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A Sliding Mode Control Architecture for
Autonomous Driving in Highway Scenarios
Based on Quadratic Artificial Potential Fields

Elisabetta Punta
Francesco Cerrito

Abstract—An approach for automated driving in highway
scenarios based on Super-Twisting (STW) Sliding Mode
Control (SMC) methodologies supported by the use of
Artificial Potential Fields (APF) is presented. The use of
APF allows us to propose an effective SMC solution based
on the gradient tracking (GT) principle. In this regard, a
novel formulation of the APF functions is introduced that
exploits a sequence of attractive quadratic functions. This
solution simplifies the computation of the fields and allows
for trajectory generation with improved regularity proper-
ties. Extensive simulation tests, as well as comparisons
with baseline and state of the art solutions, show the
effectiveness of the proposed approach.

Index Terms—Autonomous vehicles, automotive control,
variable-structure/sliding-mode control.

|. INTRODUCTION

N RECENT decades, autonomous driving (AD) has gained

interest as a way to achieve safer and more sustain-
able transportation systems. An AD system must integrate
a path planner and path-tracking logic. The path planner
builds a collision-free trajectory based on the measurements
of the vehicle sensors. Traditional path-planning algorithms
are graph-based or gradient-based techniques. Among the
graph-based, the most common algorithms are Dijkstra (see,
e.g., [1]) and A* (see, e.g., [2]). The main drawbacks of graph-
based algorithms are the high complexity and computational
costs. Studies to overcome such limitations can be found
in, e.g., [3], [4]. However, the manageable search space is
discrete, and the generated path may lead to high jerk values.
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However, gradient-based techniques can produce a
collision-free trajectory with a small computation effort. They
mostly rely on the APF algorithm, introduced in [5] for
industrial and mobile robotics applications. In this approach,
repulsive and attractive forces represent, respectively, obstacles
and goals. Exploiting the gradient of the resulting field, the
desired trajectory can be evaluated and updated to account for
scenario changes (see, e.g., [6]). One of the main drawbacks
of APF-based algorithms is the suboptimal solution. The APF
goal is to make the gradient slope zero. Once this objective
is reached, the algorithm cannot explore new search space
and may get stuck in a local minimum [7]. Combining APF
with other path-planning techniques can solve this problem
(see [8]). APFs can easily be combined with control algorithms
aiming to minimize a valued function or follow a descent
gradient to design a path-tracking algorithm. While APF-
based approaches have shown promise [9], their application
to general road scenarios is complicated by the significant
challenge of obtaining accurate, real-time mathematical
formulations of APFs that can effectively model complex road
geometries [10]. Furthermore, unlike robotics, automotive
applications demand strict lane-center tracking and adherence
to prescribed regulations.

The SMC [11] is a nonlinear control technique aiming to
drive the system trajectory along a sliding surface, suitably
defined to guarantee stability and desired performances. APFs
are integrated into SMC by explicitly considering the field
gradient in the sliding surface definition (see, e.g., [12]).
Several applications of APF combined with SMC are proposed
in different fields in the literature. In [13], [14], SMC and
APF combinations are proposed for spacecraft maneuvers in
the presence of obstacles.

In the automotive field, some remarkable results of SMC
and APF are given. Longitudinal control is considered in [15],
where the stabilization of a vehicle platoon is proposed
through the time-headway dynamics controller. In [16], the
authors propose an adaptive cruise control with collision
avoidance. The lane-keeping and obstacle avoidance problem
is considered in [9], where the APFs are generated through
data from a single camera. The proposed solution defines APF
as step slopes while approaching lane boundaries, creating a
low potential safe area in the center of the lane. An adaptive
APF is presented in [17], where the lane-keeping APFs are
exponential or rapidly changing functions when the vehicle is
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in the lane center or the proximity of the boundaries, respec-
tively. SMC methodologies have been recently successfully
employed in AD through STW algorithm. In particular, in [18],
an interesting SMC-STW solution based on backstepping is
introduced for path tracking. In the described SMC-STW
approach, since the path is predefined, adaption to traffic
conditions is prevented.

