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Systematic H>/H ., haptic shared control synthesis
for cars, parameterized by sharing level

Béatrice Pano!, Fabien Claveau', Philippe Chevrel!, Chouki Sentouh?, Franck Mars®

Abstract—This paper presents a methodology for the systematic
synthesis of haptic shared control (HSC) of a car. This HSC
design is based on a two-part architecture. The first part is a
trajectory generator that provides a reference trajectory to the
second part, which is a static output feedback. In this paper, the
haptic shared control is used as an lane keeping assist system
(LKA); hence, the reference trajectory is chosen to fulfill this
function. The main contribution of this article is related to the
combination of the H./H. feedback synthesis. This, involves
an H> criterion quantifying the sharing level and quality as
an objective function, and H>/H., constraints for lane-keeping
performance, driver comfort and robustness. The control design
relies on a driver cybernetic model, which decreases conflicts
between the assistance and the driver. A systematic method to tune
criterion and constraints is described, enabling the attainment
of desired lane-following and shared-control performance. The
proposed methodology facilitates the design of lateral assistance,
ensuring stability and guaranteed performance regardless of the
prescribed level of sharing between the actions of the driver and
the automaton. The shared control between human driver and
automation for the lane keeping task over the Satory test track
with the sharing level adaptation is then shown for the validation
of the proposed architecture. This work introduces perspectives
on smooth transitioning between manual and autonomous driving
modes.

I. INTRODUCTION

Autonomous vehicles are considered to be a possible solution
for reducing the number of car accidents that occur each year.
Indeed, human error is the most common accident cause [1].
But this technology must still be adapted to all driving situa-
tions. Autonomous vehicles cannot deal with some complex
situations, such as road-works or unexpected circumstances.
Hence, it is important to investigate intermediate solutions like
haptic shared control (HSC) for lane-keeping assistance (LKA).
In addition, research has shown that HSC gives better results
than either human or autonomous driving alone, in cases of
human or autonomous-system errors in a context of obstacle
avoidance [2]. HSC systems allow the human and the machine
to exchange information through the steering wheel as a haptic
interface. They can then act together, with the benefit of both
the driver judgement capacity and the rapidity of the machine.
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Various HSC systems have been reported in the literature in
recent years [3] [4] [5] [6] [7]. An important point to develop
an HSC system is the need to use a driver model [8]. The driver
model gives the system information about drivers behavior and
allows to reduce the conflicts between the machine and the
driver.

The use of HSC systems can also help to develop smooth
transitional strategies between manual and autonomous driving
modes [9]. Some researchers have investigated this possibility
with different HSC systems [10] [11]. To use an HSC system
to perform transition between manual and autonomous driving,
it is advisable to employ the same architecture for manual,
autonomous and shared-driving modes [12]. This ensures con-
tinuity in the assistance behavior, which is important because
unexpected action from the assistance can be dangerous. It can
also decrease the driver acceptance.

The aim of this article is to develop an HSC system design
methodology that can be used at any level of sharing between
the manual and autonomous modes. The main contribution of
this article is a comprehensive design methodology for an ad-
vanced HSC system. This methodology facilitates the synthesis
of lateral assistance, ensuring stability and a guaranteed level of
performance, regardless of the degree of sharing in the actions
of the driver and the automaton. The general architecture of
the HSC system is inspired from previous research [7]. There
are two parts: an anticipatory part that provides a reference
trajectory to the compensatory part, which is static output
feedback.

In this paper, the feedforward part remains the same. The
original results presented here focus on the design of the
feedback part and the systematic calibration methodology used
to tune it. Recently, many HSC systems were developed using
model predictive control (MPC) [13] [14], fuzzy control [5]
[15] or Hy and H, optimal controllers [3] [16] [17], for exam-
ple. Here, we have used an optimal controller with several Ho
and H,, objectives. Drawing on the strengths of a cybernetic
driver model [7], [18], the proposed design methodology is
based on an Hs criterion that can easily be tuned to provide
the desired sharing level. Several Hs or H,, constraints are
considered to allow for the compromises between trajectory-
tracking performance, passenger comfort, and robustness.

