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Abstract: To highlight the advantages of autonomous vehicles (AVs) in modern traffic, it is necessary
to investigate the sensing requirement parameters of the road environment during the vehicle braking
process. Based on the texture information obtained using a field measurement, the braking model
of an AV was built in Simulink and the ride comfort under typical braking scenarios was analyzed
using CarSim/Simulink co-simulation. The results showed that the proposed brake system for the
AV displayed a better performance than the traditional ABS when considering pavement adhesion
characteristics. The braking pressure should be controlled to within the range of 4 MPa~6 MPa on a
dry road, while in wet road conditions, the pressure should be within 3 MPa~4 MPa. When steering
braking in dry road conditions, the duration of the “curve balance state” increased by about 57.14%
compared with wet road conditions and the recommended curve radius was about 100 m. The slope
gradient had a significant effect on the initial braking speed and comfort level. Overall, the ride
comfort evaluation method was proposed to provide theoretical guidance for AV braking strategies,
which can help to complement existing practices for road condition assessment.

Keywords: autonomous vehicles; texture information; ride comfort; multiple logistic regression
analysis; braking scenarios

MSC: 9M37; 65K99

1. Introduction

With the significant improvement of intelligent technology, the concept of human-
oriented experiences in the field of transportation continues to develop [1]. To highlight
the advantages of autonomous vehicles (AVs) in modern traffic under the precondition
of driving safety, ride comfort will become a hot topic in the development of AVs in the
future [2]. Ride comfort mainly depends on the vehicle body vibration frequency and road
condition (e.g., textural properties of road surfaces, road distresses and road geometry
features). The emergency braking, steering process, continuous braking and other operation
actions, which are influenced by road geometry features, will have an impact on passenger
psychology and physiology. Thus, it is impossible to accurately quantify ride comfort.

So far, many researchers have carried out studies on ride comfort from different
perspectives, such as CAE simulation, laboratory tests and human physiology [3,4]. In 1935,
the ride comfort of a vehicle was first studied from the perspective of an evaluation index,
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including Janeway’s J evaluation standard, Dickman’s K coefficient method, M. J. Griffin’s
“total ride value method” and the widely used ISO-2631 standard. A comparative analysis
of existing comfort indexes is shown in Table 1. To improve the ride comfort of vehicles, an
assisted driving system was developed using a simulation method to appropriately modify
the vehicle driving path so that it was better adapted to the driving road environment [5].
With ADAMS/car software, the dynamic simulation analysis of the vehicle was carried out
by Tang [6]; then, the root mean square value of the weighted acceleration at various speeds
was calculated to analyze the impact of vehicle speed on road comfort for a certain road
contour. For a more practical study of human comfort, Kumar recommended evaluating
the railway ride comfort index according to the ISO-2631 standard [7]. Genser [8] proposed
a methodology that included a high-precision road surface model and accurate virtual
chassis acceleration data to detect an AV’s ride comfort under different situations (such as
preventable, over-, or underestimated) by utilizing the thresholding procedure. According
to current research results [9–12], ride comfort is the result of a complex human–vehicle–
road–environment system, which is mainly influenced by factors such as the vehicle braking
time, vehicle body parameters and road traffic environment. Therefore, there is still no
unified evaluation standard for the ride comfort of vehicles, especially for AVs.

Table 1. Comparative analysis of existing comfort indexes.

Index Content Drawback

Janeway comfort factor J

J = 1
6 Af3; f = 1 ∼ 6 Hz

J = Af2; f = 6 ∼ 20 Hz
J = 20Af; f = 20 ∼ 60 Hz

where A is the vibration amplitude and f is the
vibration frequency.

Vibration time is not taken into account.

Dieckmann index K
K = a·f 2,

where a is the vibration amplitude and f is the
vibration frequency.

Only the case of unidirectional vibration is considered.

Spering index Wz

Wz = 2.7× 10
√

Z3 f 2F( f ),
where Z is the vibration amplitude, f is the

vibration frequency and F(f ) is the frequency
correction factor.

Pavement performance is not considered.

IRI comfort threshold value

Connection between IRI (International
Roughness Index) and comfort threshold value

is established by considering the human
psychological response.

