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Abstract. In order to improve the safety and comfort of autonomous vehicles passing through the expressway, relevant departments of express-
way construction often design and lay consecutive speed control humps (SCHs) with cross-sections of different shapes according to different
road conditions, such as the combination of trapezoidal and sinusoidal SCHs. In this paper, we conduct a study about the nonlinear dynamic
characteristics of the autonomous vehicle passing through hybrid SCHs. Firstly, a four-degree-of-freedom (4-DOF) nonlinear model of the vehi-
cle suspension and the speed coupling excitation model under hybrid SCHs are established. Then the fourth-fifth order Runge–Kutta method is
used to simulate the nonlinear system, and its nonlinear dynamic characteristics are analyzed. The results show that chaotic motion occurs when
the vehicle passes through hybrid SCHs, and the speed range of chaotic motion is obtained. Then, a direct variable feedback control method
is used to suppress the chaotic vibration of semi-active suspension vehicles, and the effect is verified by simulation experiments. Finally, this
paper presents a multi-objective optimization model based on a genetic algorithm (GA) for active suspension vehicles. The optimization model
selects the vertical displacement and pitching angle of the vehicle body as the objective function. The research results of this paper can provide
information on the ride comfort’s optimization for autonomous vehicles passing through hybrid SCHs and on the design of vehicle suspension
system.
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1. INTRODUCTION
Automatic driving is one of the main directions of intelligent
and networked development in the field of automobile industry
and transportation. With the rapid development of artificial in-
telligence, the internet of things and other related technologies,
automatic driving technology is also constantly improving and
become ever more innovative. For vehicles, safety and comfort
are important factors affecting passengers’ choice, and they are
also the hot point issues of current research [1, 2]. The vehicle
suspension system plays a significant part in improving vehicle
driving safety and comfort [3]. It contains many nonlinear el-
ements, which also leads to complex dynamic characteristics,
including bifurcation and chaos [4, 5]. Chaotic motion will not
only affect the comfort of the vehicle, but may also damage the
road surface and have an impact on safety [6]. The current re-
search has noticed that the vehicle suspension system is one of
the factors that have an important impact on the vehicle ampli-
tude and vibration intensity [5,7,8]. Under extreme conditions,
severe vibration may damage the suspension system and even
cause traffic accidents [9, 10].

As for the selection of the vehicle simulation model, the four-
degree-of-freedom (4-DOF) half-vehicle model is closer to the
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practical vehicle model [9]. The model can not only reflect the
vertical and pitching motion of a vehicle body, but also the
vertical direction deformation when the front and rear wheels
move [11].

Combinations of speed control humps (SCHs) with cross-
sections of different shapes have begun to appear on highways.
This type of SCHs is referred to as hybrid SCHs in this pa-
per. The difference between hybrid SCHs and ordinary SCHs is
that the cross-section of ordinary SCHs is stable, such as e.g.
a trapezoid, while the cross-section of hybrid SCHs is a combi-
nation of different shapes, such as a trapezoid and sinusoid. Or-
dinary SCHs have proved to have a certain impact on the com-
fort of the vehicle [11, 12], while research on hybrid SCHs is
relatively lacking: whether the chaotic motion will occur, what
range the speed should be controlled in in order to improve
comfort and safety, and how to effectively suppress chaotic mo-
tion if there is chaotic motion. As a potential scene in the au-
tomatic driving scene, it is of practical significance to research
the nonlinear motion characteristics of vehicles passing through
hybrid SCHs. Taking the combination of trapezoidal and sinu-
soidal SCHs as an example, this paper establishes the speed
coupling excitation model. Through MATLAB simulation, the
nonlinear motion characteristics of the 4-DOF vehicle model
excited by this hybrid SCHs are analyzed experimentally, and
the law of chaotic motion is obtained.

Nowadays, on the basis of the different control force, the
vehicle suspension is divided into three types: passive, semi-
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active and active. Although passive suspension has a low cost,
it is difficult to adapt it to complex road conditions. The semi-
active suspension with controllable stiffness or damping has the
advantages of simple structure, stability and low cost [13]. The
design of a direct variable feedback control method of the semi-
active suspension is simple and practical, which is proposed and
used in this paper. The simulation results show that when the
vehicle passes through hybrid SCHs, it can effectively suppress
the chaotic motion, improving the safety and comfort of pas-
sengers.

