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Abstract

Quver the last years, the expectation based multifo-
cal saccadic vision system (EMS-Vision) for au-
tonomous vehicles has been developed. This not
only required an adaption and restructuring of ve-
hicle guidance but also a development of enhanced
abilities for locomotion. In the course of integration
of vehicle guidance to the new system, the loco-
motion part received a new structure and has been
extended. By means of the “Turn-Off ” maneuver it
is shown how single phases of a driving maneuver
are triggered and how the transition conditions are
generated. During a maneuver phase, command
variables for the longitudinal and the lateral con-
troller are generated. The locomotion unit is imple-
mented on both test vehicles VAMORS and VAMP
of UBM. Only the hardware specific part depends
on the type of vehicle, otherwise, vehicle guidance
is the same for both experimental vehicles.

Keywords autonomous vehicles, vehicle
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1 Introduction

In 1992 N. Miiller presented road vehicle guidance
for turning off onto a cross road [1]. Additionally, in
[2] model based image processing for perception of
an intersection (following the 4-D approach), gaze
control of a pan and tilt platform for fixation of
the intersection and the off-going road as well as
navigation for turning off are described in detail.

The system of vehicle guidance, image
processing and gaze control had been implemented
on special computer hardware (transputer net).
Over the last years, UBM’s experimental vehicles
VAMORs and VAMP have been equipped with
commercial off-the-shelf (COTS) components.
In parallel a perceptual system for autonomous
vehicles called EMS-Vision (Expectation based
Multifocal Saccadic Vision) has been developed
and realized, see [3].
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The maneuver for turning-off onto a crossroad
will be used as an example to explain the inte-
gration of vehicle guidance with the EMS-Vision
system and the implementation on the new COTS-
Hardware.

2 Mathematical Foundations for
Turning-Off
Figure 1 shows a typical intersection (non-

orthogonal T-junction) with another road. The
task is to turn-off onto the road going to the left.
The own road runs approximately straight into the
area of turn off. The angle of the turn-off Ycor_cs,
the lane widths bor und bg, the radius rog and
the position of the turn-off relative to the vehicle
are perceived by real time image processing (see

[4])-

Figure 1: Intersection geometry

Based on the approach shown in [1] and [2],
the activities of vehicle guidance for executing the
“Turn-Off” maneuver can be explained as follows:

A border line is defined consisting of line pieces
that are parallel to the lane borders and a circular
arc segment. The center of the rear axle of the
road vehicle shall closely follow it. For then it is
guaranteed that the inner bend rear wheel will not
cross the kerbstone, as long as the distance of the
border line to the road border is larger than half the



width of the vehicle. Because road vehicles can not
follow a discontinuity in curvature as occurs at the
transition from straight line to circular arc without
stopping. The trajectory of the center of the rear
axle has to be approximated by clothoids. Starting
curvature of the path is zero as the vehicle is going
straight on, the maximum curvature in the vertex
of the curve is the inverse radius of the circular arc.
Turning into and exiting out of the curve may be
chosen as symmetric to the vertex point, therefore,
only the initial part will be treated subsequently.
As the clothoid path must not cross the border
line to the left at any point, a little deviation to
the right has to be headed for. So the clothoid
path looks as shown in fig. 2.

Clothoid
path

Border
line

Figure 2: Vehicle path for turning into a curve

At the depicted points the following conditions
can be set up:

B p =0 k=0  Ag=0
C o =1har/2

A Ya=dar ka =0

T ¢p=0

E Y5 =¢ap —YaT KB = KRSL = 1oy
S ¢s=1tvcros/2 KB =KRSL = o

Here 1) means the angle of the path tangent to
the border line, k is the curvature of the path and
A is the steering angle of the front wheels of the
vehicle.

In order to determine the position of these
points, the steering rate c, is given as piecewise
constant at some value to be properly defined for
both left and right turns. This results in a steering
angle time history as shown in fig. 3.

So, the magnitude of the steering rate is the
only free parameter of the feedforward control ma-
neuver.

Figure 3: Steering angle in dependence of covered
distance

The geometry of a linear planar single track
model for road vehicles [5] with a wheelbase I, leads
to

)\:>\0+c>\-t:)\0+%’\-l (1)
with [ ... covered distance
and v ...speed.
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L

Clothoids are described by
W= / wdl 3)
o= [ costwya (4)
y= [ sy (5)

with x, y being Cartesian coordinates. Two quan-
tities can be found easily:

-
L = O lo - ZRsL (6)
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as length of the path between A and E.