This letter proposes an APF-SMC combined strategy for a
Level 3 autonomous vehicle in a highway scenario, according
to driving automation levels from the Society of Automobile
Engineers (see [19]). In such a context, emergency maneuvers
are not considered. In particular, a novel APF formulation
is proposed to manage the highway-relevant maneuvers, i.e.,
lane keeping and lane changing, where a target point ahead is
defined at each sample time. The APFs are combined into a
SMC-STW strategy, guaranteeing the control input continuity.
The main features of the proposed solution are:

« we introduce a unique architecture for path planning and
path tracking based on APFs, capable of handling all
the driving functions involved in the highway scenario,
i.e., lane keeping, overtaking and distance keeping from
a previous slower vehicle;

o« we propose a simplified APF formulation based on
quadratic functions that rely on a single target point
ahead, compared to standard approaches based on a
combination of Gaussian functions. This reduces the
computational burden and the sensor complexity;

« the desired lateral reference trajectory is derived from the
APF gradient of such quadratic function, characterized
by specific regularity properties that are functional for
robustness analysis.

IIl. PROBLEM SET-UP

In this letter, we deal with an automated vehicle, that
is moving in a highway road in agreement with the SAE
automation Level 3 features. Specifically, the vehicle executes
a variety of standard highway maneuvers, including velocity
tracking both in the presence and the absence of a heading
vehicle, overtaking maneuvers, and precise lane keeping on
straight and curved roads. We assume that the vehicle is
provided by a full set of proprioceptive and exteroceptive
sensors to detect all the relevant variables needed to implement
the required automated driving maneuvers. To realize the
automated driving functions discussed above, we introduce the
control architecture reported in Fig. 1. Such an architecture,
implements a SMC that exploits APF to obtain appropriate
sliding surfaces for generating suitable trajectories to be
tracked by the vehicle. In particular, in the scheme of Fig. 1,
the on-board sensors of the vehicle provide the state of
the vehicle in terms of the relevant longitudinal and lateral
variables. Moreover, the radar and camera sensors acquire the
environment information in terms of the surrounding vehicle
position and speed and lane borders and center location. Based
on such information, the APF block, builds and locate the APF
functions needed to accomplish the lateral driving task and
generates the yaw angle reference .. A Finite State Machine
(FSM) handles the implementation of the needed maneuver
and generates the speed reference v,,r. The references 1, and
Vrer are used by the Sliding Manifold block to obtain the sliding
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Fig. 1. The proposed control architecture.
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Fig. 2. Single-track Vehicle Model.

variables oy, o, employed by the Sliding Mode Control block
to compute the control action in terms of steering angle § and
longitudinal acceleration a,. The following sections, describe
the technical details of each block.

[1l. VEHICLE MODEL

The vehicle dynamics are described by the single-track
model reported in Fig. 2 (see [20]). Given the absolute (X, Y)
frame with the origin fixed at the initial vehicle position
and orientation coinciding with the scenario environment
coordinate x, y, and the yaw angle i specify the position and
orientation of the vehicle center of gravity, v is the vehicle
speed decomposed in its longitudinal and lateral components
denoted as v, and vy, respectively, while § is the steering angle.
The longitudinal acceleration a, and the steering angle & are
the inputs of the system.

Based on the just introduced model settings and accounting
for the actuation dynamics characterized by the time constant
7, the longitudinal behavior of the vehicle is described by

Vy = %(_"’x+ax)- (D
In this letter, we assume T = 0.5 s. The vehicle lateral
dynamics are described by equations (2) and (3) that depend on
the wheel cornering stiffnesses (Cy, C;), the semi-wheelbases
(Is,1;), the vehicle mass m, and the vehicle inertia along the
vertical axis I,

_GHG, Gl Gl

. . Cy
Vy = w - wa + _89 (2)
myy mvy m
. C+C CL2+Cl . ¢
V= f+ rvy rty 1ty ff(s' 3)
Ly, Ly I

Nominal model (2)-(3) parameters, and relevant uncertainties,
are reported in Table L.
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TABLE |
VEHICLE PARAMETERS

Parameter  Value Uncertainties
m 1575 kg [0, 320] kg
I, 3402 kg-m? [0, 820] kg - m?
ly 1.2 m [0, 0.152] m
Ly 1.8 m [-0.152, 0] m
Cy 38000 N/rad [-3800, 3800] N/rad
Cy 66000 N/rad [-6600, 6600] N/rad

Remark 1: A point (X,, Y,) in the global inertial frame is
the transform of a point (x,, y,) from the local frame as

X5 cosy  siny x| x,
Yo | =|—sinyy cosy¥ y || yo |. 4)
1 0 0 1 1

IV. APF FOR AD PATH PLANNING

In the literature, several possible formulations have been
presented to describe an AD scenario on a highway via APF.
Often the generated APFs are computationally complex. The
most common approach involves building a total APF as
a superposition of the road APF, represented by repulsive
walls instead of the outer lane lines, and the APFs related to
obstacles or other cars that act as repulsive points, [21].

