused by a imprecise speedometer of the test vehicle as well as probable external
disturbances like e.g. wind which do not occur in the simulation. In addition, most
of the subjects do not try to reach the given speed as-fast as possible. Seemingly,
high, longitudinal acceleration are considered to be uncomfortable, even if the given
preferences do not imply special conditions or restrictions with respect to the vehicle
acceleration.

S}géteﬁg response: vehicle trajectory

1

. Siﬁulation results

f

The trajectory starts on the middle line of the test track. The shortest possible trajec-
tory is then chosen to drive through the test track: Thereafore, the vehicle trajectory
leads to the right lane before the™turn. The vehicle stays then on the right lane or
‘intside lanie of the test track while cornering. And then, the velliclé does not change

Real-world experiment
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Simulation

Driving simulator

Figure 8.9: Preference: velocity-optimal, Trajectory while
cornering a right bend '

lanes again after the right turn. This behavior is caused by the little weight of the
driver preference to drive time-optimally.

e Driving simulator results

The given preference to drive with a constant speed of 25mph does not include auto-
matically for the test drivers to drive time optimally through thé test ruh. Therefore,
they do not chose the shortest possible trajectory but the trajectory they consider to
be the most comfortable. Apparently, the subjects prefer to ‘drive o the left lane of
1the test.track, which also means the outside lane while.cornering. The trajectories are
such, that starting from the right lane of the tést track, all subjects switch lanes or
drive at least:40 the middle of the lane within the first 50m of the test track, see Fig.
8.9. This behavior is.perhaps caused by the very restricted sight distance in the driving
simulator. Therefore, the subjeéts try-to increase their sight distance by choosing the
left lane or outside lane, respectively in this experiment.
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1 ' Fjg. 1, Simutation

¢ Real-world experiment results

In general, the subjects stay close to the middle line of the test track. But while
cornering a slight tendency to drive closer to the left border of the test track becomes
obvious. Although the given preference to drive with a constant speed does not include
to drive time-optimally or to choose the shortest trajectory, respectively, the subjects
try to shorten their way by driving more on the inside lane while cornering. This
is basically the same behavior, which is also shown in the simulation results. This
similarity would perhaps become more obvious by the use of wider test tracks. The
average width of the used test track is just 3.52m and, therefore, the choice of the
possible trajectories is very restricted. Especially if we consider, that a driver usually
keeps a certain safety margin to the border of the track, which constrict the choice of
possible trajectories even more.

! 1N

g —_— mass point model withw‘t d;ive traln dynamics - -
——— mass point model,with drive train dynamlcs

/

L el e I I

150 200 250

Steering angla [-]

e Conclusion . . 5 50 1004 v .~ 150 200 250
The behavior of the test subjects in the driving simulator can not be seen as represen- Fig. 3, Reai-world experiment
tative for a real driving situation, since the simulation results principally match the ! T ' :
results.of the real-world experiment. The similarity of the simulation results and the : ' '
real-world experiment are such, that in both cases, the drivers choose a short trajectory,
although in the experiment, no special restriction was given with respect to choose a
short trajectory. Therefore, it seems to be a general behavior to drive always a little
bit time-optimally, which means that the drivers tend to prefer a shorter distance over
a longer distance.

Distance [m]

Figure 8.10: Preference: keep-right, Steering angle while
cornering a right bend, with road curvature
(dash-doted line)]i v
! 5

8.2.3 Keep-right case

The set of weighting factors, which was used for this ‘experiment was according to Tab. 8.1

v} i

w= [ 10010 000 ] . (8.3) deviations from the nominal system behavier and the actual syster,n‘behavio.r become
to big, which leads..tq problems in the control layer and an oscillating s?:eer_mg angle
p;oﬁ}e‘., The proposed driver model needs the .whole distance to.the begu-mmg of th'e
right, bend, injorder o reduce this oscillations. From, thereon, the s_teermg angle is
aé:cdrding tp the,road curvature with sharp transitions at-the beginmng ahd the end
of the right bend. The steering angle is constant from the beginning to the end of the

turn.

System input: steering angle

In order to compare the steering angles with reference to the longitudinal yehicle position of
the road, the road curvature of the right hend is.added (dash-doted ling).The road curvature

”is.slcajled with tflq,. factor 2, for copvenjence. v
’ 1 ! - 1

» Simulation. results , . : * ’

‘ t
' e Driving simulator results . that all suj y
; : : y P . . The general course of the steering angle over the test track is, that all subjects gtarting
v+ Starting from_th(_e‘mlddle Line, the. vehicle steers to~tl.1e right la?“e of the test'tra.ck rlght from the right side steer in the direction of the middle line, Then are the steering angles
y o+ from th‘e ‘beglnmn'g,- see also the course of the trajectory F ig. 8.11. This behavior : accor dmfg ‘to the ro cli cirvatire, see Fig, 8.10.2.. Although it is not im plied in the given
re:sults i strong osc.ﬂlat_lon of the steeljmg. angle‘at the beginning of,the test run, see preferences to reduce the 1ateré.f)écc€leration, the subjects show long transitions phases
Fig. 8.10.1 The oscillation of the steering angle is probably caused by the low update

1 rate of the proposed driver model. In order to keep the calculation time needed for at the beginning anc% t heend of th;!:e;t track. I;I"hlis ll:?ci-sa{l:O:clz:?'a1(2'232312;;1;2:1;32:5;
the simulation low, a low~update rate of the ;iriver model was chosen. Therefore, the ' changes, of the, steering anglé, which cause hig eral . [
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System response: vehicle trajectory

"¢ Sinllilation results

r

H
1

g :

to be' uncomfortable for the subjects. While cornering, is the course of the steering
angles not very constant. This behavior can mean, that the drivers have difficulties in
curve negotiation and must, therefore, readjust the steering angle frequently. Another
possibility would be, that the drivers do not plan the apprdpriate steering angle in
advance. They prefer to readjust the steering angle as needed in the current situation.
If we just see the trajectories, this behavior is also successful to keep- the vehicle close
to the right side of the test track as it is required, see Fig. 8.11.