This paper is organized in five sections. After the introduc-
tion, section II describes the driver and car models used to de-
sign the HSC system and to provide simulations for the results
section. Then, section III introduces the main contribution of
this article, that is, the HSC system design methodology; this



TABLE I
DRIVER MODEL PARAMETERS

K, Anticipation gain 3.4
K. Compensation gain 15
Tr Compensation frequency band 1
17 Compensation rate 3
T Human processing time delay 0.04
K, Steering column stiffness 1
K;  Steering-wheel holding stiffness 12
TN Neuromuscular time constant 0.1

section also discusses the systematic tuning of the Ho/Ho
criterion and constraints. Section IV describes simulations
performed to validate the HSC system and discusses the results
obtained. Finally, a conclusion is presented in the last section.

II. MODEL DESCRIPTION

Two different models are used in this paper: a driver model
and a vehicle-road model. The first, previously developed in
[18] [19], is used for both the simulation of the driver-in-the-
loop system and also for the integration of driver’s behaviors
into the control design procedure, and consists of a cybernetic
model of the driver. This model accounts for each step of the
driving task, from visual perception to the driver’s arm turning
the steering wheel (see Figure 1 and parameter definitions in
Table I). Inputs of the driver model are, first, the angle to the
near point, &, situated at a distance 5 from the front of the
vehicle; and second, the angle to the far point, 0¢,,, situated at
the tangent point between the edge of the lane and the driver
sight. The ouput of this driver model is the torque applied on the
steering wheel, I'y. The I’y term is the self-aligning torque; dq4
is the steering-wheel angle. The driver model does not depend
on the HSC system, it was identified while in manual mode.
Equations of the driver model are provided in [7]. The vehicle-
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Fig. 1. Driver model diagram according to [18]

road model includes a linear bicycle model to represent the
vehicle lateral dynamics, a model of the positioning dynamics
of the vehicle on the road and a steering-column model. This
model is parametrized using a fixed longitudinal speed, v,.. The
steering-column model architecture is specified in Figure 3 and
vehicle-road parameter values are defined in Table II. Based

TABLE II
VEHICLE-ROAD MODEL PARAMETERS VALUES
ly Distance from gravity center to front axle 1.289 m
Iy Distance from gravity center to rear axle 1.611 m
m Total mass of the vehicle 1834.9 kg
J Vehicle yaw moment of inertia 2800 kg.m?
Cro Front cornering stiffness 64807 N/rad

Chro Rear cornering stiffness 68263 N/rad
nt Tire length contact 0.245 m
v Adhesion 0.8
Km Manual steering column gain 0.031
Rs Steering-gear ratio 14.54
Bs Steering-system damping coefficient 1.0173
Is Inertial moment of steering system 0.0891 kg.m?
Us Spring stiffness 0.9141 N.m/rad
ls Look-ahead distance 5m
Vg Longitudinal speed 18m/s
Diar Distance to the tangent point 15 m

Lane Center
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Pref -
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Fig. 3. Steering-column model diagram

on previous results [3], a state-space model of the vehicle-road
system was obtained, as follows:

ivr = Avrxvr + Blvr(ra + Fd) + BQ'UT |:pFw :| (1)
ref

where z,, = [6 r Yp YL 04 Sd}T; B is the side slip
angle; r is the yaw rate; ¢y, is the heading error; y, is the lateral
deviation; d, is the steering-wheel angle; I, is the assistance
torque calculated by the HSC system; F), is the lateral wind
force resultant and p,..; is the road curvature, calculated at a



distance [ in front of the vehicle. Some of these values are
illustrated in Figure 2. In Figure 3, §; is the wheel angle.
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Expressions for parameters a1, ai2, a1, @22, b1, ba, Tsg,
Tsr, e11 and egy are given in [3]. The vehicle-road model
parameters listed in Table II were calculated by identify-
ing a vehicle model used on a driving simulator SCANeR-
AVSimulation [20].

III. HAPTIC SHARED CONTROL STRATEGY
A. Global architecture

The HSC system developed in this article is aimed at
assisting the driver in the steering task. Specifically, the aim is
to provide part of the steering torque while avoiding conflicts
with the driver when possible. The global architecture chosen
for this HSC system was designed in [7] and is illustrated in
that work. It is shown in Figure 4 of this paper.