In this letter it is proposed a novel approach to the definition
of APFs for highway scenarios.

It is assumed that at each sampling step, data is acquired
via sensors and the behavioral logic determines the action to
be performed and builds the appropriate APF. Therefore, at
each sampling step the APF changes and evolves due to the
ever-changing surrounding environment. Given lane boundary
points in an absolute (X, Y) reference frame, a target point
(Xtarget> Ytarger) 18 defined and computed at each step. This
target point creates an attractive potential field, guiding the
vehicle toward the desired path.

The attractive APF is defined as the quadratic function

1
Us = E[(Xtarget - X)2 + (Ytarget - Y)z] )]

where (Xiarger, Yiarger) 18 updated at each step.

According to the maneuver to perform, the goal point
(Xtarget> Ytarger) Will Temain at the centre of the lane (Lane
Keeping) or will move to an adjacent lane in a certain amount
of time (Lane Changing).

The Lane Keeping (LK) feature entails keeping the vehicle
at the centre of the lane along which the vehicle itself is
travelling. The vehicle acquires data regarding the position of
the lane boundaries in its own (X, Y) frame and can determine
the position of the central point of the lanes as well. It is
possible to define a target point (Xyrger, Yrarger)» Which moves
along the current lane as the vehicle moves forward. The
point (Xyarger, Yiarger) is defined as the center of the current
lane at a fixed longitudinal distance from the vehicle. As the
vehicle follows the desired longitudinal dynamics (i.e., travels
along the lane), the target position (Xirger, Yiarger) changes.
Even in the presence of a curve (necessarily with a radius of
curvature R > 500m since it is on a highway) the target point
(Xtarget> Yiarger) Will direct the vehicle to follow the correct
trajectory.

The Lane Changing (LC) maneuver is performed whenever
a vehicle needs to move into an adjacent lane to overtake and
re-enter or move to the rightmost lane. The APF definition
for LC follows the same premise as the LK one with one
significant change. The target point (Xiger Yiarges) Dot only
moves along the direction of travel but also moves into the
adjacent lane from the current lane based on the requested
maneuver. When the vehicle needs to perform the LC maneu-
ver, the behavioral logic needs to extract information not only
about the current lane, but also about the target lane.

A. APF Gradient Tracking for Path Following

The concept of GT-SMC was first introduced in [12], where
the key idea consisted of regarding the gradient lines as the
desired trajectories. The gradient was interpreted as a desired
velocity field and the controller oriented the vehicle velocity
vector co-linear to the gradient.

The goal of the path tracking controller is to orient the
vehicle’s longitudinal axis co-linear to the gradient of the
attractive APF (5) generated at each time step by the target
pOint (Xtarget» Ytarget)-

The “attractive force” f, generated by the APF (5) is

_ _ Uax _ (Xare_X)
O e S

where VU, is the gradient of the attractive APF (5).
Finally, the desired vehicle orientation, i.e., the desired yaw
angle v, is evaluated as a function of the gradient

Uy
Vg = arctan( 7 ) 7)

ax

B. Behavioral Logic

A finite state machine (FSM) chooses the driving task based
on the detected surrounding environment. In the highway
scenario, the possible tasks are left or right lane change,
lane keeping, target velocity tracking, and adapting cruise
control (ACC). The outputs of the FSM are the target position
(Xtarget> Yiarger), used in the APF definition, and the target
velocity for the longitudinal controller.

First, the current lane index £ = 1,2, ..., ny is evaluated,
where 1 is the rightmost lane and 7y is the number of available
lanes, the FSM checks the presence of a slower vehicle ahead
on the same lane. If a slower vehicle is present and £ < ny,
then the FSM evaluates if the left LC maneuver is suitable,
i.e., if moving to ¢;,, = £+ 1. Otherwise, if £ > 1, a right LC
maneuver is considered, i.e., if moving to £, = £ — 1. The
LC maneuver can be performed if the target distance dy, =
do + tgvy is kept from any vehicle on the target lane £,
where d is the safety distance and 7y is the headway time. If
no LC maneuver is planned, the FSM activates the LK.