Active suspension with controllable power is praised for its
excellent damping performance and its active control force can
be adjusted. Genetic algorithm (GA) is a search algorithm used
to solve optimization problems [14]. It is a type of evolutionary
algorithm based on the idea of natural selection and genetics. It
has been used widely in seeking the optimal parameters of vehi-
cle suspension design [15–18]. In this paper, a multi-objective
optimization model based on GA with elite strategy is proposed
to seek the optimal speed and active control force of active sus-
pension vehicles, so as to improve driving comfort and safety
when passing through hybrid SCHs.

The second part of this paper introduces the speed coupling
excitation model in the case of the SCHs with the combination
of the trapezoidal and the sinusoidal section. The 4-DOF
nonlinear suspension vehicle model and relevant simulation pa-
rameters are described, too. In the third part, we use MATLAB
to conduct the simulation experiment. The nonlinear dynamic
characteristics of vehicles passing through hybrid SCHs are
analyzed by means of the nonlinear feature extraction methods
such as the bifurcation diagram and Poincaré map. In the fourth
part, the direct variable negative feedback regulation method is
proposed, and the effect of chaotic vibration control is verified
by experiments. In the fifth part, the paper introduces the multi-
objective optimization model based on GA, while experiments
and analysis are conducted. The sixth part summarizes the
paper.

2. SIMULATION MODEL DESCRIPTION
2.1. SCHs excitation model
We use the wave in Fig. 1 to approximately simulate the exci-
tation of the combination of trapezoidal and sinusoidal SCHs,
where h and p is the height and width of trapezoidal SCHs,
respectively. Meanwhile, u and q is the height and width of si-
nusoidal SCHs, respectively. d is the distance between two ad-
jacent speed-control bumps. To guarantee stability, safety and
effective deceleration when a vehicle passes consecutive SCHs,
the average of h and u, are set to 1.0 cm – 3.0 cm, p and q are
50 cm – 100 cm,d is 50 cm – 100 cm empirically. tp = p/v are

Fig. 1. Consecutive SCH’s geometric shape

respectively the time to pass the trapezoidal SCHs, the sinu-
soidal SCHs and the gap between two adjacent humps. There-
fore, we use T = tp+td +tq+td to indicate the incentive period,
and the relationship between excitation frequency f and vehicle
speed v can be calculated as:

f =
1
T

=
v

p+q+2d
. (1)

Considering the influence of pavement roughness, the incen-
tive of front wheel can be represented as:

x f d = hump(t)+A · sin(2π f1t). (2)

In our paper, A is the approximate road surface roughness
amplitude, f1 is the intrinsic excitation frequency owing to road
surface roughness, and hump(t) can be expressed as follows:

hump(t) =



h
ta
· t, 0 < t ≤ ta ,

h ta < t ≤ tb ,
h

t1− tb
· (t1− t), tb < t ≤ t1 ,

0, t1 < t ≤ t2 ,

u · sin
(

π

tq
·
(

t− T
2

))
, t2 < t ≤ t3 ,

0, t3 < t4 .

(3)

The lag between the front and rear wheels can be understood
as the time difference between the two wheels when the front
wheel passes a point on the road and the rear wheel passes that
point at the same speed, which is calculated as:

∆t =
l f + lr

v
, (4)

where l f and lr are the distances between the front and rear
wheel and the center of the vehicle.

Thus, rear wheel excitation can be defined as:

xrd = hump(t +∆t). (5)

From equation (1) and equation (4), ∆t can be also ex-
pressed as:

∆t =
T (l f + lr)
p+q+2d

. (6)

2.2. Nonlinear 4-DOF half-vehicle model
The simplified 4-DOF half-vehicle model can be regarded as
a completely symmetrical structure, and the vertical displace-
ment, pitching motion of the body as well as deformation of the
front and rear wheels need to be considered. The nonlinearity
of front and rear suspension springs, front and rear wheels, and
suspension dampers are considered, too. The longitudinal view
in Fig. 2 is the simplified model of the 4-DOF half-vehicle [5,9].
And the main components of active suspension model are the
tire, spring, suspension and unsprung mass.