1
Yap = 3 " RRSL lap (7)

is the included angle.

In order to determine the distance zg from point
B to point O the pathlength Ip 4 is needed. It can
be read from fig. 3. If approximately sin(\) = A
the enclosed surface between B and A and A and
T has to be of same size as ¢yp = P = 0. So

Ipa=V2-lar. (8)

laT then can be evaluated by

ysc +yor +yre —rrsy - (1 —cos(¢rge)) =0 (9)

. . N P2
An approximation of cos(¢Yrg) =1 — £ leads to

a fourth degree equation for the ratio s = i;‘—z:



35" +3v2s° + 652 —1=0 (10)

One solution to this equation is so = 0.33. With
rB = TBc + TcT + TTE — TRSL * Sin('ngE) the
searched distance is:

1 2
B :lAE'(§+\/§S+%) (11)

The ratio s strongly depends on an initial lateral
deviation ypg of the vehicle to the border line. The
dependence is square root like and is approximated
by

s:so-(slx/l_/—l—sz-Y)
with S1 = 53, So9 = —-2.0

and V" = U2pust 4 L
E

(12)

This equation has real solutions, as long as the
condition

is kept.

More negative values of yp indicate that the devi-
ation to the left is big enough that the vehicle can
turn to the right. The steering rate then has to be
reduced to

(A lL
rrsL - /24 TrsL - (—yB)
as a result of s =0 in eq. 12.
By allowing any initial lateral deviation, a

limiting case for conventional road vehicles can be
treated: the turning circle.

e\ = (13)

Realizable border
line

Ideal border
line

CR_CS

rmin J
«
y

r_min

A

Figure 4: Turning off with minimal radius

If a border line has to be dealt with, the ra-
dius of which is less than the turning radius of
the vehicle, another border line with a radius of
the same size as the turning radius of the vehicle
is superimposed on the original one (see fig. 4),
eg. if rocr.cs < Tmin than rrsp = Ty else

rrs, = rcr.cs. The two lines will touch each
other in exactly one point D of their circular arcs
to be freely chosen. So, in point B an additional
positive lateral deviation y,_m,i, seems to arise.

Depending on the choice of D the vehicle will
have to draw back to the right before turning left.

Note that this approach takes into account nei-
ther slippage of the wheels on the ground nor any
lateral sliding. In order to avoid these effects, speed
has to be reduced by the longitudinal controller.

The steering rate ¢y is the feedforward variable
for the lateral controller. ¢y is computed during the
approach to the intersection. A positive steering
rate means a “Turn-Off” maneuver to the right, a
negative rate means one to the left.

3 Structure of the “Turn-Off” Ma-
neuver

The absolute value of the feedforward variable cy
is piecewise constant (see fig. 3) but the sign is
different.

If a swinging back is necessary, the negative
value of the precomputed steering rate between the
points B and C is set. Between the points C and
E the center of the rear axle moves on a clothoid
because the precomputed constant c) is set. Be-
tween E and E’ the vehicle drives on a circular arc
with ¢y = 0. After point E’ the negative value of
the precomputed steering rate is set again. In this
phase a state feedback controller of third order with
the state vector [\, vr_r, Ayr_r]T is applied, addi-
tionally. ¥r_r and Aygr_r are now referred to the
new own road, the previous cross road. Thereby it
is achieved that the lateral offset to the centerline
of the new road is a minimum.

The sequence of single “Turn-Off” phases for
lateral control is implemented using an automa-
ton. The transition conditions for the automaton
result from reachin the points B, C, E and E’ (for
automata statecharts see [6]). Fig. 5 shows the
statechart for the “Turn- Off” maneuver.

RUN: "Turn-Off" /

Longitudinal Control Lateral Control

SWING EXIT
BACK CURVE
KEEP
VELOCITY
ENTER ROUND
CURVE

CURVE

Figure 5: “Turn-off” statechart

There are two parallel automata, one for lon-
gitudinal control, the other for lateral. If it is
necessary to swing back initially, the lateral au-
tomaton starts at the automaton state “SWING



BACK?” otherwise it starts at “ENTER CURVE”.
All automata states of the lateral automaton are
passed through successively. In parallel, the lon-
gitudinal automaton is running. The longitudinal
automaton for the “Turn-Off“ maneuver has only
one state “KEEP VELOCITY”.