Given the sensor data for each sample time 7y, we evaluate
the current lane center (xp, ypo) in the vehicle local frame at a
fixed distance ahead, i.e., xop = K, where K is the lookahead
distance. For LK maneuvers, the target (Xiarger, Yrarger) point
is computed from (xp, yo) through (4). On the other hand, the
LC begins at t;,;. We freeze the current value ¢ to design a
smooth trajectory connecting the lane centers from £ to €,
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in a fixed maneuver time #;¢c. Thus, for each sampling time
tini <t < tini + trc, the FSM computes

t— tini
diane = bw + = [1 - COS<ni)} (8)
2 fLc

where « = 1 or @« = —1 if moving to the lane at the left or
the right, respectively and £y is the lane width. Then, given
the current value (xp,yop) for lane ¢, the target position is
computed applying (4) to (x0, Yo + diane)-

Remark 2: 1t is worth noting that this letter objective is the
design of a Level 3 autonomous vehicle, where emergency
maneuvers are demanded of the driver. The LC is performed
if the safety distances are guaranteed at the new lane £;,,.. If
the scenario undergoes significant changes within the next f7¢
seconds, resulting in an emergency situation, it falls outside
the scope of this letter.

Together with the APF target position, the reference velocity
Vres is computed given the current lane £. The FSM considers
three factors to compute v,r: the user-selected velocity vy,
the comfort in terms of maximum lateral acceleration ay juax,
and the ACC maneuver. To preserve the passengers comfort,
given the road curvature p from the on-board sensors, we get

Veurve = A/ P Ay,max- &)

Finally, the ACC mode is activated if a slower vehicle is
ahead and the LK maneuver is performed. A smooth velocity
trajectory is designed to move from the current speed v;,
to the preceding vehicle speed v.,q. To care about comfort
performance, we consider a maximum absolute jerk and
maximum absolute longitudinal acceleration values as j,,,,x and
ax,max, Tespectively. A bang-bang trajectory viin (?) is evaluated
for tjni < t < tacc, where the jerk value —j,4 is kept till
reaching the acceleration value —ay ;4. Then, the acceleration
is kept constant before applying the maximum j,,,, to reach
0 acceleration and v,,q velocity. The value t4cc is defined as
the vy trajectory duration.
Then, the ACC reference velocity is given by
Viink () tini <1 < tacc,

Vacc = { d—d

- (10)
o 1> tacc,

where d is the distance from the preceding vehicle, and the
reference speed is given by

Y

Vref = min{Viax, Veurve, VACC}-

V. SLIDING MODE CONTROL STRATEGY FOR AD

The proposed controller for the autonomous driving system
consists of a longitudinal controller that regulates the vehicle
speed and a lateral controller that steers the vehicle to follow
the path, both of which are designed based on a second-
order SMC, specifically the Super-Twisting SMC (STW-SMC)
strategy, [11], [22].

A. APF Gradient Tracking STW-SMC: Sliding Output o,

The APF Gradient Tracking STW-SMC objective is to steer
asymptotically to zero the yaw angle tracking error. It is chosen
the sliding variable oy, = éy + Ay ey, where ey =¥ — Yy,
Y4 is computed according to (7), and Ay > 0 is a positive
constant parameter of the controller.

When a sliding motion is established on the sliding surface

oy =éy +Ayey =0, (12)
system (3) behaves as a stable first order linear system in
which the positive Ay determines how quickly the yaw angle
tracking error converges asymptotically to zero.

B. Longitudinal Speed STW-SMC: Sliding Output o

The goal of the longitudinal speed tracking controller is
to make the vehicle velocity profile asymptotically follow a
reference profile v,r(f) given by (11) and determined by the
type of maneuver the vehicle has to perform.

The sliding variable is defined as o, = ¢é, 4+ A,e,, where
ey = Vy — Vyer and A, > 0 is a positive constant parameter of
the controller. On the corresponding sliding surface
(13)

oy, = e, + Ave, =0,

the longitudinal velocity of the vehicle v, tracks asymptotically
the desired reference profile vyef.