Table 1 below shows the symbol description of the model.
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Fig. 2. 4-DOF half-vehicle model

Table 1
Symbol description for the model

Symbol Symbol description

mb sprung mass

θ the angular displacement of mb

m f front unsprung masses

mr rear unsprung masses

l f front lengths

lr rear lengths

x f d excitations to the front tire

xrd excitations to the rear tire

xb displacements of mb

x f displacements of m f

xr displacements of mr

Fs f 1 front nonlinear suspension damper forces

Fsr1 rear nonlinear suspension damper forces

Fs f 2 front nonlinear suspension spring forces

Fsr2 rear nonlinear suspension spring forces

Fc f 2 front suspension damper forces

Fcr2 rear suspension damper forces

Fc f 1 front nonlinear tire spring forces

Fcr1 rear nonlinear tire spring forces

Ff u active control forces of rear suspensions

Fru active control forces of front suspensions

J the moment of inertia of the pitch axis

Based on the second Newton law, the equations of motion
can be made as follows:

mbẍb =−Fs f 2−Fc f 2−Fsr2−Fcr2 +Ff u +Fru−mbg,

Jθ̈ =
(
Fs f 2 +Fc f 2 +Ff u

)
l f cosθ −

(
Fsr2 +Fcr2

+ Fru
)
lr cosθ ,

m f ẍ f = Fs f 2 +Fc f 2 +Ff u−Fs f 1−Fc f 1−m f g,

mr ẍr = Fsr2 +Fcr2 +Fru−Fcr1−mrg.

(7)

Setting x1 = xb, x2 = ẋb, x3 = θ , x4 = θ̇ , x1 = xb, x5 = x f ,
x6 = ẋ f , x7 = xr, x8 = ẋr, the system state equations can be
expressed by:

ẋ1 = x2 ,

ẋ2 =−
1

mb

(
Fs f 2+Fc f 2+Fsr2+Fcr2−Ff u−Fru

)
−g,

ẋ3 = x4 ,

ẋ4 =
cosθ

J

[(
Fs f 2 +Fc f 2 +Ff u

)
l f

− (Fsr2 +Fcr2 +Fru) lr
]
−g,

ẋ5 = x6 ,

ẋ6 =−
1

m f

(
Fs f 2v+vFc f 2v+vFf uv−vFs f 1v+vFc f 1

)
−g,

ẋ7 = x8 ,

ẋ8 =−
1

mr
(Fsr2v+vFcr2v+vFruv−vFsr1v+vFcr1)−g.

(8)

2.3. Simulation parameters
Figure 2 shows our simulation object, and Table 2 shows the pa-
rameters of the model [11]. We set the static equilibrium param-
eters as the initial conditions of the simulation, and set the step
size to 0.02 km/h. We use the fourth-fifth order Runge–Kutta
method to solve the differential equation numerically. It uses
the fourth-order method to provide candidate solutions, and the
fifth-order method to control the error.

Table 2
Specific parameters setting in numerical simulation

Parameter Value Parameter Value

mb 1180.0 kg J 633.615 kg·m2

cr1 10 kg/s m f 50.0 kg

l f 1.123 m c f 2u 500 kg/s

mr 45.0 kg lr 1.377 m

c f 2d 359.7 kg/s k f 1 140000.0 N/m

n f 1 1.25 cr2u 500 kg/s

kr1 140000.0 N/m nr1 1.25

cr2d 359.7 kg/s k f 2 36952.0 N/m

n f 2 1.5 h 0.025 m

kr2 30130.0 N/m nr2 1.5

s1 500 mm g 9.81 N/kg

c f 1 10 kg/s s2 500 mm

3. ANALYSIS OF NONLINEAR DYNAMIC
CHARACTERISTICES OF AUTONOMOUS VEHICLE
PASSING THROUGH THE COMBINATION
OF TRAPEZOIDAL AND SINUSOIDAL SCHS

3.1. Regional division of velocity bifurcation diagram
The dynamic response of the 4-DOF nonlinear vehicle suspen-
sion model under hybrid SCHs excitation is studied by means of
the fourth-fifth Runge–Kutta algorithm in MATLAB [19]. The
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simulation step is 0.02 km/h, and the vertical displacement’s
velocity bifurcation diagram of the vehicle body in this paper is
shown in Fig. 3.