The threshold is statistically based on the probability
distribution of the experimental data, which has certain

limitations and a singularity.

Braking deceleration

According to ergonomic theory, taking into
account the degree of influence of the size of the
deceleration on the braking strength, the comfort

level is divided into four levels.

This method is used more often in braking and
steering control.

ISO 2631-1 driving comfort standard

Comfort is evaluated using the root mean square
value of acceleration within a 1~80 Hz vibration

frequency range

aw =
[

1
T

∫ T
0 a2

wz(t)dt
]1/2

kwp < 9.0,

VDV =
[∫ T

0 a4
wz(t)dt

]1/4
kwp > 9.0,

where kwp is the vibration waveform peak
coefficient and aw is the weighted acceleration

root-mean-square.

The variable influences of vehicle type and its
dynamics parameters, dry and wet road conditions,

vehicle speed and road type are neglected.

Vehicle-integrated vibration comfort

By combining the vehicle driving scenario, road
texture parameters and vehicle dynamics

parameters, an integrated vibration comfort was
proposed based on the international standard

ISO 2361/CD-1991 “Total Ride Value Method”.

ISO regulations do not take into account the impact of
vibration below 1 Hz on passenger comfort, and a

longer period in the vibration environment does not
reflect the actual objective feeling.

With the rapid development of driverless technology, the comfort issues caused by
the overall vibration of a vehicle body and road unevenness have gradually become hot
topics. More and more researchers are focusing on improving aspects of autonomous
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vehicles, such as the suspension system [13,14], seats [15] and tires [16]. In order to improve
ride comfort on a rough road, a genetic algorithm was used to minimize the vibration
level of the system and a heuristic vehicle suspension parameter modeling method was
proposed [17]. Taking the driving simulator as the test object, Tatsuno [18] studied the
application of autonomous functions, such as lane change control, to reduce the vehicle
body vibration and discussed the effect of reducing the exposure of the vehicle body
vibration on improving the ride comfort. Considering the importance of ride comfort
under emergency braking, a vehicle emergency braking system model was established
based on CarSim/Simulink co-simulation and a fuzzy control strategy with vehicle safety
distance as the index was proposed [19]. Recently, the brake control system design of
autonomous vehicles has become quite mature. For an autonomous vehicle, the collision
avoidance systems, which contain a longitudinal layered brake controller, slide-mode
controller and lane changing/steering controller, can automatically maintain a safe distance
and emergency braking behavior [20,21]. European research institutes demonstrated and
studied driving stability based on an autonomous vehicle control system and put forward
many new concepts, including lane detection and stability discrimination [22,23]. As
one of the main influential factors that affect ride comfort, the increased rutting potential
because of the AV movement for strictly defined wheel paths can be expected to induce
hydroplaning and road safety issues because of water accumulation along the wheel
paths [24]. Regarding this problem, related research toward a smarter detection of friction
in real-time was recently reviewed [25]. Meanwhile, some recent studies about intelligent
tires focused on AVs, which can communicate the road status in real time and provide
parameters for adjusting vehicle driving behavior. For example, Matsuzaki [26] designed a
scheme for identifying the friction coefficient of tire–road contact surfaces during driving,
while Gupta developed an experimental setup to identify the road surface in real time [27].

However, most of the studies ignored problems such as the influence of road adhesion
characteristics on ride comfort during the braking process [28]. As is well known, the
adhesion characteristics of the road surface directly affect the skid resistance performance,
which has become the main objective factor that affects the braking stability of AVs [29–31].
In the braking process of AVs, even though both the anti-skid braking system (ABS) and
traction control system (TCS) play a role, phenomena such as speed fluctuation, vehicle
rollover and slippage can still occur, which indicates that the braking system of traditional
vehicles is not suitable for the ride comfort of AVs. Thus, in order to forecast ride comfort
during realistic braking strategies, it is necessary to investigate the sensing characteristics
of road information in the braking process of AVs based on the vehicle dynamics theory.