C. Lateral and Longitudinal Dynamics STW-SMC

Consider (1)-(3), (12) and (13), the time derivatives of the
sliding outputs oy and o, are

o = hi(t) + kju;,
f+C,

i=Y,v,

where hy, = (v}—i-l/f) (I/fd"')w/flﬂd) ky =
and h, = (A, ——)vx (v,ef+kvvref) k, = -, u, —ax Constant
bounds K,m,K,M > 0 for the gains k;, z = Y, v, are known
such that 0 < K, < k; < Kjpy, i = ¥, v, Table II.

Remark 3: Consider the highway scenario without emer-
gency maneuver, v, > 0 (Level 3 AV application). v,
and w are computed from (2) and (3), that are Lipschitz
continuous functions. The chosen formulation for the APF (5)
is an analytical polynomial function whose derivatives exist
for any arbitrary order for a fixed value of (Xiarger, Yiarger)-
Thus, ¥4 from (7) is bounded and differentiable for any
derivative order almost everywhere. Vy is Lipschitz continuous
from (1). From (11), the reference v;r is the minimum among
continuous and bounded functions up to the third derivative
order. In particular, v¢,. is continuously differentiable thanks
to restrictions from road construction normative regulations
imposing continuity in the curvature o variations. Then v,.r
is bounded for all its derivatives up to the third order almost
everywhere, with the exceptions of the switching instants, i.e.,
when the min function sets a different reference curve for vyr
in (11).

Proposition 1: In the defined driving scenario, constants
L;, i =, v exist and are available to the controllers such that

(14)

u¢_8

Li>0: |l < Li, i=1,v, (15)

; Cr+C; C,12+Cr : -
hy = GG Gy — By 4 TEET (G Sy D )
and h, = ()Vv - 1{)Vx (Vfi} + )\vvrej)~

Proof: The driving scenario according to Remark 3 implic-
itly defines a nonempty compact set D. In such a set D, the
functions h; : D — IR, i = ¥, v, are continuous, then, thanks
to the Weierstrass Theorem, h,-, i = ¥, v, are bounded. [ |
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TABLE
CONTROLLERS PARAMETERS

Parameter Value Parameter  Value
Ay 30 o I
Ly 2.9-107° Ly 0.5
cy 82-1073 v 1.06
by 3.3-107° by 0.55
TABLE IIl

MAXIMUM LATERAL ERROR FORM LANE CENTER

Controller  Without uncertainties = With uncertainties
STW-SMC 3.75 cm 4.85 cm
SMC 9.65 cm 12.70 cm
PI 48.33 cm 58.30 cm

Table II reports the found values of L;, i = 1, v. The control
laws u;, i = v, v, are designed by the STW-SMC algorithm

L.
u; = —c; |oj|2sign (0;) + wi, (16)

i=v,v,
where o;, i = ¥, v, are the sliding variables in (12) and (13),
1

ciKin > 1.5Ll-7 and b;K;, > 1.1L;, i = 1,v, are the
parameters of the two controllers. The continuous control laws
designed by the STW-SMC algorithm (16) and applied to
(1)-(3) guarantee the convergence of both o; and 6;, i = ¥, v,
to zero in finite time, [11], [22].

—b; sign (07),

Wi

D. STW Filtering of the Longitudinal Speed Reference

An STW filtering, [23], of the longitudinal speed reference
Vrer(t) given by (11) is introduced to prevent sudden changes
and variations in the vehicle acceleration, thus improving the
smoothness of the computed control action a, as well as the
safety and comfort performance for passengers.

The STW filter is defined by the auxiliary system z =7
and s = z — Vv (f), implementing the STW continuous
law n = —cp|s|'/?sign(s) + wr, with wp = —bpsign(s),
that steers both s and § to O in finite time. Use 5 as the
equivalent v,efeq in (13), [23]. Notice that the STW filter on
the longitudinal speed reference described here improves the
regularity properties of the desired trajectory.

VI. NUMERICAL SIMULATIONS

The vehicle performance is evaluated employing (1)-(3)
implemented in a Simulink model. To evaluate the effectiveness
of the proposed solution, extensive simulations were conducted
under both nominal conditions and in the presence of model
parameters uncertainties. All the parameters are detailed in
Table 1. The variations in the parameters account for different
conditions, such as the presence of additional passengers and
the deterioration of tire conditions. Furthermore, the proposed
approach is compared against a baseline PI yaw-rate-based
solution having a similar architecture presented in [24] and a
state-of-art sliding mode controllers detailed in [25] and [18].

