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Abstrat

Over the last years, the expetation based multifo-
al saadi vision system (EMS-Vision) for au-
tonomous vehiles has been developed. This not
only required an adaption and restruturing of ve-
hile guidane but also a development of enhaned
abilities for loomotion. In the ourse of integration
of vehile guidane to the new system, the loo-
motion part reeived a new struture and has been
extended. By means of the \Turn-O�" maneuver it
is shown how single phases of a driving maneuver
are triggered and how the transition onditions are
generated. During a maneuver phase, ommand
variables for the longitudinal and the lateral on-
troller are generated. The loomotion unit is imple-
mented on both test vehiles VaMoRs and VaMP
of UBM. Only the hardware spei� part depends
on the type of vehile, otherwise, vehile guidane
is the same for both experimental vehiles.

Keywords autonomous vehiles, vehile

guidane, feedforward ontrol

1 Introdution

In 1992 N. M�uller presented road vehile guidane

for turning o� onto a ross road [1℄. Additionally, in

[2℄ model based image proessing for pereption of

an intersetion (following the 4-D approah), gaze

ontrol of a pan and tilt platform for �xation of

the intersetion and the o�-going road as well as

navigation for turning o� are desribed in detail.

The system of vehile guidane, image

proessing and gaze ontrol had been implemented

on speial omputer hardware (transputer net).

Over the last years, UBM's experimental vehiles

VaMoRs and VaMP have been equipped with

ommerial o�-the-shelf (COTS) omponents.

In parallel a pereptual system for autonomous

vehiles alled EMS-Vision (Expetation based

Multifoal Saadi Vision) has been developed

and realized, see [3℄.

Proeedings of the 2000 Intelligent Vehiles

Conferene, The Ritz-Carlton Hotel, Dearborn,

MI, USA, Otober 4-5, 2000.

The maneuver for turning-o� onto a rossroad

will be used as an example to explain the inte-

gration of vehile guidane with the EMS-Vision

system and the implementation on the new COTS-

Hardware.

2 Mathematial Foundations for
Turning-O�

Figure 1 shows a typial intersetion (non-

orthogonal T-juntion) with another road. The

task is to turn-o� onto the road going to the left.

The own road runs approximately straight into the

area of turn o�. The angle of the turn-o�  CR CS,

the lane widths bCR und bR, the radius rCS and

the position of the turn-o� relative to the vehile

are pereived by real time image proessing (see

[4℄).
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Figure 1: Intersetion geometry

Based on the approah shown in [1℄ and [2℄,

the ativities of vehile guidane for exeuting the

\Turn-O�" maneuver an be explained as follows:

A border line is de�ned onsisting of line piees

that are parallel to the lane borders and a irular

ar segment. The enter of the rear axle of the

road vehile shall losely follow it. For then it is

guaranteed that the inner bend rear wheel will not

ross the kerbstone, as long as the distane of the

border line to the road border is larger than half the



width of the vehile. Beause road vehiles an not

follow a disontinuity in urvature as ours at the

transition from straight line to irular ar without

stopping. The trajetory of the enter of the rear

axle has to be approximated by lothoids. Starting

urvature of the path is zero as the vehile is going

straight on, the maximum urvature in the vertex

of the urve is the inverse radius of the irular ar.

Turning into and exiting out of the urve may be

hosen as symmetri to the vertex point, therefore,

only the initial part will be treated subsequently.

As the lothoid path must not ross the border

line to the left at any point, a little deviation to

the right has to be headed for. So the lothoid

path looks as shown in �g. 2.
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Figure 2: Vehile path for turning into a urve

At the depited points the following onditions

an be set up:

B  B = 0 �B = 0 �B = 0

C  C =  AT =2

A  A =  AT �A = 0

T  T = 0

E  E =  AE �  AT �E = �RSL = 1

rRSL

S  S =  CR CS=2 �E = �RSL = 1

rRSL

Here  means the angle of the path tangent to

the border line, � is the urvature of the path and

� is the steering angle of the front wheels of the

vehile.