In view of the above research shortcomings, we aimed to propose an evaluation
method for ride comfort to provide theoretical guidance for braking strategies and a braking
system design for autonomous vehicles according to theoretical analysis and numerical
simulation. First, pavement texture information, as the main objective influencing factor
of the ride comfort of AVs, was directly obtained using field testing. The braking comfort
index in the international standard ISO was applied to evaluate and classify the ride
comfort level of AVs under typical braking scenarios in this study. Based on the change
rule of comfort level, reasonable strategies to improve the braking comfort of AVs were
proposed. The predictive model of an autonomous vehicle comfort index was obtained
through multiple logistic regression analysis. An evaluation system for the ride comfort
of AVs was established and the sensing requirement parameters of road information
based on ride comfort were determined in this study. The chapter structure of this study
is shown in Figure 1.
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Figure 1. Research framework of this study.

2. Field Testing
2.1. Field Testing of Road Surface Texture Information

Dense-graded asphalt concrete (AC-13) was selected in this study, and the gradation
design of asphalt mixtures was shown in Table 2. Then, the AC asphalt pavement (Figure 2a)
had its surface textures captured on site using the research team’s automated close-range
photogrammetry system (ACRP system) [32]. After preprocessing the gathered photos, the
reverse reconstruction method was applied to rebuild the three-dimensional (3D) images
of the surface texture of the asphalt pavement, and the 3D model of the surface texture
of the asphalt pavement was constructed (Figure 2b). After preprocessing the reverse-
reconstructed 3D model of the surface texture of the asphalt pavement with GeoMagic and
MeshLab, it was possible to extract 3D elevation data for the surface texture of the road
from the 3D model, which contained (x, y, z) 3D coordinate values (Figure 2c).

Table 2. Gradations for AC asphalt pavement.

Components

Sieve Size (mm) Passing Rate of Each Sieve (%)

0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16

AC-13 6 10 13.5 19 26.5 37 53 76.5 95 100
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2.2. Calculation of the Dynamic Friction Coefficient

A power spectral distribution (PSD) solver was created in MATLAB using the PSD
calculation model in the Persson friction theory and the 3D texture data (x, y, z) discussed
in Section 2.1 [33–35]. Considering the random variables of the fractal road surface as
discrete points, additional filtering, windowing and sampling window compensation of
the coordinate values were required in the procedure of resolving the power spectrum [36].

In order to create a wet pavement surface, water was uniformly sprayed on the dry
surface until the concave asperities were sealed with water [37,38]. The PSD of the wet and
dry pavement surfaces were both calculated, as shown in Figure 3a.

C(q) =
1

(2π)2

∫
〈h(x)h(0)〉eiqxdx (1)

where x is the wave vector direction; h(0) is the surface elevation of the origin point; h(x)
is the surface elevation with the average elevation as the starting point; <...> represents
the average across the plane; q is the wave vector, which could be obtained using the
wavelength λ; and e is a universal constant.
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Figure 3. Acquisition of asphalt pavement texture information: (a) 2D-PSD of the pavement texture;
(b) dynamic friction coefficient curves.

In fact, when there is a water film on the road surface, the traditional method of
calculating the PSD is not applicable, and the calculated road surface PSD is already
inaccurate. This is because there is a water film barrier between the tire and the road,
where the water film has a great lifting effect on the tire when the vehicle is driving at a
high speed [39], and thus, there will be a larger untouched area between the vehicle tire
rubber and the fractal surface of the asphalt pavement, which is one of the reasons for the
significant decrease in the anti-skid performance of a vehicle during rainy weather.
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The untouched area between the vehicle tire rubber and the fractal surface of the
asphalt pavement is defined as the “anti-skid non-contribution area”. The asphalt pavement
surface texture morphology and the “anti-skid non-contribution area” under dry and wet
conditions were visualized, as shown in Figure 4. It can be seen that during the driving
process in the wet condition, there is an unconnected area between the tire and the road
due to the water stasis barrier and the water film lifting action, and these areas are called
“anti-skid non-contribution areas”.
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The friction coefficient curve, which was obtained using the Persson friction coeffi-
cient formula, varied with speed under different pavement conditions (dry and wet) (see
Figure 2b). The curve tended to be gentler above 40 km/h, indicating that at relatively
high speeds, the actual tire–road contact area stabilized. The friction coefficient of the wet
state of the road surface was lower than that of the dry state, and the higher the speed, the
greater the difference between the two states’ friction coefficients (dry and wet pavement).