In fig. 5 the computational part of the ma-
neuver, calculation of the required steering rate
¢y, velocity v and of the transition conditions to
switch from one automaton state to another, is not
represented.

For a consistent representation of abilities like
the “Turn-Off” maneuver, in the EMS-Vision sys-
tem the following characterization of abilities has
been developed using statecharts (see fig. 6).

ABILITY . f
Organisation Operation Supervision
PASSIVE K[ PASSIVE J K{ PASSIVE j
[ RUN } [ CHECK
cyclic

Figure 6: Representation of abilities with state-
charts

4 Integration of the “Turn-Off” Ma-
neuver into Control Flow

An ability consists of three parallel statecharts.
The first is for Organisation, the second one
for Operation and the third for Supervision of
the ability. If an ability is initialised, all three
statecharts start with their “PASSIVE” state. The
Supervision part switchs directly from “PASSIVE”
into its “CHECK” mode. In this state all required
components (controllers, e.g.  longitudinal or
lateral controller; hardware, e.g. steering, gas or
brake; subsystems, e.g. vehicle subsystem) are
checked cyclicly, if they are ready for use. If all
checks are successful, the Organisation statechart
switches from “PASSIVE” to “READY”. If one
of the following cyclic checks is not successful, all
three parallel statecharts are reset to their initial
state “PASSIVE”. Else the Organisation statechart
waits for a message from a higher level decision
unit (see fig. 7). This message indicates, that
all other needed abilities, e.g. image processing
abilities, are existing and causes the Organisation
statechart to switch from “READY” to “BUSY”.
In this state all calculations like the ones of section
2 are performed. Conditions for the transition
from “PASSIVE” to “RUN” state of the Operation
statechart are calculated also in the state “BUSY”

of the Organisation. If conditions for transition
are accomplished, the special “RUN” automaton
like the one of fig. 5 is started. The output of
control of each “RUN” automaton state is done
on the complementary systems dynamics level.
At the time when the “RUN” automaton” is
finished all statecharts switch to “PASSIVE”. The
“ABILITY” statechart is left by the transition
from “PASSIVE” of the Organisation statechart to
the outside if an order arrives from a higher level.

In order to turn-off at an intersection like the
one of fig. 1 at least one other ability than “Turn-
Off” has to be available. The second ability needed
is “Follow Lane”.

For choosing the proper ability for the respec-
tive situation, in [7] a hierarchical system architec-
ture has been suggested. This architecture includes
a Behavior Decision for Locomotion (BDL) unit, as
can be seen in fig. 7, for keeping local decisions for
locomotion consistent. The task of Central Deci-
sion (CD) is to coordinate all abilities needed for a
maneuver and to resolve conflicts between abilities.

If a vehicle approaches to an intersection in the
“Follow Lane” mode, CD initializes the abilities
for turning off. The sequence of wanted abilities
are pretended in the mission plan (see [8]). At
first view, this is the ability of vehicle guidance
explained in section 3. But abilities to perception
an intersection (see [4]) or to control the gaze direc-
tion (see [9]) are also necessary. If all components
needed announce their readiness, CD causes the
abilities to switch to their “BUSY” mode. This
means for locomotion that now BDL is the decision-
maker. BDL handles informations for the actual
and the next ability like those of section 3. Ad-
ditionally, relevant variables and their variances,
e.g. distance to intersection are considered. If,
for instance, the variance of distance to intersec-
tion is too large, no “Turn-Off” maneuver will be
triggered by BDL. If all informations are positive,
BDL will cause the desired ability to switch to its
“RUN” mode and will stop the actual ability. For
monitoring and conflict handling BDL announces
its status, orders and decisions to the higher level
CD.