In order to determine the position of these

points, the steering rate � is given as pieewise

onstant at some value to be properly de�ned for

both left and right turns. This results in a steering

angle time history as shown in �g. 3.

So, the magnitude of the steering rate is the

only free parameter of the feedforward ontrol ma-

neuver.
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Figure 3: Steering angle in dependene of overed

distane

The geometry of a linear planar single trak

model for road vehiles [5℄ with a wheelbase lL leads

to

� = �0 + � � t = �0 +
�

v
� l (1)

with l . . . overed distane

and v . . . speed.

� =
1

lL
� sin(�(l)) (2)

Clothoids are desribed by

 =

Z
� dl (3)

x =

Z
os( (l)) dl (4)

y =

Z
sin( (l)) dl (5)

with x, y being Cartesian oordinates. Two quan-

tities an be found easily:

lAE =
v � lL � xRSL

�
(6)

as length of the path between A and E.

 AE =
1

2
� �RSL � lAE (7)

is the inluded angle.

In order to determine the distane xB from point

B to point O the pathlength lBA is needed. It an

be read from �g. 3. If approximately sin(�) = �

the enlosed surfae between B and A and A and

T has to be of same size as  B =  T = 0. So

lBA =
p
2 � lAT : (8)

lAT then an be evaluated by

yBC + yCT + yTE � rRSL � (1� os( TE)) = 0 (9)

An approximation of os( TE) = 1�  2
TE

2
leads to

a fourth degree equation for the ratio s = lAT
lAE

:
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3s4 + 3
p
2s3 + 6s2 � 1 = 0 (10)

One solution to this equation is s0 = 0:33. With

xB = xBC + xCT + xTE � rRSL � sin( TE) the

searhed distane is:

xB = lAE � (
1

2
+
p
2s+

s2

2
) (11)

The ratio s strongly depends on an initial lateral

deviation yB of the vehile to the border line. The

dependene is square root like and is approximated

by

s = s0 � (s1
p
Y + s2 � Y ) (12)

with s1 = 5:3, s2 = �2:0
and Y = yB�rRSL

l2
AE

+ 1

24
.

This equation has real solutions, as long as the

ondition

yB � � 1

24
� l2

AE

rRSL

is kept.

More negative values of yB indiate that the devi-

ation to the left is big enough that the vehile an

turn to the right. The steering rate then has to be

redued to

� =
v � lL

rRSL �
p
24 � rRSL � (�yB)

(13)

as a result of s = 0 in eq. 12.

By allowing any initial lateral deviation, a

limiting ase for onventional road vehiles an be

treated: the turning irle.
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Figure 4: Turning o� with minimal radius

If a border line has to be dealt with, the ra-

dius of whih is less than the turning radius of

the vehile, another border line with a radius of

the same size as the turning radius of the vehile

is superimposed on the original one (see �g. 4),

e.g. if rCR CS < rmin than rRSL = rmin else

rRSL = rCR CS . The two lines will touh eah

other in exatly one point D of their irular ars

to be freely hosen. So, in point B an additional

positive lateral deviation yr min seems to arise.

Depending on the hoie of D the vehile will

have to draw bak to the right before turning left.

Note that this approah takes into aount nei-

ther slippage of the wheels on the ground nor any

lateral sliding. In order to avoid these e�ets, speed

has to be redued by the longitudinal ontroller.

The steering rate � is the feedforward variable

for the lateral ontroller. � is omputed during the

approah to the intersetion. A positive steering

rate means a \Turn-O�" maneuver to the right, a

negative rate means one to the left.

3 Struture of the \Turn-O�" Ma-
neuver

The absolute value of the feedforward variable �
is pieewise onstant (see �g. 3) but the sign is

di�erent.