2.3. Peak adhesion Coefficient of the Asphalt Pavement

Referring to the tire hydroplaning model built by the research group [40,41], the
dynamic friction coefficient curves (in Figure 3b) between the tire and pavement under
various road conditions were integrated into the built hydroplaning model. We set the
tire’s internal pressure to 240 kPa and the load to 3.922 kN. We also set the tire slip rate
to approximately 15% and changed the rolling speed of the tire model while keeping
other parameters constant. After that, the peak adhesion coefficient curve for various road
conditions was determined, as shown in Figure 5.
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Figure 5. Peak adhesion coefficient curves of asphalt pavement.

The peak adhesion coefficient of the road surface gradually dropped with increasing
vehicle speed, and the peak adhesion coefficient of the road surface was distributed as
a convex parabola. The fundamental reason for this was that the tire’s rolling radius
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expanded at high speed, which increased the contact area between the tire and the road
surface. Therefore, the adhesion force provided by the road surface was reduced. Obviously,
the peak adhesion coefficient on a wet road was slightly lower than that on a dry road,
which was mainly determined by the contribution rate of the road surface’s texture.

3. Braking Model
3.1. Braking Control Model

Based on the various peak adhesion coefficients of the road surface determined in real
time, the appropriate braking deceleration was obtained. The required brake deceleration
was converted into the desired brake pressure threshold by the anti-brake system model.
Through the use of a brake pedal simulator, the electronic control unit (ECU) system of an
AV determines the braking pressure. After determining the present brake situation, the
brake actuator sends a brake signal to the pressure controller. To complete the vehicle’s
autonomous braking procedure after a quick response, the brake system on the wheel sends
the actual braking force to the tire in real time.

3.1.1. Braking Algorithm

The braking model of an AV was mainly adopted to calculate the wheel cylinder
braking force under the condition of safe braking, that is, the calculation of the braking
pressure Pdes of the wheel cylinder. By considering driving straight on a road under good
conditions, a mathematical model of forward braking dynamics was established. We set
the vehicle deceleration behavior on a horizontal road in the model and ignored ramp
resistance Fi. On this basis, air resistance and rolling resistance were considered. However,
the slope resistance, a small amount of the acceleration resistance and the internal friction of
the system were neglected [42]. Combined with Newton’s second law, the inverse braking
model for an AV was obtained:

Pdes =

∣∣∣mades +
1
2 CD Aρv2 + mg f

∣∣∣(
Tb f + Tbr

)
/rrPb

(2)

where Tbf and Tbr are the braking torques for the front and rear wheels, respectively; rr is
the tire rolling radius; and Pb represents the tire braking pressure.

According to the reverse braking model (Equation (2)) of an AV, the desired brake
pressure Pdes of the wheel cylinder was calculated. Then, the unit module of the reverse
braking model was created in MATLAB/Simulink for the following CarSim/Simulink
co-simulation, as shown in Figure 6a. The vehicle current speed v and pavement adhesion
coefficient µh obtained above were integrated into the braking model. Regarding safety
braking, the braking pressure Pdes of the required wheel cylinder could be calculated in
real time. The created braking model of an AV was integrated into CarSim to replace the
original braking model of a conventional vehicle.

In order to make the automatic steering behavior of an AV closer to the driver’s
operability, the adaptive braking control approach was implemented by the system to alter
the state of the vehicle in real time, which ensured that the vehicle would pass through the
curved section at the optimal speed along the optimal travel path (in Figure 6b). During
the steering process, the car drove at the ideal speed limit to ensure braking comfort and
safety. Under the optimized state of the permitted lateral offset distance, the car drove off
the curve with the shortest braking time to achieve the best braking effect according to the
ideal braking force based on road surface adhesion characteristics. The steering system
calculated the driving speed in real time to avoid exceeding the speed limit so that the
autonomous vehicle ran along the intended path.
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(b) schematic diagram for the steering braking control system.

3.1.2. Validation of the Braking Model

Simulink was used to build a model of the brake control algorithm based on the
proposed brake system for the AV. The precision of the brake system in comparison to the
conventional ABS brake system was then validated through co-simulation using CarSim.
An excellent road condition was used in the simulation, and a peak adhesion coefficient of
0.90 was chosen for the AC-13 asphalt pavement in a dry state. The initial driving speed
was set to 120 km/h at the start of braking, the throttle percentage was 0 degrees and the
simulation time step was 20 s.