To fulfill the steering task, the HSC system has two comple-
mentary parts: a reference trajectory generator with an anticipa-
tory action and a static output feedback with a compensatory
action. The reference trajectory generator is the same as in
[7]. It provides a reference trajectory composed of a reference
torque, I'y.r, and a reference vehicle-road state, z,.y, which
depends on the road curvature. The reference trajectory is found
by simulating a virtual vehicle driving on the same road as
the real vehicle. The virtual vehicle is an autonomous vehicle
steered by an Hs/preview system. The autonomous vehicle
has precise lane-following so that the virtual vehicle stays close
to the lane center but it does not consider driver preferences.

The static output feedback is synthesized using an Hs/H
approach. The feedback synthesis should consider various
aspects: lane-following performance, driver comfort, sharing
performance and robustness. Lane-following performance and
driver comfort are considered Ho constraints; robustness is an
H, constraint. These constraints must be respected during
the driving. Hence, the vehicle should not deviate from the
reference trajectory within a certain margin defined by lane-
following constraints. These constraints are defined according
to the driver model performance in a systematic way. Sharing
performance is considered using an Hy criterion, depending on
the input sharing level . Then, this methodology should result
in an HSC system that follows the reference trajectory and

ensures driver comfort and system robustness while attaining
the required sharing level to the extent possible.

Inputs of the HSC system are ppreviewed and F,. The
Ppreviewed term is the road curvature, previewed at a distance
VeThorizon ahead. The F,, term is the lateral wind force
resultant.

In Figure 4, the sharing level, a (which is the assistance
torque compared with the total torque applied on the steering
wheel), is applied in both the anticipatory and compensatory
parts. Concerning the reference trajectory generator, it is ap-
plied as I'y,, = al'yey. For the static output feedback, it
appears in the criterion used to design the feedback law.

B. Feedback synthesis

w,
4 i .
previewed X
3, Ppreviewed Reference ref
Time Trajectory Lrer
Delay Generator
Pref
Wrw 5 Fy
=

Ta riterion
[VIL ’
Loy A T, '—%

Xref Aat
constraint

Vehicle-Road | Xvr
Model

afp

Y, 1iff* Y Laifs

Driver Model constraints

‘ Sinput
<K@ ‘

constraint

Fig. 4. Global haptic shared control, showing criterion and constraints used
to synthesize the static output feedback

Figure 4 is a diagram of the global haptic shared control.
Here, the 7} block represents calculations performed on x,,
to obtain driver model inputs. The 75 block yields the lateral
acceleration a;,;. The feedback law can be defined as follows:

Lo, = —K()(2pr — Trey) )

where K («) is a static gain, which implicitly depends on the
sharing level (o) defined in the standard model (see Figure
4); and Tref = [5ref Tref ¢L7‘ef YL,y 5dref 5dmf]
is the virtual vehicle state.

To specify the dynamic of the exogenous inputs pprevicwed
and F),, a generator model is used for each input, respectively
called X, and X, . The wp,, ., ;... and wg, terms are input
signals of these models; they are considered to be unpredictable
signals. These models have the same structure as the work
proposed in [21]. Their impulse responses are shown in Figure 5
and they are defined as follows:

afp

K
S, = R ©)
(14 7,5) (22 + w—:s +1)
K
Yp, = e (6)
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Fig. 5. Impulse responses of generator models for road curvature and lateral
wind-force resultant

The control problem consists of an Hy criterion to minimize
under H, and H., constraints. The H criterion vector allows
for controlling the sharing level and avoiding conflicts between
the driver and the assistance. It can be written as:

2=Q. [Ty Ta)" 7
With :
Q.= [Cg Ccda“} ®)

The Hs constraints are defined to improve driver comfort
through lateral acceleration, a;,¢, and lane-following perfor-
mance. Here, the real lateral deviation is compared to the
reference deviation, yr,;;; = YL — YL,.,» and the real heading
error is compared to the reference error, ¥, .. = ¥ — YL,
Two Hy norms are constrained for each value, according to
the road curvature and according to the lateral wind force. The
reference trajectory can be different from the lane center such
as in the case of a lane change. An H, constraint is added to
the input sensitivity of the whole closed-loop system to ensure
its robustness.