If a swinging bak is neessary, the negative

value of the preomputed steering rate between the

points B and C is set. Between the points C and

E the enter of the rear axle moves on a lothoid

beause the preomputed onstant � is set. Be-

tween E and E' the vehile drives on a irular ar

with � = 0. After point E' the negative value of

the preomputed steering rate is set again. In this

phase a state feedbak ontroller of third order with

the state vetor [�;  R F ;�yR F ℄
T is applied, addi-

tionally.  R F and �yR F are now referred to the

new own road, the previous ross road. Thereby it

is ahieved that the lateral o�set to the enterline

of the new road is a minimum.

The sequene of single \Turn-O�" phases for

lateral ontrol is implemented using an automa-

ton. The transition onditions for the automaton

result from reahin the points B, C, E and E' (for

automata stateharts see [6℄). Fig. 5 shows the

statehart for the \Turn- O�" maneuver.
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Figure 5: \Turn-o�" statehart

There are two parallel automata, one for lon-

gitudinal ontrol, the other for lateral. If it is

neessary to swing bak initially, the lateral au-

tomaton starts at the automaton state \SWING
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BACK" otherwise it starts at \ENTER CURVE".

All automata states of the lateral automaton are

passed through suessively. In parallel, the lon-

gitudinal automaton is running. The longitudinal

automaton for the \Turn-O�\ maneuver has only

one state \KEEP VELOCITY".

In �g. 5 the omputational part of the ma-

neuver, alulation of the required steering rate

�, veloity v and of the transition onditions to

swith from one automaton state to another, is not

represented.

For a onsistent representation of abilities like

the \Turn-O�" maneuver, in the EMS-Vision sys-

tem the following haraterization of abilities has

been developed using stateharts (see �g. 6).
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Figure 6: Representation of abilities with state-

harts

4 Integration of the \Turn-O�" Ma-
neuver into Control Flow

An ability onsists of three parallel stateharts.

The �rst is for Organisation, the seond one

for Operation and the third for Supervision of

the ability. If an ability is initialised, all three

stateharts start with their \PASSIVE" state. The

Supervision part swiths diretly from \PASSIVE"

into its \CHECK" mode. In this state all required

omponents (ontrollers, e.g. longitudinal or

lateral ontroller; hardware, e.g. steering, gas or

brake; subsystems, e.g. vehile subsystem) are

heked ylily, if they are ready for use. If all

heks are suessful, the Organisation statehart

swithes from \PASSIVE" to \READY". If one

of the following yli heks is not suessful, all

three parallel stateharts are reset to their initial

state \PASSIVE". Else the Organisation statehart

waits for a message from a higher level deision

unit (see �g. 7). This message indiates, that

all other needed abilities, e.g. image proessing

abilities, are existing and auses the Organisation
statehart to swith from \READY" to \BUSY".

In this state all alulations like the ones of setion

2 are performed. Conditions for the transition

from \PASSIVE" to \RUN" state of the Operation
statehart are alulated also in the state \BUSY"

of the Organisation. If onditions for transition

are aomplished, the speial \RUN" automaton

like the one of �g. 5 is started. The output of

ontrol of eah \RUN" automaton state is done

on the omplementary systems dynamis level.

At the time when the \RUN" automaton" is

�nished all stateharts swith to \PASSIVE". The

\ABILITY" statehart is left by the transition

from \PASSIVE" of the Organisation statehart to

the outside if an order arrives from a higher level.

In order to turn-o� at an intersetion like the

one of �g. 1 at least one other ability than \Turn-

O�" has to be available. The seond ability needed

is \Follow Lane".

For hoosing the proper ability for the respe-

tive situation, in [7℄ a hierarhial system arhite-

ture has been suggested. This arhiteture inludes

a Behavior Deision for Loomotion (BDL) unit, as
an be seen in �g. 7, for keeping loal deisions for

loomotion onsistent. The task of Central Dei-
sion (CD) is to oordinate all abilities needed for a

maneuver and to resolve onits between abilities.