¢ Real-world experiment results

As in the driving simulator experiment, the steering angles are according to the road
curvature. The course of the steering angles is also similar in respect, that the subjects
tend to drive in the direction of the middle line at the beginning of the test track,
see Fig. 8.10.3 (positive steering angles). The transitions phases initiating and ending
the right turn are smoother than in the simulation. The course of the steerihg angles
recorded in the real-world experiment are not constant over greater distances. This
can be caused by multiple teasons. One effect is probably the play of the joints in
the steering gear and environmental influences like e. g. wind, rough road sheeting.
Therefore, the steering movements of the driver are not directly transmitted to the
wheels and in, addltron externally disturbed . This. leads to.dmprecise steering which
makes frequent correctlons necessary. Another explapation is that the subjects have
problems in curve negotlatlon and need, therefore to correct the steering angle often in
order to fulfill the-driving task. It is alsd possibte, that-human drivers do not plan the
appropriate steering angle in,advance, so that they would be able to keep it constant
throughout the turn. They adjust it as required due to the current situation.

. Conclusmn
Although the test SubJeCtS are all able to fulfill the driving task which requires to stay
on the right side of the test track, see Fig. 8.11, they do not behave optimally as
calculated in the simulation. They do not adjust an appropriate steering wheel angle

s at the beglnmng of the turn: which they: keep constant until' theé énd oflthe’hght bend.

»+ They probably look fust a'shdrt-distancé in ad¥ahcs: and adjiist then the- steerlng angle
as theshctual driving’ situation 'réquirest tIn éddltlon, it would” bé& too costly for the
driver ¢o ;plan:a steering angle a'too long distance ifi 'advailes. Because 'a lot: of factors
like external distfirbancés arid prétise curve negétiation Wauld "Havé 14 be' taken sinto

waccount. %, Yootver 3 " B + ‘

gt L T 0 o 3ir

R H 1 S

“S'ta'rt‘mg from ‘the middle hne of the‘ test track, ‘the traJectory leads 1mmed1atély to the
‘rlght 4idé ‘of the track, wl}ere 11; sta:ys throughqut the remammg  test tun, seg, Flg 8.11.

) Drxvrng31mulator resultg’, ~ * .nre T .y 1 )

The trajectoriesstart on the-very right side of'test track, but the subjetts-have the
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Sirmulation —

Drivirg simulator

Real-world experiment

N

Figure 8.11: Preference: keep-right, Trajectory while cor-
nering a right bend

tendency to drive slightly to the middle of the test track. After entering the right bend
they stay closely to the right border. From there on, all subjects maintain a constant
distance to the right border until the end of the test track, see Fig. 8.11.

e Real-world experiment results
In the real-world experiment, the vehicles start in(the middle of the test track. Before
the right bend the drivers have also the slight tendency to drive a little bit left from
the middle line rather the staying close to the right side of the track, which is actually
required by this experiment. After entering the right bend, all subjects stay on the
right lane and maintain a certain constant distance to the right border of the test track.
The subjects kept this constant distance until the end of the test track, see Fig. 8.11.

¢ Conclusion
Human drivers are able to stay on the right lane of the test track and they are also able
to maintain a constant distance to the right border of the test track. This behavior is
also represented by the simulation results. But the tendency that the subjects in both

e s
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e-xperiments tend to drive slightly more in the middle of the track before entering the
right bend has no similarity in the simulation results. The reason for this behavior
may be, that the subjects increase their safety margin to the right side before enterin

the turn because they feel uncomfortable to enter a bend at the very right side of g
track. It may be also facilitates the curve negotiation for the subjects driving more in
the middle of a road than on the very right side. Perhaps is this behavior be caused
by the unintentional desire to increase the sight distance before entering a right bend

which results in a trajectory more in the middle of the test track. ,
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8.3 Driver behavior on’straight track

The results gained from the test runs on the tracks straight east and straight west can be
summarized to behavioral patterns of drivers on straight tracks, All diagrams shown in this
section refer to the test track straight east.

8.3.1 Acceleration-optimal case

Fig. 8.12 shows the different driver behavior while driving over an almost straight test track
with the requirement to keep the lateral and longitudinal acceleration as low as possible.
The set of weighting factors, whith was used for this experimént wis according to Tab. 8.1

w=1.1 1000000 ]. . - (8.4)
¢

System input: Steering angle

In order-to compare better the steering angles with reference to the longitudinal vehicle
position on the road, the road curvature of the test has beeh added (dash-doted line) to
the course of steering angles, see Fig. 8.12. The road curvature is scaled with factor 2, for
convenience.

¢ Simulation results
The course of the steering angle levels out the road curvature and, therefore, minimizes
changes in ther steering -angle, see Fig. 8.12.1. Due to that behavior, the lateral
acceleration is reduced to a minimum.

¢ Driving simulator resultst-

No tendency to level out intentionally the road curvature becomes obvious, see Fig.
8.12.2. Seemingly, the suybjects do not reduce the steering angle to a minimum, and,
therefore, do not minimize the resulting lateral acceleration. The course of steering
ahgles is also sdbegi’mpo’séd by ‘oscillations, which may be‘caused by the steering angle
error* function’ of tHe drivilg simulator. This error function is thought to make the
feeling ‘of the‘driving simulator more realistic with respect to ‘the*steering behavior.
‘Seeing that the dfiving simulator does not provide acceleration feedback, it is not
possible for the siubjects to adjust'their driving behavior with respect’ to minimizing
the lateral and longitudinal acceleration.

¢ Real-world experiment results
The recorded steering angle profiles are very smooth and have soft transition phases in
parts of the test track, where'the road curvature changes significantly! ‘The subjects also
even out the road-curvature where possible and, therefore, keep ah alindst constant
steering angle over the 'whole test track, 'see Fig. 8.12.3. Following froin that, it
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P , L. e | 1 . position v
becomes apparent, that the subjects connect slow.changes of the-steering angle and | U
small steering angles with low latera] acceleration, . ' only significant deviation from thesconstant value is.the reduction of the thfottle angle
. I&Bn Juisio y Y e . ‘o before the final right bend: of the test track, see Fig. 7.7 for the test.track straight east.
lff t.he?suB" nt‘ L et S S \ \ . , This behavior iy’ cgused by the missing, condition to stop at the end of the test track.
- E o e Je}j Ea;'e proyided with acceleration feedback.as in the regl-world experiment | Therefore, the vehiclg gains speed until the 1ast bend, independent, of the close end of
o P %h eba.\lrle qphmally with ~;esgect 1o minimizing deviations from the Steering, { the-test track. Ip order'not to,drive 100; fast through this turn, the vehicle speed must
' Jcleg Whlch Ilsé tl? awoi- ]?'atis' automatically fo a low lateral acceleration, of the vehi- : ‘pe reduced, which is.¢arried out by reducing the throttle angle.
' A 3, the goal of this experiment. But if the éubjg:ts a:fe ~ .
. . 1, T Ll Tl H : ) R _nqt qu'lded wlth ‘ ' 3 ' LI [ | 1
X accelgrat%c‘m feedback, this optimalbehavior does not become a_.[;pagent,P e Driving simulator results
yoo- P U T The course of the throttle signals does not show any specific initial phase as in the
System input: throttle position simulation. Right from the beginning of the ‘test fun, most of the subjécts strive for
Y ’ P D L T R " a constant throttle ‘pusition,s see Fig: 8.13.2. ‘But. uridiretted -attéinpts ‘with large
e Simulation results o ' ! ., deviations in order toadjust the thirottlé position, leads to- the'¢oncldsion, that the
il b ‘ o - ¢ subiects have major.difficulties in estimatin .the véhicle's future behavior: This ma
n,  ~Afteran jnitial-high throttle signal.ri s ; ! / subjecis ) . & , viot: y
angle stays a]mosfconst:iie(iggzl‘nght_" at the beginning of the test track, the throttle , - 'be taused by the lack of acceleration feedbacl Of the driving simulator, which leads to
A < 0.2) until-the-end of the test track, see Fig: 8.13.1. The unrealistic high throttle signals compared 10, the ‘Simulation results orithe real-world
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Fig. 1, Simulation
experiment.