Fig. 3. Vertical displacement’s velocity bifurcation diagram
of the vehicle body

From Fig. 3, the vibration changes significantly and becomes
complex with speed varying from 50.50 km/h to 60.60 km/h,
which indicates that chaotic responses may occur when the
speed is in or close to this unstable range. Therefore, according
to the differences in nonlinear characteristics of different veloc-
ity segments [4, 9], the whole velocity segment is divided into
three areas: A (40.00 – 50.50 km/h), B (50.50 – 62.60 km/h), C
(62.60 – 70.00 km/h).

3.2. Analysis of dynamic characteristics of each velocity
region

In order to further reveal the potential chaotic vibration re-
lated to system parameters xb, this paper selects velocities (v =
40.10 km/h, v = 59.30 km/h and v = 64.30 km/h) in regions A,
B and C, respectively [4, 9] to calculate the phase diagram and
Poincaré mapping of the system, and focuses on the nonlinear
vibration characteristics, which are shown in Fig. 4–6.

The phase diagram in Fig. 4 is a closed curve. At the same
time, the Poincaré section is a similarly closed curve. Accord-
ing to the image characteristics of these simulation results, the
system makes a quasi-periodic movement within the area of
40.00 km/h ≤ v≤ 50.50 km/h.

(a) (b)

Fig. 4. Phase portrait and Poincaré map of xb at v = 4010 km/h

The phase diagram in Fig. 5 consists of multiple closed
curves that fill the entire phase space. There are infinitely many
points on the Poincaré section. By analyzing the image features,
we can conclude that the system is in chaotic movement within
the area of 50.50 km/h≤ v≤ 62.60 km/h.

We can see from Fig. 6, that there is a great quantity of rings
in the form of Hoff rings in the phase diagram. In the Poincaré

(a) (b)

Fig. 5. Phase portrait and Poincaré map of xb at v = 59.30 km/h

section, a closed ring appears. From the analysis of image fea-
tures, it can be seen that the system is in the quasi-periodic
movement in the range of 62.60 km/h≤ v≤ 70.00 km/h.

(a) (b)

Fig. 6. Phase portrait and Poincaré map of xb at v = 64.30 km/h

Throughout the above analysis, the vehicle suspension sys-
tem is stimulated by consecutive SCHs and uneven roads. As
the vehicle velocity increases, the nonlinear movement of the
system follows a law: quasi-periodic motion → chaotic mo-
tion → quasi-periodic motion. The law of motion shows that
chaotic movement may happen when the vehicle passes through
the combination of trapezoidal and sinusoidal SCHs, and the
speed range of chaotic motion is 50.50 km/h≤ v≤ 60.60 km/h.
Therefore, for passive suspension vehicles, the vehicle speed
should not take speed within this range.

4. CHAOTIC VIBRATION CONTROL FOR SEMI-ACTIVE
SUSPENSION VEHICLES

4.1. Design of negative feedback vibration control method
For the sake of suppressing chaotic vibration when the vehicle
passes through hybrid SCHs and improving the safety and com-
fort of passengers, a direct variable feedback control method
for a semi-active suspension system is used in this paper. This
method achieves chaos control by adding a variable feedback
controller to the suspension system and adjusting the value of
feedback coefficient C. This control method for a semi-active
suspension system has the advantages of simple design and ob-
vious effect [20, 21].
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We can express the n-dimensional nonlinear chaotic system as:{
ẋ = F(x(t), t),

y = Dx ,
(9)

where D is a 1× n constant matrix, F is the nonlinear vector
function, x is the system’s state which can be represented as
x = [x1,x2, . . . ,xn]

T , and y is the output of the system. We define
the variable feedback controller as:

Un =Cxn n = 1,2, . . . ,n, (10)

C is the feedback coefficient, and the feedback controller ap-
plied to a nonlinear motion system can be expressed as follows:

ẋ = F(x(t), t)−U. (11)

According to equation (8), the following can be obtained:

ẋ1 = x2−U1 ,

ẋ2 =−
1

mb

(
Fs f 2 +Fc f 2 +Fsr2 +Fcr2

)
−g−U2 ,

ẋ3 = x3 ,

ẋ4 =
cosθ

J

[(
Fs f 2+Fc f 2

)
l f−(Fsr2+Fcr2) lr

]
−g−U4 ,

ẋ5 = x6−U5 ,

ẋ6 =−
1

m f

(
Fs f 2 +Fc f 2−Fs f 1 +Fc f 1

)
−g−U6 ,

ẋ7 = x8−U7

ẋ8 =−
1

mr
(Fsr2 +Fcr2−Fsr1 +Fcr1)−g−U8 .