A 2.8 km two-lane highway road scenario has been
designed to comprehensively replicate potential driving sce-
narios under typical conditions. The path is made of a one-way
roadway with two 3.6 m wide lanes. The geometric layout of
the simulated environment, depicted in Fig. 3, is designed as
follows. A straight 823 m path, followed by two 30° turns,
left then right, of 750 m minimum radius. Then, a 823 m

2000

£
S 1000

=

1000 800 0
Y(m

0

Fig. 3. Double-bend scenario.

straight path ends the scenario. The road path and independent
vehicles representing the road traffic are simulated through the
Matworks Driving Scenario Toolbox.

The simulation is divided into three sequential sections to
evaluate the considered maneuvers. In the initial phase, the
ego-vehicle traversed the first straight road, accelerating from
an initial speed of approximately 118 km/h to the reference
speed of 130 km/h. Upon approaching the double-curve sec-
tion, the ego vehicle encounters three slower vehicles ahead,
moving at 80 km/h. The second lane has no approaching
vehicles, and the ego can begin the overtaking maneuver by
moving to the left lane. Ahead on the second lane, the ego
vehicle finds a car traveling at 110 km/h, already performing
the overtaking maneuver. Thus, the ego vehicle must activate
the adaptive cruise control system till the car ahead ends the
overtaking. As the leading vehicle returns to the rightmost
lane, the ego-vehicle completes the overtaking maneuver and,
subsequently, rejoins the rightmost lane.

During the initial phase of the simulation (r € (0s, 185)),
the vehicle accelerated uniformly to reach the target speed of
130 km/h while keeping a constant yaw angle on a straight
path. At + = 18 s, the behavioral logic transitioned to
state 1 (moving left), initiating the overtaking maneuver. The
controller acts on the vehicle’s steering angle to execute the
maneuver successfully. Additionally, the ego-vehicle dynam-
ically adjusted its speed based on both the road curvature
and the speed of the slower leading vehicle. As illustrated
in Fig. 4C, adaptive cruise control maneuver was completed at
t = 29 s, maintaining a consistent safety distance of 57 meters.

At t = 58 s, the vehicle returned to the straight road,
maintaining a reference speed of 130 km/h. The vehicle
successfully completed the overtaking maneuver at r = 73 s
when the safety conditions for rejoining the rightmost lane were
met.

As shown in Fig. 4, the filter applied to the reference speed
effectively reduces the acceleration control action effort and
rate. Consequently, the reduction in jerk enhances passenger
comfort. Furthermore, Fig. SA, B, and C illustrate that the strip
related to the applied disturbances is very narrow, indicating
robust control performance against model uncertainties. As
shown in Fig. 5A, the applied model uncertainties particularly
affect the steering angle control input. Nevertheless, due to
the controller’s action, both the vehicle’s yaw angle (Fig. 5B)
and its distance from the center lane (Fig. 5C) are minimally
impacted. Finally, Fig. 5D illustrates the vehicle’s movement
to the left lane and its subsequent return to the right lane.
In comparison to state-of-the-art approaches [24] and [25],
the proposed approach demonstrates superior performance by
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Fig. 4. Simulation results - Longitudinal dynamics.
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Fig. 5. Simulation results - Lateral dynamics.

reducing lateral error in both ideal and perturbed scenar-
ios III. Additionally, it augments control action performance
by decreasing both the effort and rate of the control inputs,
thereby enhancing passenger comfort (Fig. 5A).

VIl. CONCLUSION

This letter presents an automated driving approach in
highway scenarios based on SMC methodologies, supported
by quadratic APFs. In this regard, a new formulation of the
APF functions has been introduced that exploits a sequence of
attractive quadratic functions centered on the target points of
the planned trajectory. In this way the gradient computation
is more effective, leading to more accurate trajectory tracking
and convergence results. Using the STW algorithm to filter the
speed reference has improved the smoothness properties of the
computed control action, increasing the comfort performance.
Extensive simulation tests including a sensitivity analysis,
together with comparisons with baseline and state of the art
solutions showed the effectiveness and robustness properties
of the proposed approach.
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