5 Implementation on the EMS-

Vision Hardware

As can be seen in [3] COTS computer hardware is
used generally for the development of the EMS-
Vision system. Only the “Platform subsystem”
and the “Vehicle subsystem” are special computer
hardware. The “Vehicle subsystem” is a transputer
network with four transputer nodes (T805). The
transputer network is connected to the “Behavior
PC” via a transputer link. Sensor signals like those
from inertial or odometry sensors are read in by
the “Vehicle subsystem”. Also, all actuators (gas,
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Figure 7: Hierarchical system architecture for autonomous vehicles; f: features, s: state variables, q:

quality, c: classes, DoA: Degree of Automation (see also [7])

brake, steering) are controlled by the “Vehicle sub-
system”. In addition, all time critical controllers
(velocity-, deceleration-, steering-controller and so
on) are implemented on the “Vehicle subsystem”,
as the transputer net guarantees real-time feed-
back control loops. The cycle times of feedback
controllers range from 7ms up to 40ms. In this
manner, the locomotion system is distributed on a
PC and the transputer net. The transputer link
between the PC and the transputer network have
to be controlled by the locomotion software. The
part of the locomotion software, which is placed on
transputer nodes, is implemented in C. Only this
part is devided into two specific parts, one for each
test vehicle. The rest of the locomotion software,
which is running on PC, is implemented in C++.
All software components on PC are the same for
both vehicles. Additionally, the locomotion soft-
ware on PC is an EMS-Vision process (see [3]) and
so data from vehicle control can be exchanged with
other EMS-Vision processes via DOB.

6 Experimental Results

Figure 8 shows preliminary results of real “Turn-
Off” maneuver. The steering angle and rate are
represented.

Until cycle 3900 the test vehicle performs a “Fol-
low Lane” maneuver, then the “Turn-Off” maneu-
ver is performed. In this case no “SWING BACK”
mode is necessary. During the “Turn-Off” maneu-
ver, the steering is controlled by a piecewise con-
stant steering rate (absolute value: 6.3 deg/sec).
This results in the progression of the steering angle

of fig. 8. Comparing with fig. 3, in the progression
of the steering angle of figure 8 is there no phase
with constant steering angle, because no “ROUND
CURVE” mode with ¢y = 0 is necessary for per-
forming this “Turn-Off” maneuver.

Steer Angle [deg]

I
3000 3500 4000 4500

Steer Rate [deg/sec]

I
3500
Cycles [at 40 ms]

I I
3000 4000 4500

Figure 8: Steering angle and rate

7 Conclusions and Outlook

The “Turn-Off” maneuver served as an example
for demonstrating how single abilities of vehicle
locomotion can be combined with other ones. Be-
sides, a consistent schematic diagram for represent-
ing abilities has been developed. The abilities are
administered and triggered by several decision in-
stances. The cooperation of these different decision
instances has been explained using a hierarchical



system architecture for autonomous vehicles, im-
plemented on the experimental vehicles VAMORS
and VAMP. The architecture is the same for both
vehicle, only the hardware specific part is different.
Focus of current work is to generalize other abilities
of vehicle locomotion by using this approach, in
order to perform more complex missions [3], [8].

References

[1]

2]

N. Miller. Feedforward control for curve
steering for an autonomous road vehicle. In
Proc. IEEE Int. Conference on Robotics and
Automation, Nice, May 1992.

N. Miiller. Autonomes Manovrieren
und Navigieren mit einem sehenden
Straenfahrzeug. In  Fortschrittsberichte

VDI, volume 281 of Reihe 12:
Verkehrstechnik/Fahrzeugtechnik. VDI Verlag,
Diisseldorf, Germany, 1996.

R. Gregor, M. Liitzeler, M. Pellkofer, K. H.
Siedersberger, and E. D. Dickmanns. EMS-
Vision: A perceptual system for autonomous
vehicles. In this volume.

M. Litzeler and E. D. Dickmanns. EMS-
Vision: Intersection recognition on unmarked
road networks. In this volume.

M. Mitschke. Dynamik der Kraftfahrzeuge,
volume C: Fahrverhalten. Springer, 1990.

D. Harrel. Statecharts: A visual formalism
for complexe systems. In M. Sintzoff, editor,
Science of Computer Programming, volume 8,
pages 231-274. North-Holland, Amsterdam,
1987.

M. Maurer. Knowledge representation for flexi-
ble automation of land vehicles. In this volume.

R. Gregor and E. D. Dickmanns. EMS-Vision:
Mission performance on road networks. In this
volume.

M. Pellkofer. An approach for optimal gaze
control in autonomous vehicles. In this volume.