The conventional ABS braking vehicle was subjected to a constant braking pressure of
10 MPa in order to reflect its maximum braking effectiveness. The autonomous car used
an adaptive braking control system to brake with the anticipated braking force depend-
ing on the characteristics of the adhesion of the road surface. The braking performance
curves of the vehicle under two scenarios were determined using the simulation results
and are displayed in Figure 7a,b. It is clear that the autonomous vehicle’s braking perfor-
mance surpassed that of the conventional ABS. The braking distance was decreased by
10.92 percent, while the braking time was lowered by 10.95 percent. It can be observed from
a comparison of the lateral acceleration–time curves for the two scenarios (in Figure 7c)
that the autonomous car had roughly consistent lateral acceleration while braking, whereas
a standard ABS vehicle had variable lateral acceleration.
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Figure 7. Braking performance analysis compared with a traditional vehicle: (a) speed–time curve;
(b) braking distance–time curve; (c) lateral acceleration curve.

The traditional ABS frequently switched between solenoid valves during the braking
process to maintain the tire slip rate within the ideal range of 10–20%. As a result, the tire
slip rate fluctuated more frequently without consideration of the road characteristics, which
led to extremely poor braking performance and a bad passenger experience. Based on the
road adhesion characteristics, the braking system of the autonomous vehicle calculated the
expected braking pressure at the real-time position and applied it to the tires so that the
vehicle drove with the optimal braking deceleration. The tire slip rate of the autonomous
vehicle was basically maintained at approximately 12.0% and the fluctuation range was
very small.

When the actual tire–road contact characteristics are taken into account in the braking
system of an AV, it can better reflect the vehicle braking stability requirements. It was found
that the braking system performance of the AV outperformed traditional ABS. The results
showed that the proposed braking system is suitable for AVs and has high accuracy.

In accordance with the aforementioned created autonomous vehicle model and pave-
ment model, the simulation analysis under various operating conditions was carried out in
CarSim. Meanwhile, the model written in MATLAB/Simulink was integrated into CarSim
to replace the original braking model (in Figure 8). In this study, the braking scenarios of
emergency braking and braking on curved and slope sections were analyzed in wet or dry
road conditions.
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Figure 8. Calculation diagram of the CarSim/Simulink co-simulation.

3.2. Modeling Parameter Settings

(1) Travel path modeling
The reference path, pavement geometry and pavement roughness attributes are key

elements of the pavement model in a simulation. As illustrated in Figure 9, the segmentation
approach was used to input the pavement’s linear key points coordinate data, converting
the created reference path into (x, y) coordinates to lessen the workload associated with
data entry. The pavement geometry properties (road width, number of lanes, elevation, etc.)
were mapped to the matching (x, y) coordinates in the CarSim pavement model database.
The adhesion coefficient of the continuous point on the road surface, which was acquired
in real time, was also imported.
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Figure 9. Reference travel route setting.

(2) Vehicle parameters
We selected the common SUV type used in a city as the simulation vehicle model; the

vehicle body parameters are shown in Table 3. The specific aerodynamic parameters were
set in the simulation, including the vehicle’s windward surface area (the SUV vehicle was
taken to have an area of 3.3 m2) and air density (taken as 1.206 kg/m3). The vehicle tires
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acted as the only contact parts between the vehicle and the pavement. Theoretically, the
force generated from the tire–road interaction ensures the braking safety of the vehicle. To
make the vehicle simulation analysis comparable to a real-world situation, the adhesion
characteristic curve for the tire–road interaction calculated by our research group was
imported into CarSim [43].

Table 3. Parameter settings of the vehicle body.

Items Value Items Values

Vehicle mass 2257 kg Distance between the centroid
and front axis 1330 mm

Vehicle length 4475 mm Axle spacing 3140 mm
Vehicle width 2029 mm Roll inertia Ixx 846.6 kg·m2

Vehicle height 1966 mm Pitch inertia Iyy 3524.9 kg·m2

Centroid height 780 mm Yaw inertia Izz 3524.9 kg·m2

Due to the large difference between the autonomous vehicle and the traditional
manned vehicle in terms of the braking system, an algorithm for an autonomous vehicle
braking model was written using Matlab/Simulink co-simulation to ensure the simula-
tion accuracy. Then, the written model was imported into CarSim to replace the initial
braking model.