20

¢ Real-world experiment results
The course of throttle angles is characterized by a initial phase with slightly higher
throttle angle values than during the rest of the test run. After this initial phase, the
subjects try to maintain small constant throttle angles. Over the entire test run, the
throttle angles are in the interva) 0.1-0.2, with only little deviations, see Fig. 8.13.3.
The small deviations are probably caused by external disturbances, which have to be
taken into account by the subjects.

¢ Conclusion
Similar to the simulation results, the subjects in the real-world experiment maintain a
constant throttle position over the entire test run. The continuity of the throttle posi-
tion leads to a minimal longitudinal acceleration, which is the goal of this experiment.
The results from the driving simulator experiment are not representative, due to the
lack of acceleration feedback of the driving simulator.

Velocity fm/s]

System response: Velocity profile

e Simulation results
With only an insignificant first acceleration phase, the vehicle velocity increases slowly
but steadily until 70m before the end of the test track. The reached top speed is little 1 AT
below 14m/s, see Fig. 8.14.1. The‘speed is then slightly reduced in order to drive Distance [m)
through the final right bend of the test track. But seeing that there is no stoppin . . SN i
condi';gionafo:, the $.ir.§u1§tio,n at,the end of the test track, ng further conclusions chl: bg , Figure 8.14: Preifitirence. acceleration-optimal, Velocity
drawn from the driver behavior so close to the end of the test track. profie

¢ Driving simulator results e Conclusion -
‘Phe velotity ptofiles are’ characterized by dn injtial acceleration phase, in the first 20m, Apart from the different stopping condition at, the end of t}}e test track, there is no

i ofithe test tracki From there on, the spéedtis slowly intreased- towards the end of significant difference between the experiments and the s.,imu_latlon. Therelfore, the speed
g the test trackjsee Fig. 8.14:2. The top speed reached by the subjects is individually is not rapidly increased, which would cause high longitudinal acceleration exerted on

diffetent and-is"in the range from 10-18m/s. Only dne'sifbject is not #ble’to control the passengers. The subjects also avoid fast changes of the vehicle velocity during
the spéed, which 1éads to an undirected behavior and -an oscillating’speed profile. 100- - the test ride, which would also increase the longitudinal acceleration exerted on the
90m before the end of the test track, the subjects statt to décelerate the ~vehicle and '

decrease the vehicle speed in order to fulfil] the stopping condition at the end of the
test track. ‘ o TG

passengers.,

i
Ty ey e et -f I ty B 81 : . 3 jector
o Rea‘l-‘,worl_ d experiment results® | . s v o . System .response. Vehicle traj Yy
JAs in the driving simulator experiment, the velocity profiles are characterized by an
I initial acceleration phase. Then,-the velocity is steadily increased towards the end of
+ the test, track. “The topspeed of the test. driver s in the range of 9-14m/s.. Approxi-
1 Mately 60m heforethe end of the track the velocity is decreased again, because of the
T requirement:tp make a full stop, at-the end of the test track. - 4

e Simulation results . . _
The resulting trajectory of the simulation is the trajectory with the least possible

curvature. Following from that, the lateral acceleration exerted on the vehicle is also
very low. In order to achieve this trajectory, the vehicle changes lanes as needed and
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Simulation
——— =

Driving simulator

Real-world experiment

%
N
a)

Figure 8.15: Preference: acceleration-optimal, Trajecto-
ries, unsteady trajectories at a) caused by
course of magnetometers in test track

does not stick to one specific lane of the test track.

e Driving simulator results

Starting in the middle of the test track, the subjects steer to the left lane. All the
subjects stay in the middle or on the left lane of test track throughout the test run.
They do not try particularly to even out the road curvature by choosing a trajectory
with the biggest possible radii. Only in the section of the test track, with a significant
change in the road curvature, they choose a slightly bigger radius as the radius of the
test track. Therefore, the subjects do not try to reduce the lateral acceleration exerted
on the passengers by choosing an optimal trajectory: This behavior may be caused
by the lack of acceleration feedback of the driving simulator. Seeing that, it is almost

impossible for the subjects to minimize the lateral acceleration, if they can not sense
it. )

¢ Real-world experiment results * '
The uhsteady course of trajectories'at the point a) is caused by the characteristics of the
tést track And' doés not represent the real vehicle trajectories. In the rerhaining parts
of the trhck, the subjects stay always clése'to the middle of the test track. However,
they have the tendency to choose a trajectory, which evens out the road curvature.
The resulting trajectories have a smaller curvature than the test track. Following from

that, the subjects minimize the lateral acceleration by driving along a appropriate
trajectory.

e Conclusion .
Although the subjects in the real-world experiment, chgose a trajectory with less cur-
vature than the test track, they do not behave as optimally as calculated in the sim-

ulation. Especially, at half distance of the test: track, the subjects stay close to the
middle line, rather than -driving-on the right lane: Whereas they level- tut bends in
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high curvature sections of the test track. This leads to the conclusion, that hux‘nan
drivers do not plan their behavior for a long time in advance. "IE‘.hey.reac't as required
in the current driving situation, which leads to the right behavior in high curvature
sections of the test track. But the do not look enough time ahead 1n_order to choose
the optimal trajectory between the first right/left bend and the final right bend at the

end of the track.

System response: Lateral acceleration profile

In order to compare better the lateral acceleratione with reference to the longitudinal Yehicle
position on the road, the road curvature of the right bend has been a.ddec_l (dashed line) to
the course of steering angles, see Fig. 8.21. The road curvature is scaled with factor 150, for

convenience.