(12)

4.2. Experiment and analysis
The selection of the appropriate feedback gain coefficient value
C is the key to chaos suppression. Due to the complexity of
the nonlinear motion system, theoretical derivation is relatively
complicated, so we choose the experimental method to find
the appropriate value of C. To analyze the effect of feedback
coefficient on system vibration, we assumed that the speed is
55.00 km/h and C is in the range of 0≤C ≤ 150. We drew the
bifurcation diagram between the body’s vertical displacement
xb and the feedback coefficient C through MATLAB simula-
tion, as shown in Fig. 7.

Fig. 7. Bifurcation diagrams of the vehicle body’s vertical
displacement when 0 <C < 150

By analyzing the bifurcation diagram from Fig. 7, we can see
that with the gradual increasing of the feedback coefficient C
the vertical shift of the car body xb decreases gradually towards
zero and stabilizes after C is about 45. To test and verify the
influence of direct variable feedback control on the experiment,
we took C = 50, which is greater than 45, as an example, and
drew the velocity bifurcation diagram of vertical displacement
xb under the control of feedback gain coefficient in Fig. 8.

(a) After direct variable feedback control when C = 50

(b) Before direct variable feedback control

Fig. 8. Velocity bifurcation diagram of vertical displacement
of the vehicle body

(a) After direct variable feedback control when C = 50

(b) Before direct variable feedback control

Fig. 9. Phase portrait and Poincaré map of xb at 59.30 km/h after using
variable feedback control
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The bifurcation diagram in Fig. 8b is exactly like Fig. 3
that appeared before. By comparing the bifurcation diagram in
Fig. 8a with Fig. 8b, it can be seen that the original complex
curve of vertical displacement of the car body xb has remained
almost zero under direct variable feedback control when C is
50. In order to better verify the effect, we took and plotted the
phase diagram and Poincaré map, as shown in Fig. 9.

From Fig. 9a, we can see that the phase diagram presents it-
self as a closed curve, while the Poincaré map presents itself
as a point. Compared with Fig. 9b, which is just like Fig. 5, it
can be seen that under the control of direct variable feedback,
the system changes from chaotic motion to periodic motion at
the speed of v = 59.30 km/h. This proves that the direct vari-
able feedback control method can effectively suppress chaotic
vibration.

5. MULTI-OBJECTIVE OPTIMIZATION METHOD
OF ACTIVE SUSPENSION VEHICLE BASED ON
GENETIC ALGORITHM

5.1. Multi-objective optimization model design
Active suspension means active control, including equipment
that provides energy and additional devices that can control
force: active control forces of rear suspensions Fru and active
control forces of front suspensions Ff u, which are shown in
Fig. 2 and can meet the requirements of vehicle ride comfort
and stability at the same time [22].

In order to measure the comfort of the vehicle, the paper se-
lects displacement xb and pitch angle of the vehicle body θ as
the index [23], combined with equation (8), and establishes the
multi-objective functions as follows:

f1 = xb = x1 , (13)

f2 = θ = x3 . (14)

After taking the root-mean-square (RMS) of the two sub-
objective functions and de-dimension processing, the linear
weighting method is adopted to obtain the total objective func-
tion as follows:

F = min
{

ω1RMS( f1)+ω2RMS( f2)
}

(15)

ω1, ω2 are the weight coefficients of the corresponding term,
and we take 0.5 and 0.5 as an example.

For the active suspension vehicle, when passing through the
SCHs, vehicle speed v, active control force of the front sus-
pension Ff u and active control force of the rear suspension
Fru are adjustable parameters that have an impact on the com-
fort. Therefore, these three parameters are selected as the de-
sign variables, and the constraint conditions are: 0 km/h< v ≤
60 km/h, –2000 N< Ff u ≤ 2000 N, –2000 N< Fru ≤ 2000 N.
And before optimization, it is assumed that v = 25 km/h, Ff u =
0 N, Fru = 0 N.

The multi-objective optimization model mainly uses the idea
of GA for reference [24]. Several vehicle comfort indices are
selected to establish the multi-objective function, and then the
vehicle speed and active control force are taken as design vari-
ables to continuously run in cycles in order to generate new
populations, select, crossover and mutate. After reaching the
maximum evolutionary generation, the optimal chromosome
individual is output, that is, the optimized optimal speed and
active control force.