(3) Sensing parameter settings
The AEB (autonomous emergency brake) system of the autonomous vehicle was

simulated. The POP UP Windows subroutine was created using the CarSim interface to
display the car driving data using MATLAB. The engine speed, vehicle speed, throttle
position and brake percentage were among the selectable statistics. Additionally, the
effective maximum brake pressure of the wheel cylinder was divided by the present brake
pressure to get the braking percentage. Figure 10a displays a dynamic visualization of the
simulation findings.
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braking parameters; (b) vehicle equipped with radar monitoring.

In the simulation, a short-range laser radar was utilized to detect automobiles and
pedestrians in proximity to the vehicle, and the long-range laser radar was customized to
detect the traffic situation in the distance. The two radars’ respective effective ranges were
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150 m and 30 m, and their horizontal viewing angles were 9 deg and 80 deg. Additionally,
Figure 10b illustrates that both of the two radars’ vertical viewing angles were 9 deg.

4. Braking Scenario Simulations
4.1. Emergency Braking on a Straight Road

If an autonomous vehicle is in an emergency during the driving process, in order to
avoid a collision, it is necessary to trigger the brake as soon as the vehicle sensor recognizes
the danger. Then, the braking force is continuously exerted on the wheel cylinder to stop
the vehicle as soon as possible. In the case of emergency braking, only considering safety
without passenger comfort, a 500 m long straight road was built in the simulation.

First, the braking effect of an SUV traveling at a speed of 120 km/h on a rainy day was
tested. The friction coefficient curve of the road surface calculated using the PSD power
spectral density of “anti-skid non-contribution area for skid resistance” on a rainy day was
imported. The obstacle ahead was set to be detected in the fourth second. Meanwhile,
the vehicle started emergency braking. At the beginning of the fourth second, a braking
pressure of 10 MPa was applied instantaneously, as shown in Figure 11.
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Figure 11. Emergency brake simulation scene on a straight road: (a) constant speed; (b) emergency
brake; (c) stopped.

The vertical force of the front wheel rose suddenly while that of the rear wheel fell
suddenly. Meanwhile, the car body leaned forward. When the braking pressure was
applied instantaneously, the tires were quickly locked and then began to skid. Then, the
ABS of the vehicle began to operate and the vertical force curves of the wheels began
to oscillate repeatedly. Similarly, the simulation results with different braking pressure
settings of 8 MPa, 6 MPa, 4 MPa, 2 MPa, 1 MPa and 0.5 MPa were also calculated.

4.2. Steering Braking on a Curved Section

In the simulation, a 700 m long road with both straight and curved sections was
constructed. A 30 s simulation time was chosen. On both sides of the fictitious road, there
were signs indicating the speed limit, safety precautions and lane changes. The model
car initially moved at a constant speed of 100 km/h. In addition, the vehicle received a
long-range radar, camera and other sensors at the same time. The car could dynamically
identify the road surroundings while driving with sensors installed.

The road was identified by the sensors, and an automatic optimal cornering speed
was implemented to modify the brake cylinder pressure in real time. At the same time, the
lateral acceleration was not more than 0.35 g to ensure the stability of the vehicle when
turning. The braking simulation visual interface is shown in Figure 12. Additionally, the
adhesion coefficients for wet and dry roads were set to 0.60 and 0.90, respectively.
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Figure 12. Brake simulation on a curved section: (a) constant speed; (b) steering deceleration;
(c) acceleration driving.

4.3. Braking Simulation on a Sloped Road

It is well known that there is frequent braking when driving uphill and downhill. The
vehicle brake can easily fail and there is a blind spot in the onboard camera. In order to
maintain a sufficient safety distance and braking comfort, the autonomous vehicle must
maintain enough distance in front before starting braking. Braking characteristics on a
sloped road were analyzed by considering passenger comfort during the vehicle braking
process in this study.