Fig. 1, Simulation
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Figure 8.16: Preference: acceleration-optimal, Lateral- ac-
celeration, with road curvature (dashed line)
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e Simulation results

‘The course of the lateral acceleration is very smooth and even, during the entire test
run. No sudden changes occur. The lateral acceleration is almost constant over most
the time and never exceeds values of 0.4m/s?. In the section from 120-250m of the test
track the magnitude of the lateral acceleration is even below 0.2m/s2. The only part,
with a higher lateral acceleration is the last right turn. However this section can not be

compared with the experimental results, because of the different stopping conditions
at the end of the test track.

e Driving simulator results

The recorded test data of the lateral acceleration is passed through a butter worth
filter 2nd order with the cut off frequency 0.08 in order to reduce the noise in the test
data.

The course of lateral acceleration follows basically the road curvature profile. In gen-
eral, the magnitude of the lateral acceleration profiles is higher than in the simulation.
The course of the lateral acceleration profiles is also superimposed by oscillations. But
changes in lateral acceleration is actually considered to be uncomfortable for human
beings. Therefore, the results gained in this experiment are qualitative and quantita-
tive not representative for real driving behavior. This is probably caused by the lack
of acceleration feedback of the driving simulator. Seeing that, it is obvious that it is

almost impossible for the subject to minimize successfully the lateral acceleration, if
the are not able to sense it.

e Real-world experiment results

‘The recorded test data of the lateral acceleration is passed through a butter worth
filter 2nd order with the cut off frequency 0.02 in order to reduce the noise in the test
data.

The course of lateral acceleration is similar to the results calculated by the simulation.
The' accelerdtion profiles of the different subjects -are.smooth and even. No sudden
changes in the lateral acceleration occur. Even the magnitude of the acceleration
profiles are in the scale of the simulation results. Therefore, the subjects are able to
minimize successfully the lateral acceleration exerted on the passengers.

*

¢ Conclusion

The results gained from the simulatiorr match thé human driving behavior. Human
»  drivers behave almost as opfimally as the simulation. They are'able reduce successfully
‘the lateral acceleration of the vehicle to a minimum! The different results of the driving

Simulator experiment is probably caused the lack of acceleration feedback of the driving
simulator.

r p

-

System response: ‘Longitudinal acceleration profile

¢ Simulation results .
The course of longitudinal acceleration starts with an initial value of approximately

' d.0129
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Fig. 1, Simulation
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Figure 8.17: Preference: acceleration-optimal, Longitudi-
nal acceleration

1.3m/s%. The acceleration decreases smoothly 1n f‘.}.fé first 501 c->f the test g?Ck }iizs 2
value of 0.5m/s%. The sudden drops of the longl‘tudmal achslerat10n during dlS pd e
aré die to shifting into anothér gear. Therefore, the clutch has to be fopliane tazl X
power transmission is possible during this action. After the first 50m o }1; ? testh ::nci
the longitudinal acceleration is almost consta.nt_;- for the next |180m. 90”; tfl m{’f the en
of the test track, the vehicle decelerates again in order .to drw.e through the fin imei h
turn. But different stopping conditions apply forr th?_ mgnlﬂajtlon and “tlge exgﬁr ments
at the enid of the test track and, therefore, no conclusions can be drawn from the
behavior so close to the end of the test track.

| Driving simulator results » P '=‘ ; o
' ) 'Th; fecgrded test data of the longitudinaliatceleration is-passed through a butter worth
§ ’

filter2nd- oider with the.cut:off. frequency-0.08 in order to reduce"the noise in the test
vt datas "o Coh - N '
7 Hgiwever, the lohgitudinal-dcceleration is ot representative for real driving behavior,
] Ve, Y-

[+ x due to the lack of acceleration feedback.of the driving-simulator. The longitudinal
LS A 1 . 5

1
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acceleration is much too high, see the scale of Fig. 8.6.2 compared to the scale of Fig
8.6.1 and Fig. 8.6.3, which may also be caused by problems of the data processing.
The course of the longitudinal acceleration is also not very steady, which also does noi;
represent a realistic driving behavior. Therefore, no further conclusions can be drawn
from this set of test data.

¢ Real-world experiment results

The recorded test data of the longitudinal acceleration is passed through a butter worth

glt:r 2nd order with the cut off frequency 0.02 in order to reduce the noise in the test
ata.

The subjects start with a high initial longitudinal acceleration, which lies in the interval

of 1.0-2.0m/s?. This initial acceleration is then continuously reduced within the first

50m of the test track. From thereon, the subjects keep an almost constant longitudinal

acceleration until about 100m before the end of the test track. In the last 100m the

subjects. decelerate the vehicle because of the required full stop at the end of the test
track.

e Conclusion

Regardless of the different driver behavior at the end of the test track matches the
simulation result the-driver behavior of the real-world experiment. A higher initial
Yaccelera.tiOn followed by a smooth transition phase and than an almost constant longi-
tudinal acceleration over a long distance of the test track. This behavior is similar in
?he simulation and the real-world experiment. The results of the driving simulator are
not realist__ic in respect of the.rhagnitude and acceleration profile. Not ‘conclusions can
be drawn from this results, because of problems in the ddta processing and the fact
that the driving simulator does nét. provide-any acceleration feedback for the subjects.

8.3.2 Velocity;optimal case

i ! LA ., " ’(1 T il
’;I‘f‘},le set of weighting t:af:tors, whlch was used for this experiment .was\Q according to Tab. 8.1
1 L l o ’ "1 . .
- w'=“['.1: 0 0 0.0.1:0: 0 ] reoA 4 T ! (8.5)
T - ! ’

i ' ] 1 - 1!
[y & - . . -

L2

System input;:, throttle signal,

3] i \

e Simulation results
For this preference, the simulation results of the.throttlesignalifor driving.on a straight
‘test.tfack are similar.to the simulation results for driving a right turn. The initial value
'of the throttle signal i§-full: throttle for approximately the.first 15 of the test track
see Fig. 8.18.1. After this phase, the throttle position is dramatically decreased to a;
value, of about’ 0.1 for,the remaining distance of the.test track. The oscillation of the
throttle signal is probably, caused by the low update rate 6f the-proposed-driver model.
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Figure 8.18: Preference: velocity-optimal, Throttle signal

In order to keep the calculation time needed for the simulation low, a low update rate
bf the driver model was chosen. Therefore, the deviations from the nominal system
Behaviér and the actual system behavior bécome too big, which leads to problems in
the control layer ‘and an oscillating throttle angel profile. These problems become more
apparent’if the driver’s prediction model includes drive train dynamics.