Finally, the control problem is defined as follows:

Find K such that:

ming ([T w, wr, )—=l2)
under constraints:
||Tw’H’”Ldi,ff ll2 < Co=vraiss
||TwpﬁyLdiff HQ < cpg)yLdiff
T, < ©)
1 Tw,map,, 12 < Comrara
1Twry i, M2 S CPusvy,,,

||TwF1A7—)?/Ldiff ||2 S CFwﬁyLdiff

Twry a2 < CPu—ara
||Sinput||oo < Smaac

To solve this non-convex control problem, the optimization
tool Systune on Matlab was used. Finally, the control problem
to be solved involves a criterion and several constraints with
practical physical meaning. Separating the different constraints
according to the exogenous inputs pPpreviewed OF F, enables
more accurate tuning. However, initially the multiplication of
the tuning parameters can be seen as a disadvantage. Hence,
a systematic methodology is proposed here to compensate for
this drawback.

1) Parametrized Ho control strategy under constraints:
Before discussing the control strategy, here are some key
definitions. The norm of z and the scalar product of x and
y, two signals in Lo(R), can be defined as follows:

+oo
]z = / (1)t (10)
+oo
(zly) = / L (Oy(t)dt = llallollyllcosd (1)

where ¢ = angle(x,y).

To tune the criterion, the matrix (), must be calculated
according to the sharing level («). The instantaneous level of
sharing is defined as:

Iq
= — 12
R (12)
Then, to respect the sharing level, the equation T';, — a(T', +
I'y) = 0 is obtained in the ideal case. By squaring and

integrating this equation, the expression becomes:

(1= a)?||Tal[3 = 20(1 = @)(Ta|la) + o®|[Tall3 = 0 (13)
Moreover, the Hs norm of z is given by:

12113 = (¢ + ci)lITall3 + 2¢acaa(Talla) + c3l[Tall5 (14)

Then, comparing equations (13) and (14), the parameters of
Q. are found through ¢y = @@, ¢, = 0 and ¢4, = (o — 1).

This criterion is easy to tune for any sharing level from 0
(manual mode) to 1 (autonomous mode). It also minimizes any
conflicts between the driver and the assistance; the reason is
that a positive scalar product between I', and I'y results in a
decreased value of ||z|2.

2) Systematic choice of constraint bounds: To ensure lane-
following performance and driver comfort, the six first con-
straint bounds in (9) must be compatible with the objectives. A
trade-off is necessary between performance and driver accept-
ability. For example, if the trajectory generator is tuned to keep
the vehicle as close as possible to the lane center, conflicts can
occur with a driver who does not always stay at the lane center,
especially during curves. More generally, according to [22],
this conflict can arise through too much or too little assistance
torque or an assistance action that occurs too early or too late.
Concretely, constraint parameters are calculated using the Hy
norms computed from the ||T%,,_, ||2 transfers. This considers
the global augmented system, namely the driver-vehicle-road
model plus the exogeneous signal model (see Figure 6), so




it includes the driver model but without feedback assistance.
Equation (15) shows the constraint calculation where wu; is
Ppreviewed OF Fly, the y; term is wLMf OF YL, ;s OF Glat, the
w; term is w, ..., OF W, and the value of p(u;,y;) is the
tolerance margin considered as a percentage. Once these values
are computed, a +20% margin is considered for each value to
obtain the final bounds for synthesis.

Cuj—y; = (1 +p(ui7yi))||Twi%yi 2 (15)
w; Driver- v
s D Vehicle-Road —
Model

Fig. 6. Model used to calculate constraint bounds using the value of the Ho
norm ||Tw; sy, ||2

IV. SIMULATION TESTS
A. Simulator description and scenarios

In this article, we propose a new HSC design methodology
that can be used for every sharing level from manual to
autonomous mode. To validate this methodology, we performed
simulations using different levels of sharing. The experiments
were carried out with a Matlab/Simulink simulator. The design
models for the driver and the vehicle were used. In addition,
a geometric estimator was used to estimate the position of the
vehicle on the road; that is, to compute the necessary signals
such that y, tp and inputs of the driver model (6.4, and
0 far)~

Two simulations were conducted for each sharing level
considered. The first simulation employed the track in Figure 7
to test driver and assistance behavior while following a realistic
road. The second simulation tested the effect of the wind force
on the system. The wind force applied was a step function of
1000N that lasted 5 sec. These simulations were performed
for five sharing levels: 0%, 20%, 50%, 80% and 100%. A
last case was considered for each simulation with a sharing
level @ = 100% and without the driver in order to validate the
assistance behavior in autonomous mode. All simulations were
performed with a fixed longitudinal speed of v, = 18 m/s.