The main steps of the optimization model based on GA are
shown in Fig. 10. The model takes the reciprocal of objective
function F as the fitness function, sets the population size to 25,
and calculates the fitness of each individual in the population.
The higher the fitness is, the better the individual is considered.
Roulette algorithm is used for the selection operation, so that
the larger fitness of individuals indicates the higher probabil-
ity of entering the next generation of a new population. The
crossover operation simulates the mating between individuals,
and the crossover rate is set to 0.7. Mutation operation simu-
lates gene mutation, and the mutation rate is set to 0.1. When
generating a new population, the elite strategy is used to keep
the chromosomes of the best individuals from being destroyed.
The maximum evolutionary generation value is set to 250. After
the evolution is completed, the parameter values of the optimal
individual are obtained.

5.2. Experiment and analysis of optimization model
After the experiment with the multi-objective optimization
model after 250 generations of genetic evolution, v of the opti-
mal individual is 50.34 km/h, Ff u is 1143 N and Fru is 1023 N.

As can be seen from Fig. 11, optimal fitness is roughly taken
to the optimal value at around 150 generations, and v begins
to stabilize between 100 and 150 generations, Ff u converges
from 100 to 150 generations, and Fru remains unchanged at
about 200 generations. We draw the system response diagram

Fig. 10. Steps of multi-objective optimization model based on genetic algorithm
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of each parameter when the optimized suspension system en-
ters the steady state, and compare it with the response curve of
the vehicle before optimization.

Through the analysis of Fig. 12 and Table 3, we can see that
the system response values and the RMS of the body verti-

cal displacement, pitch angle and objective function value of
the optimized suspension system are significantly lower than
those before the optimization, which proves the effectiveness of
the optimization model. Meanwhile, performance is improved
by 59.02%.

(a) Iterative process of the best fitness of all individuals
in the population

(b) Iterative process of v of the optimal individual
in the population

(c) Iterative process of Ff u of the optimal individual
in the population

(d) Iterative process of Fru of the optimal individual
in the population

Fig. 11. Iterative processes of each design variable of the optimization model

(a) Comparison of system response curve of car body vertical
displacement xb before and after optimization

(b) Comparison of system response curve of pitch angle θ

before and after optimization

Fig. 12. System response curve of each index after optimization and before optimization
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Table 3
Comparison of indices and parameters after optimization

State Before optimization After optimization

v (km/h) 25 50.34

Ff u 0 1143

Fru 0 1023

The RMS of xb (m) 0.0225 0.0087

The RMS of θ (rad) 0.0064 0.0031

The RMS of F 0.5774 0.2362

Percentage of overall per-
formance improvement

0 59.02%

6. CONCLUSIONS
In this paper, by establishing the SCHs-velocity coupling exci-
tation model and the nonlinear 4-DOF half-vehicle model under
the combination of trapezoidal and sinusoidal SCHs, and using
bifurcation diagram, phase diagram and Poincaré map obtained
by means of simulation experiments, the following conclusions
are obtained:
• The nonlinear motion law of vehicles passing this type of

hybrid SCHs is as follows: quasi-periodic motion→ chaotic
motion→ quasi-periodic motion.

• For conventional passive suspension vehicles, chaotic vi-
bration may occur when the vehicle passes through hy-
brid SCHs, and the critical velocity is 50.50 km/h and
62.60 km/h, therefore, it is inappropriate to take the value
of this range for speed.

• For semi-active suspension vehicles, we use a direct vari-
able feedback control method and study the influence of
feedback gain coefficient on system vibration, and prove
the effectiveness of the chaotic vibration control method by
comparison.

• For vehicles with active suspension, the optimization model
based on GA proposed in this paper can obtain the opti-
mal speed and active control force of the vehicle passing
through hybrid SCHs, which effectively improves the com-
fort of passengers.

The conclusion of this paper can provide the theoretical foun-
dation for speed adaptive control and the research on safety and
comfort when the autonomous vehicle passes through hybrid
SCHs. It also provides a simple and effective chaotic vibration
control idea for the design of the vehicle suspension system.
The conclusion and idea can be verified and further improved
by follow-up real-vehicle experiments.
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