e Drivirg simulator results
Since no driver is able to approach in a directed mannerithe given speed of 25mph, see
Fig. 8.19.2, no directed behavior can bé extracted from the course of throttle signals,
see 8.18.2. No significant initial phase with higher throttle signals is shown in the
recorded test data. Towards the end of the ‘fest ruri, most of the drivers manage finally
to reach and maintain an almost constant speed of approximately 25mph, which is also
' 1 reflected by more or less'constant throttle §ignals of the subjects.

el

e, Real-world experiment results -
The course of throttle signals starts with different values, which are in the range of
0.2-0.8. Seemingly, the longitudinal acceleration and with it the initial throttle signal,
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is strongly dependent on the different subjects and when they consider a longitudinal
acceleration as uncomfortable, regardless of the given preferences. In the following
course of the experiment, the subjects show various throttle angel profiles. Although
all subjects try to reduce the throttle signal within the first 100m of the test track, no
directed behavior becomes obvious. This can be caused by an imprecise picture of the
vehicle dynamics, which requires to readjust the throttle position frequently. But it
can also mean, that human drivers do not plan an optimal throttle signal in advance,
they rather adjust it as in the current situation required.

e Conclusion

The results, calculated of the simulation are not reflected in the experimental results.
The differences to the results gained from the driving simulator experiment are proba-
bly caused by the lack of acceleration feedback and visual information (flow of texture),
which usually helps the driver to adjust the vehicle speed. Without this aids it is very
difficult to maintain precisely a certain speed, which is also reflected in the throttle
angle profiles. But thé different behavior of the subjects in the real-world experiment is
rather due to an different attitude to driving than caused by problems to keep a certain
speed. It seems, that human drivers rather readjust the throttle signal frequently in
order to meet a certain goal, than planning the optimal throttle value in advance.

Systemn response: velocity profile

¢ Simulation results
The speed is increased within the distance of 18m to the required speed of 25mph or
11m/s. The velocity is then hold perfectly constant over the remaining distance of the
test track, see Fig. 8.19.1.

¢ Driving simulator results . N
"The speed is increased considerably in,the first 20m of the test track. But then, none
of the subjects is able to approach and keep the required speed not until the first half
of the test run. In the second half of the test run, the subjects are finally able to
reduce the huge. deviations from the desired speed of 25mph and,to keep the velocity
of their vehicle constant, see Fig. 8.19.2. This problem is prof)a.bly caused by the
driving simulator characteristics. Without any ‘acceleration feedback and only little
contrast-of the environment it is very difficult for the subjects to maintain a certain
speed solely dependent én the speedometer. g .

* Real-world exi)erimgent. results L
, The subjects need a considerably long time to reach.the desired speed. Seemingly,
even if the subject do not have to rednce the longitudinal acceleration intentionally,
they avoid fast changes of the vehicle speed, which would cause a high longitudinal
acceleration. After the first 50-100m of the‘test track, maintain the subjects an almost
constant speed. In the limits of the precision of the speedometer and human abilitjes,
the drivers show optimal behavior in keeping a certain speed.
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e Conclusion R TRy
Regardless of the first acceleration phase, which is much shorter in the siriulation than

‘n the real-world experiment, the simulation résults’ match the experiniental results.

Human drivers are similar to the proposed driver model able to accelérate the vehicle

1to a cdrtain spéed and thed keep this speed constant over the ,rt‘ama:infn.g test run. The
~drivér behavior-of the subjects in 'the driving Sif;nulé,tpr exgcrerlment, is not represen-

v tative. The lack '6f &ccéeleration féedback”axll& the flow of texture, causes’ a different
“drivihg behavior as in a'real ‘enviroriment.

System response: vehicle trajectory
y ! 1 } 1 t
¢ ‘Simulation results ! : . L _
. The resulting trajectory: of the simlation i3 the shqrt:.est possﬂ).le .trajf:ctory to drive
-, arthrough'thetest track, see £ig. 8.20:1. T¥this cade, 1o other restrictionsthan the speed

limit-apply for the simulatioh: Therefore, the little weight on driving time-optimally




134 Chapter 8. Results

Simulation
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Driving simulator

Real-world experiment
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N
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Figure 8.20: Preference:  velocity-optimal, Trajectories,
unsteady trajectories at a) caused by course
of magnetometers in ‘test track

in this set of preferences becomes important, see Tab. 8.1. So, is the vehicle trajectory
the shortest possible route for this test track.

¢ Driving simulator results
Since no special attention is given to the vehicle trajectory, the subjects choose the
most, comfortable .one. Apparently, the left side of the test track-is preferable over
the right side-of the test "crack.‘ The subjects chiange at the Beginning of the test run
from the right lane to the left lane of the test track and stay there until the end, see

Fig. 8.20.2. Ngne of the spbjects,makes the attenipt: to choose-Xhe shortest possible
trajectory as calculated in the simulation.

e "

» .Real-world experiment results e \ ‘

. The sybjects tend to stay close to the piddle lipe, of the. test track,.see Fig. 8.20.3.
.The given'scenario for the sub Jects; does not inglyde other restrictions than the speed
litnit. "‘I‘!he;e'fore, the subjects pay no spécial attention to the vehicle Arajectory. Un-
intentionally, they, drive the trajectory which is the least effort.to find, This,means to
sta.y‘i'r;'_th'e middle of the test track. No special, attempts can be.extracted. from the
course of the"-i;rajectories, that the drivers try to drive the. shortest possible. route for
this test track.

L¥

-

e Conclusion R S

No special restrictions than the posted speed limit apply for this experiment. Therefore,
the trajectory calculated in the simulation is the shortest possible; ‘according to the

. little weight. of time optimality-in the simulation ‘preferences. But compared to' the

simulation, the spbjects put.rather more weight on choosing a trajectory. which they
can drive with, the least ¢ffort than trying to find the shartest,possible route.
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8.3.3 Keep-right case

The set of weighting factors, which was used for this experiment was according to Tab. 8.1

w=[.100 10 0 0 0 ] (8.6)

System input: steering ang}e

In order to compare better the steering angles with reference to}:he }on‘gitudinal veh.icle
position on the road, the road curvature of the right bend has'been a‘dded (dash_—do;ed hnz)
to the course of steering angles, see Fig. 8.21. The road curvature is sgal,ed, with factor 2,

for convenience. ' " —_—
'
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Figure 8.21: Preference: keep-right, Steering angles, wi
road curvature (dash-doted line)
I
e Simulation results - -