B. Tuning

Driver and vehicle models were tuned according to the pa-
rameter values in Tables I and II. The values employed to define
>, and X, were as follows: K, = 0.245, 7, = 5s, §, = 1,
w, = 0.4rad/s, K, = 7300, &, = 0.7 and w,, = 0.3rad/s.
The Hy criterion was tuned based on the chosen sharing level
according to (13) and (14). The six first constraint parameters
were computed considering a first set of 20% as tolerance
margins. Finally, a tolerance margin of 50% was chosen for the
constraints on yr,,;ry according to the input ppreviewed, While
the 20% value was retained for the five other constraints. These
margins were chosen heuristically, not too high to ensure good

lane following and comfort performance and not too low to
reduce conflicts with the driver model. Constraint parameters
calculated were thus: Copry,; = 0.09, Comvyrg; = 7.42,
Cp—arer = 019, cp 5y, . = 0.0, CFu—yng,,; = 0.68 and
CF,—as,, = 1.30. Concerning the robustness constraint, Sy,qz
was chosen as equal to 2.
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Fig. 7. Track used for simulation: track characteristics were saved for the
Satory test track in Versailles

C. Indicators

To validate the HSC system, we needed to evaluate sharing
as well as lane-following performance. The first three sharing
performance indicators were the consistency ratio, T¢ons; the
resistance ratio, 7.5 and the contradiction ratio, 7T¢,,:. These
indicators were defined in [3].

The coherence level, P,, is equal to the cosine between the
assistance and the driver torque, expressed as:

(CalCa)

p.o= el
[ITal[2][Tall2

(16)

P, allows for estimating whether the assistance and the driver
torques are coordinated. If P, is equal to 1, the assistance
always acts in the same direction as the driver and acts like
power steering. If P, is negative, conflicts exist between the
assistance and the driver.

To estimate the sharing level that was applied during the
simulation, we used the following equations:

Iy
Qeglec = | H ||2 (17)

Call2 + [[Tall2

Lane-following performance was evaluated through the lane de-
viation, calculated based on the vehicle’s center of gravity, yog-
The driver comfort was estimated using lateral acceleration,

QAlat-



D. Results

1) Simulation on a realistic track: Results of simulations
on the Satory test track are shown in Figure 8, Figure 9 and
Table III. Figure 8 displays the driver and assistance torques
applied on the steering wheel for each sharing level, along with
the lateral deviation during simulations. Figure 9 shows two
diagrams for both simulations, with o« = 50% and a = 80%
zoom, in one curve of the track. The first diagram shows the
assistance and the driver torque applied to the steering wheel
during the simulation. It also shows the driver and assistance
torque that would have been applied to the steering wheel if the
input sharing level was respected precisely. The second diagram
shows the different parts of the assistance torque, namely the
feedforward and feedback parts. Finally, Table III lists values
of the various indicators during these simulations.

First, regarding lane-following performance during the sim-
ulation on a realistic track, as evident from Table III, the yog
average value remained low for each sharing level (under 0.38
m). Its maximum value decreased as « increased. Average
and maximum values of yog were small in the autonomous
mode. Moreover, Figure 8 shows that the global shape of the
lateral deviation curve was mostly the same for all sharing
levels except autonomous mode, in which the lateral deviation
remained close to 0. These results illustrate that although the
lane following algorithm is very accurate, the HSC strategy
allows the driver to choose the trajectory he wants, deviating
from the lane center, while reducing the effort required to
achieve this trajectory.

Second, in Table III, it can be observed that the calculated
sharing level, a 4., was almost equal to the desired sharing
level before o = 50%. After this threshold, c.q;. was lower
than the requested sharing level. This result is clarified in
Figure 9, which focuses on one bend. Figure 9 shows that
when the desired sharing level was respected (o = 50%), the
driver and assistance torque were equal to their expected values
that is, 50% of the total torque. In the case of an input of
a = 80%, the output is only aq;e = 69%. From Figure 9,
it can be seen that the driver provides more than the expected
20% of the total torque if & = cvcqc. The bottom right figure
shows that the feedforward part of the controller alone provides
almost the 80% expected torque, but the total assistance torque
is ultimately reduced because of the feedback contribution.