If a vehile approahes to an intersetion in the

\Follow Lane" mode, CD initializes the abilities

for turning o�. The sequene of wanted abilities

are pretended in the mission plan (see [8℄). At

�rst view, this is the ability of vehile guidane

explained in setion 3. But abilities to pereption

an intersetion (see [4℄) or to ontrol the gaze dire-

tion (see [9℄) are also neessary. If all omponents

needed announe their readiness, CD auses the

abilities to swith to their \BUSY" mode. This

means for loomotion that now BDL is the deision-

maker. BDL handles informations for the atual

and the next ability like those of setion 3. Ad-

ditionally, relevant variables and their varianes,

e.g. distane to intersetion are onsidered. If,

for instane, the variane of distane to interse-

tion is too large, no \Turn-O�" maneuver will be

triggered by BDL. If all informations are positive,

BDL will ause the desired ability to swith to its

\RUN" mode and will stop the atual ability. For

monitoring and onit handling BDL announes

its status, orders and deisions to the higher level

CD.

5 Implementation on the EMS-
Vision Hardware

As an be seen in [3℄ COTS omputer hardware is

used generally for the development of the EMS-

Vision system. Only the \Platform subsystem"

and the \Vehile subsystem" are speial omputer

hardware. The \Vehile subsystem" is a transputer

network with four transputer nodes (T805). The

transputer network is onneted to the \Behavior

PC" via a transputer link. Sensor signals like those

from inertial or odometry sensors are read in by

the \Vehile subsystem". Also, all atuators (gas,

4
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Figure 7: Hierarhial system arhiteture for autonomous vehiles; f: features, s: state variables, q:

quality, : lasses, DoA: Degree of Automation (see also [7℄)

brake, steering) are ontrolled by the \Vehile sub-

system". In addition, all time ritial ontrollers

(veloity-, deeleration-, steering-ontroller and so

on) are implemented on the \Vehile subsystem",

as the transputer net guarantees real-time feed-

bak ontrol loops. The yle times of feedbak

ontrollers range from 7ms up to 40ms. In this

manner, the loomotion system is distributed on a

PC and the transputer net. The transputer link

between the PC and the transputer network have

to be ontrolled by the loomotion software. The

part of the loomotion software, whih is plaed on

transputer nodes, is implemented in C. Only this

part is devided into two spei� parts, one for eah

test vehile. The rest of the loomotion software,

whih is running on PC, is implemented in C++.

All software omponents on PC are the same for

both vehiles. Additionally, the loomotion soft-

ware on PC is an EMS-Vision proess (see [3℄) and

so data from vehile ontrol an be exhanged with

other EMS-Vision proesses via DOB.

6 Experimental Results

Figure 8 shows preliminary results of real \Turn-

O�" maneuver. The steering angle and rate are

represented.

Until yle 3900 the test vehile performs a \Fol-

low Lane" maneuver, then the \Turn-O�" maneu-

ver is performed. In this ase no \SWING BACK"

mode is neessary. During the \Turn-O�" maneu-

ver, the steering is ontrolled by a pieewise on-

stant steering rate (absolute value: 6.3 deg/se).

This results in the progression of the steering angle

of �g. 8. Comparing with �g. 3, in the progression

of the steering angle of �gure 8 is there no phase

with onstant steering angle, beause no \ROUND

CURVE" mode with � = 0 is neessary for per-

forming this \Turn-O�" maneuver.
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Figure 8: Steering angle and rate

7 Conlusions and Outlook

The \Turn-O�" maneuver served as an example

for demonstrating how single abilities of vehile

loomotion an be ombined with other ones. Be-

sides, a onsistent shemati diagram for represent-

ing abilities has been developed. The abilities are

administered and triggered by several deision in-

stanes. The ooperation of these di�erent deision

instanes has been explained using a hierarhial
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system arhiteture for autonomous vehiles, im-

plemented on the experimental vehiles VaMoRs

and VaMP. The arhiteture is the same for both

vehile, only the hardware spei� part is di�erent.

Fous of urrent work is to generalize other abilities

of vehile loomotion by using this approah, in

order to perform more omplex missions [3℄, [8℄.
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