Starting, from.the:middle line, the vehicle steers to the right lane of the test track right
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from the beginning, see also the course of the trajectory Fig. 8.22. This behavior
results in strong oscillation of the steering angle at the beginning of the test run, see
Fig. 8.21.1. The oscillation of the steering angle is probably caused by the low update
rate of the proposed driver model. In order to keep the calculation time needed for
the simulation low, a low update rate of the driver model was chosern. Therefore, the
deviations from the nominal system behavior and the actual system behavior become
to big, which leads to problems in the control layer and an oscillating steering angle
profile. The initial strong oscillation is significantly reduced in the first 50m of the
test track. From thereon, the steering angle follows the road curvature with sharp
transitions whenever the road curvature changes. ‘

e Driving simulator results

Principally, the steering arigles follow the curvature profile of the test track, but the
subjects need a lot of correction movements ‘in order to keep their vehicle always at
the right side of the-test track, see Fig. 8.21.2. This behavior is probably caused by
difficulties of the subjects in curve negotiation, which makes a frequént readjustment
of the steering angle necessary. Anotherreason for the considerably strong oscillation
of thie course of steering angles may be the errdr function ifnpleménted in the driving
simulator, which is superimposed as external disturbance on the stééring angles. This
error function is thought to make the driving feeling in the drivirg simulator more
realistic for the subjects.

 Real-world -experiment results

As in the simulation and the driving simulator experiment, follow the steéring angle
profiles mainly the curvature profile of the-test, track, see Fig. 8.21.3. But the tran-
sitions in sections of changes in the road curvagire are much smogther than in the
simulation results and the steering angles do not follow as precisely the roaqd curvature
as in.the.simulation. This leads to the. conclusion, that even if.-no spécial preference is
given to feduce the lateral accelération of the’ vehicle, tha subjects avoid fast changes
of the steering-angle, which would cause high lateral acceleration. -

e Conclusion .
The driver bzhavior of the proposed driver model is:basically reflected in the driving

+ behavior of the test subjects. But the driving Behavior of the test subjects is not as
- extreme as the simulation results. The subjects put also always some weight on driving
d¢teleration optimal,. which results in smooth, steering angle profiles. Fast changes of
the steering angle are also avoided, even in sections of the test track, where the road
curvature changes considerably within a short_distance.

vy - x

- . t

&

System responée: vehicle trajectory !

e Simulation results . . S
Starting fromi the middle line‘of the-test frack! the vehicle drives immediately to the
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Simulation

Driving simulator

Figure 8.22: Preference: keep-right, Trajectories

right side of the test track. From thereon, it stays close to the right border line for the
remaining test run, see Fig. 8.22.

Driving simulator results . - -
) Allili?;lle sgub jects manage to follow exactly the right borderline of the test track through

out.the test run. Only in the section with a considerably change of the road curvatclll.re
aftér circa 75m from the beginning of the test track they do nc_>t keep a constam';1 is-
tance to the right border, see Fig. 8.22. Therefore, the subjects are able to drive

exactly along a desired trajectory if it is required.

Real-world experiment results ‘
) All the subjects were most of the time out of the measurement range of the magne

i j i ded
tometer sensors. Therefore, no conclusions can be drawn {rom the trajectories recorde

in this experiment.

Conclusion . .
) Alclmsubjects are able to fulfill the driving task, which requires to stay on the right

lane of the test track, similar to the simulation resuits. But they do, not Iffl_low e;c;:&y
the road profile i sections with high changes of the road curva:ture;i. ;S pr Whic{l
uncomfortable for the drivers to make fast changes of the veplclg "1;e<1: 102,stmn
would lead to »high lateral acceleration. This human preference is obviously Sed ot }i
that the subjects do not follow exactly the road curvature, even if it is required by

experiment.
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8.4 Time-optimal driver behavior in the Hockenheim
Motodrom

As we could show in the experiments discussed above, is the proposed driver model able
to simulate human driving behavior in basic driving task, like cornering and driving on a
straight track. We could also show, that the proposed driver model is able to represent,
different driver preferences while cornering or driving on a straight track. In the following
chapter, we discuss the behavior of the proposed driver model in a more complex driving

situation than just a single curve or straight section. The given preference for this simulation
is to drive time optimally, see Tab. 8.1

w=[1000000]. (8.7)

The prediction model, which is used for the simulation is a single mass point model with
drive train dynamics, see Eq. 3.19. The used test track is the Hockenlieim Motodrom (HM),
Germany. The Motodrome is a part of the Hockenheim race track, located in Germany. For
several years, Hockenheim has been used regularly for the Formula 1 Grand Prix of Germany.
The HM as used for our simulations is 1870m long, exhibits 7 corners with their radii varying
from 35 m (corner 5) up to 80 m (corner 1) and 7 straight sections.

L3

System input: steering angle

¢ Simulation results

For a time-optimal ride it is important to correlate the steering angle exactly to the
points ‘of the trajectory, where the vehicle accelerates again. This is reflected in the
simylation results. WheneVer the vehicle accelerates again, see Fig. 8.23, then is the
stééfing angle reduced again. Therefore, the vehicle speed is low when the steering

angle is big. This behavior rediices the lateral acceleration, and the'tire'férces are not
exceeded while cornering. 3

e Driving simulator results

The course of steering angles recorded in the driving simulator experiment, see Fig.
8.23.2 and Fig. 8.23.3 are not so optimal with respect to the given preference as the
simulation. The course of steering angles is not very directed which means, that the
subjects need a lot of correction movements in order to keep the vehicle on track. This
leads to high peaks in the course of steering angles, which cause a high lateral accel-
eration. Following from that, the subjects have to reduce the vehicle speed more as
actually needed in order not to exceed the tire forces. The correlation of the accelera-
tion points, where the vehicle gains speed again, to the steering angle is not optimal.
~ The acceleration points are distributed around areas of high steering angles but they
are not placed optimally at the vertex of the turn. The recorded driver behavior may
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be influenced by the characteristics of the driving simulator as described in the expe_ri—
ments above, like lack of acceleration feedback, lack of flow of texturg and a iimk of tlri
noise feedback, which would give the subject the possibility to estimate the curren

tire saturation.