Furthermore, until o« = 50%, sharing performance was high,
with a consistency ratio superior or equal to 0.80 and P, values
close to 1. This means that the assistance acted in accordance
with the driver. For a = 80% and o = 100%, sharing indicator
values still showed that the driver and the assistance were
acting in agreement, as the P, value was positive. However,
the resistance ratio, 7.5, increased compared to the case with
lower or. However, Figure 8 and Figure 9 together indicate that
driver and assistance torque generally possessed the same sign
during curves. Hence, it can be hypothesized that the assistance
and the driver torque had different signs for small torque values.
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Fig. 8. Driver and assistance torque and lateral error along the track, for
different levels of sharing
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Fig. 9. Driver and assistance torque and lateral error along the track, for
different levels of sharing. Zoom on a specific part of the track

2) Effect of wind force: Figure 10 displays driver and
assistance torques for each sharing level and for autonomous
mode when applying a wind force and following a straight lane.
The figure also shows the lateral deviation for each simulation.

It is evident that the sharing level was respected, with
driver action decreasing and assistance action rising, when
« increased. The assistance and the driver-torque curves are
superimposed on each other for a = 50%. Moreover, the lateral
deviation remained low, with a maximum value of 0.28 m for
a = 0%. Lane following was increasingly precise as the sharing



TABLE III
INDICATOR VALUES DURING SIMULATIONS
0 20 50 80 100 auto
maz(ycg)(m) 1.60 .33 1.16 1.10 1.10 0.17
mean(ycg)m) 032 033 037 037 038  0.02
maz(Dg)N.m) 1048 832 592 329 174 0.0
mean(Ig)(N.m) 1.06 086 056 040 036 0.00
maz(Tq)(N.m) 0.00 1.99 480 732 9.01 8.97
mean(Ig)(N.m)  0.00 021 052 070 0.82 1.02
maz(a:)m/s?) 128 128 128 126 127 125
Teons 1.00 090 080 046 0.39 /
Tres 0.00 0.03 0.07 043 047 /
Teont 0.00 0.07 0.14 0.12 0.14 /
P, / 099 096 082 046 /
Coale 000 020 049 069 076 /
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Fig. 10. Effect of wind force following a straight lane track, for different levels
of sharing

level increased. It can thus be concluded that this perturbation
was rejected in each case, including in autonomous mode.

E. Discussion

The HSC methodology resulted in precise lane-following
performance for both lane following and perturbation rejection.
Moreover, the assistance and the driver acted in accordance
most of the time.

The HSC system designed in this article allowed for precise
selection of the assistance behavior. Indeed, the sharing level
could be chosen easily using the criterion. In addition, the
separation of constraints for lane-following performance and
wind-force perturbation rejection ensured that these two aspects
were given the same importance.

This system offers assistance for any sharing level from 0%
to 100% with a manual and an autonomous mode. That is to say,

when o = 0%, the assistance is completely inactive; whereas
o = 100% means that the assistance is able to drive alone,
resulting in high performance in lane following. Therefore, this
HSC system is a good candidate to develop a smooth transition
method between the manual and autonomous modes.

V. CONCLUSION

HSC systems must manage trade-offs between lane-
following performance and driver acceptance. In this paper, a
two-part lateral control assistance was developed toward that
goal. The first part relies on a reference-trajectory generator
based on the simulation of a virtual autonomous vehicle. The
second part consists of an output feedback, which compensates
for unforeseen behavior of the car due to model uncertainties
and disturbances. Its synthesis relies on a specific Hy criterion
to be minimized under various Hs and H, constraints. The Ho
criterion is related to the desired sharing level and the coopera-
tion quality with the driver. The H, and H, constraints account
for lane-keeping performance, driver comfort and robustness.

Simulation results showed the relevance of the methodology
proposed, whatever the prescribed sharing level between actions
of the driver and the automaton, from manual to autonomous
mode. This HSC system now requires testing with real drivers
on a driving simulator. Such testing would enable analyzing the
drivers behavior and perception while they share the driving
task with the assistance. Based on these results, our project
will be to take profit of the proposed methodology to develop
systems that provide smooth transitions between manual and
autonomous driving modes through gradually modifying the
level of sharing between the modes.
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