¢ Conclusion . o . .
The course of the steering angle calculated by the simulation, 1s as shown optimal with

respect to the given preference. But the di‘iving be?lavior of _the test sub%e:ts is 1;122
optimal. The acteleration points are not placed optlmally atthe .vertex 10 burns, he
subjects‘need a lot of correction mévements and the course of s.teenng- angles nz girie :
:is not as directed as the simulation results. Therefore, tl}e _s1mulat10n is no a.b e }11n
this case to-reflect the driving behavior of the'subjects. ' This is p-ro.bably cal.lsed yf zhe
driving simulator characteristics 'on one hand and ?f the lack of driving expenEnce o ifl
subjects on the other hand. The given preferenc is very extren_1e and never 1f‘p$el}s ;
a real driving situation and the subjects are no race drivers, which are s;:lxema, y 1:.11;?1
to drive time-optimally. Therefore, thé experimient must automatically come to the
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¥

System input: throttle signal subject, because of the’course of the experiment, see cha.ptex:- 7.2:5. El?he last.successful

run through the HM was taken as result of. each respective subject, which causes

different initial velocities of.each set of recorded test data: In addition; is the initial

Fig. 1. Simulation speed much higher than the initial speed of the simulation, which starts from an almost

—T— . stahdstill. Due to this starting condition is the:subject’s brake point for the first turn

....... : o brm;;:‘:‘: | out of range. Therefore, is the first significant point of the:course of throttle positions

: : ; EIY A acceleration pom_rs} . J the acceleration point of the first turn and not.the brake point of the first turn as in the

: ' simulation results. The drivers-rarely use the possibility to accelerate with:full throttle,

...... P SIS ; which is ‘not optimal in respect of .the .given. preference. The braking behavior of the

: S A " subjects is also not time-optimal, see Fig. 8.24.2 and. Fig. 8.24.3. The:brake points

0 200 400 600 800 1021;:: ----- 1220 -------- o e RE = are defined as the points of the course.of the vehicle velocity, when. the: velocity starts

Fig.2 Driving simulator 1400 1600 1800 to.decrease again, see Fig. 8.31. This definition-coincides perfectly with'the course of

T e throttle position in the simulation results, see Fig. 8.24.1. But the brake points of the

:gt?;:ggﬁm '“j[ sub jectsla.re mostly placed pefore the subjects actually start braking, Wh%Ch means that

N they decelerate the.vehicle'by only a throttle position of 0. Therefore, distance needed

for decelérating the vehicle increases. During this additional distahce, is the vehicle
speed lower as actually possible, which means the drivers do not behave optimally.
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¢  System response: vehicle trajectory .
and acceleration points e

i
N f

¢ Sinitilation results
’ ! ’ Thé' driver always starts cornering'at the ontside shoulder and pulls toward the inside

¢ Simulation resylts _ border of 'tfffa 1:oz;d'v'v'hill]:a braking. Tﬁe;D driver ic_:cell)'e‘{;]éte.é’ éga}ilri :t. the points of the

¥ The starting coddition of the s « t trajectory with the highest curvature. Due to this behavior, the driver can maximize
~ stand still. Thig fact-has to b??;lliathm lsf avspeed of 4m/s, which basically means the vehicle velocity without exceeding the acceleration limits which are given i;_l the
results with the results of the drivi en into; account, w'hen comparing the simulation * trajectory planning layer. The driver reduces' ofi one hand the latera] acceleration due
show, that -tﬁé proposed driver moc]{n 1g Sllmulator expériment. The simulation results to a trajectory with the lowest possible curvature through the HM. On the other hand
model always accelerates with fyll throttle. Therefore the lateral acceleration due to a perfect timing of vehicle speed with respect to the

the driver yses the maximum i ine, ich i

‘minimize the driving t?rie need?c‘iraglable engine. power, which is optimal in respect to ., vehiclestrajectory. “Thé vehicle speed‘is:always rediiced, when the trajectory curvature

river taen po i d to coyer the whole distance of the HM. However the i sincreases.and the vehicle.accelerates again, whén the trajectory curvature decreases
e brakes carefully in order not to lose to rmuch speed. ’ i » again cboe .
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e Driving simmulator results

The recorded vehicle trajectories are not optimal with respect to the given preference.
Some of the subjects even lose control over their vehicle and drive almost of the test
track, see Fig. 8.26 (first turn), Fig 8.29 (first turn), Fig. 8.30 (last turn). This is
probably caused by a wrong estimation of the vehicle speed, which was actually higher
than thought. The higher vehicle speed led then to a higher lateral acceleration, which
exceeded the tire forces. Skidding and a loss of the vehicle cofitrol is the result. The
subjects also do not choose consequently the trajectory with the least curvature, which
means that the drivers do not always start cornering at the outside shoulder and pulls
toward the ihside border of the road while corneririg and. The subjects-stay very often
too.close to the middle line or at one side of the test track and, therefore, do not use
the benefit of the entire road width in order to increase the curvature of the vehicle
trajectory, see Fig. 8.27, Fig. 8.28. In addition, theacceleration points and brake
points are not placed optimally. So, the acceleration points are not always placed at
the vertex of the turn, as it would be optimal with Tespect to the given preference, see
Fig. 8.27, Fig. 8.28. The brake points are sometimes completely misplaced, see Fig.
8.27 and often too far away from the turn, see Fig. 8.26, Fig. 8.28, which leads to a
lower vehicle velocity as it_is possible and to a longer time needed‘to cover the whole
distance of the HM.. :

e Conclusion

The vehicle trajectory of the simulation is optimal; according to the givén: preference.
Whereas thé trajectories recorded in’the driving simulator experiment, are far from
being optimal. In trajectories are not optimal in‘respect 'of the trajéctory curvature,
thé& initiation of furns and the position of the brake points and accelération points with
respect of the vehicle trajeétory 'and the test track.c Thesé devi’étibné'ﬁ'on}' the optimal
behdvior are probably partly caused by the driving simulator. The representation of
the test track in the simulatof, makes‘it difficult for'the*drivers-to negotidte the road
curvature. ‘The lack of flow of texture reduces the ability to"estimate the vehicle speed.
No acceleration feedback and no feedback of the tire noise cause difficulties to estimate
the tire saturation. But regardless this pggg,trai!n;Jof the driving si,n;ulgito;r; 4t ds also
important to see, that the subjects:are not spectfically trainéd to drive time-optimally.
This preference does not occur usually in such a marked degree inan ordinary driving
situation, So it.is not surprising, that the subjects do pot behave time;optimally and,
f'.hfarefpre,' the simulation result does.not refiect the subjects behavior,

e ¥
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¢ .Simulation results 2 AR TR

. The starting velocity of the vehicle is 4in/s. The vehicle reaches itstop speeds on the
straight sections-of the HM. The absolute top.speed of+36p1/s reaches the'vehicle on

the end of the 6th straight sectiop, see Fig. 8.31. The speed maxima arealways a short
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distance before a curve and the speed minima at the points of the vehicle trajectory
with the highest curvature, see also Fig. 8.25.

o Driving simulator results .
The starting velocity is different from subject to subject, because of the course of the

experiment, see chapter 7.2.5. They are‘in the range from 30 — 50m/ s. ’I.'he subjects
also reach their top speed in the 6th straight section of the test‘tra.ck. It is in the range
of 25 — 38m/s, see Fig. 8.31.2 and Fig. 8.31.3. It is not possible to_ a.smgn.the br_ake
points and acceleration points to specific points of the test track as in the simulation.
The distribution of these points is too wide around the curves of t:he. test track, so that
no special pattern becomes obvious, which is followed by the majority of the subjects.

¢ Conclusion ‘ ‘ . .
The sequence of brake points and acceleration points calculated by the simulation,

is optimal adjusted to the test track. This is not the case in t.he recorded velocity
profiles of the driving simulator expetiment. Especially in the mldfile pa.rt of the tc?st
track, which is difficult to drive, is it not possible to extract a specific driver behavior
for braking and accelerating. Obviously, the subjects are not ‘fxble to 'fllzlﬁll the t_ask
optimally and, therefore, the simulation does not reflect t}_le subjects driving behavior.
The reason, why the subjects cannoy fulfill the given task is probably partly ca.used-by
the constraint of the driving simulator, see chapter 7.2.3, like the lack of accelera..tlon
feedb'ack, etc. Another reason is probably, that most of the subjects are not well trained
to drive time-optimally. This preference, especially in such a m-arked degrefe _does not
reflect a usual driving situation on public roads. Therefore, it is not surprising, that
the subject’s behavior differs from the optimfa.l behavior.
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Chapter 9

Conclusions

Driving can be characterized as goal directed behavior, that is propelled by aspirgtional fac-
tors and obstructed by constraining factors. This research project is based on the assumption,
that the aspirational factors, which are also called preferences and the constraining factors
are processed by the human driver in such a way, that the result is an optimal driving ma-
neuver. Therefore, it is also assumed, that it is possible’to simulate human driving behavior
using non-linear optimization. A real-world expétiment and a drivirg simulator expériment
were carried out in order to prove this assumption. THe experiments included simple dtiving
tasks like cornering a’'single turn and drivirg on a straight track as well-as a more comiplex
driving situation, which demdndéd to drive time-optimally through a race track (Hockenheim

Motodrom}. f

On the simple tracks, the subjects had to perform tasks like minimizing the horizontal
acceleration, maintaining a constant.speed and. keeping :the vehicle on the right side of the
road. In these gxperimepﬁﬁ we were able to simulate driving hehavior, which, actually reflects
the human driving behavior. The system input, which represents thesdirect driver’s actions,
like steering wheel angle and throttle signal is discussed as well as the system respouse,
which is fepresented by the resulting trajectory, velocity, lateral acceleration and longitudinal
acceleration. The-§ystem input of the:driver and the system responseé of the vehicle match
the simulation results within tenablé limits. Deviations from the simulation results can be
explained by the widely varying levels of perceptual 3 Bilities, physical skills and technological
yndersta‘nding of human drivers. Differences, can also be caused by the influence of the driving
simulator on human driying behavior, like no accfeleration feed back, and unknown inflyences
in tl&@ rez:.l-woﬂd experiment, like backlash in, the joints of the vehicle's steering gear.

The corrgspondenterb’f the simulation restlts-and'the cesults of the experimients enablesus to
predict. human' drivihg behavior to & certain extent. ‘To foresee driving maneuvers becomes
crucial, if e.g. a driver support system is'supposed to share responsibilitied with-the human
driver. - With "the. formulation discussed in this thesis we can provide a technique, which
leads to a behavior that coincides with humtan behavior. So it is possible to reduce the
conflict, which arises: beiween the decisions made by the human driver in contradiction to
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the decisions made by the driver support system.

So far, we can draw this conclusion for simple driving maneuvers. The validity of the pro-
posed driver model in more complex driving situations, like more difficult routes or additional
traffic on the drivers lane as well as oncoming traffic has to be investigated. Therefore, we
also discussed an experiment, which required to drive time-optimally through a race track
(Hockenheim Motodrom). Although the simulation results are optimal with respect to the
given preference, they do not reflect the behavior of the human subjects in this experiment.
The influence of the driving simulator in such a extreme driving situation was to big in order
to draw conclusions from this experiment. Especially, the lack of acceleration feedback and
the few visual aids, which do not provide a sufficient flow of texture are the main reasons
why the subjects have problems in driving optimally through the track. Another reason,
that may explain the difference between the simulation results and the subject’s behavior
is that driving time-optimally is not a preference, which is usually applied on public roads.
So, the subjects are not trained enough just by their general driving experience to fulfill
successfully this very special task.

But in order to draw final conclusions about the driving behavior in more complex driving
situations it is important jo.analyze and to carry out further experiments. In the course of
the driving simulator experiment with the Hockenheim Motodrom as test track, experiments
with additional preferences to the time-optimal behavior were carried out. The additional
preferences were to minimize the horizontal acceleration, to maintain a constant speed, to
keep the vehicle on the right side of the road and to use the brakes as little as possible. It is
important to analyze this results and to compare them with the result of the time-optimal
driver behavior. This preferences do not involve as much knowledge and information about
the vehicle dynamics and the current system state as the time-optimal preference. Therefore,
the constraint of the driving simulator becomes less important and the subjects behave in
a more realistic way. In addition, these preferences are commonly used in public traffic.
So, the drivers do not need special driving knowledge and can apply’ the driving experience,
which they gaiqed over the years. ! )
k

For. further experiments it is also important to:simulate human driver behayior with,a mix
of preferences. The simulations calculated for-this project are carried out with an extreme
weight on special. preferences. But only.in rare cases human-drivers have just one.preference,
Usually a mix of preferences is used.

It i$ also impértant to méntion, that the cognitive decision layer, which gives the proposed
‘driver model th¥ Tequired flexibility is niot implemented yet and, thereford, the sitnulations
in this project’ wete' calculatéd without the cognitive decision Tayer. This has just little
impact, on .the carried, out experiments and the; gained resuits, because-for one test run
. 1always just one preferences was given. But,for future research, especially with, increasing
external disturbances; the cognitive decision layer is crucial to model-human driver behavior.
‘Environmental influences like weather, daytime or other road users have great'impact.on the
human drivigg behavior and cause thie human driver to change preferences. The cognitive
decision layer would also enable the driver model to switch between different pfediction
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