Based on the vehicle dynamics model mentioned above, four slope gradients (5◦, 10◦,
15◦ and 20◦) were selected in the simulation, taking the dry road condition with good skid
resistance as an example (the pavement peak adhesion coefficient was taken as 0.8065).
Keeping the other parameters constant, the scene visualization of braking on a sloped road
was obtained, as shown in Figure 13.
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5. Results and Discussion
5.1. Evaluation Index of the Braking Comfort

The comfort index (CI) of AVs is specified in International Standard ISO 2631-1 [44].
Without considering the lateral movement, the calculation equation of the comfort index
can be simplified to

CI =

[
1
m

m

∑
i=0

a2
i

]1/2

(3)

where ai is the ith statistically determined acceleration value and m is the total number of
statistics. In successive simulation trials, the acceleration values were measured at equal
time intervals (∆t = 1 s), which is consistent with the statistical frequency of comfort (within
0.5 Hz~80.0 Hz). Six comfort levels were defined in accordance with the comfort index’s
range and the International Standard ISO 2631-1, as shown in Table 4. The comfort of
operating a vehicle lies between two comfort levels when the CI level ranges overlap.
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Table 4. Comfort evaluation level for autonomous vehicle braking.

Levels CI Range (m/s2) Description of Vehicle Comfort Color
0 >2.0000 Extremely uncomfortable
1 1.2500~2.5000 Very uncomfortable
2 0.8000~1.6000 Uncomfortable
3 0.5000~1.0000 Fairly uncomfortable
4 0.3150~0.6300 A little uncomfortable
5 <0.5000 Comfortable

5.1.1. Calculation of Braking Comfort Index

On a dry or wet road, the speed–time relationship was obtained according to the
simulation results. Then, the ride comfort level was evaluated for each different braking
scenarios according to Equation (3) and Table 4. Taking emergency braking on a straight
road as an example, the simulation results are as follows.

The calculation results of the comfort index of the autonomous vehicle during the
emergency braking process on dry and wet road conditions are shown in Tables 5 and 6.

Table 5. Comfort level of emergency braking on a dry road.

Time Interval
(s)

Comfort Index CIP with Different Braking Pressures (m/s2)

CI0.5 CI1.0 CI2.0 CI4.0 CI6.0 CI8.0 CI10.0
∆t1 5 5 5 5 5 5 5
∆t2 5 5 5 5 5 5 5
∆t3 5 5 5 5 5 5 5
∆t4 5 5 5 5 5 5 5
∆t5 5 4 3 2 1~2 1~2 1~2
∆t6 5 4 3 2 1~2 1~2 1~2
∆t7 5 4 3 2 1~2 1~2 1~2
∆t8 5 4 3~4 2 1~2 1~2 1~2
∆t9 5 4 3~4 2 5 5 5
∆t10 5 4 5 5 5 5 5
∆t11 5 4 3~4 5 5 5 5
∆t12 5 4 3~4 5 5 5 5
∆t13 5 4 3~4 5 5 5 5
∆t14 5 4 4 5 5 5 5
∆t15 5 4 5 5 5 5 5
∆t16 5 4 5 5 5 5 5
∆t17 5 4 5 5 5 5 5
∆t18 5 4 5 5 5 5 5
∆t19 5 4 5 5 5 5 5
∆t20 5 5 5 5 5 5 5
∆t21 5 5 5 5 5 5 5
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Table 6. Comfort level of emergency braking on a wet road.

Time Interval
(s)

Comfort Index CIP with Different Braking Pressure (m/s2)

CI0.5 CI1.0 CI2.0 CI4.0 CI6.0 CI8.0 CI10.0
∆t1 5 5 5 5 5 5 5
∆t2 5 5 5 5 5 5 5
∆t3 5 5 5 5 5 5 5
∆t4 5 5 5 5 5 5 5
∆t5 5 4 3 2 2 2 2
∆t6 5 4 3 2 2 2 2
∆t7 5 4 3 2 2 2 2
∆t8 5 4 3~4 2 2 2 2
∆t9 5 4 3~4 2 2 2 2
∆t10 5 4 3 2 2 2 2
∆t11 5 4 3~4 5 5 5 5
∆t12 5 4 3~4 5 5 5 5
∆t13 5 4 3~4 5 5 5 5
∆t14 5 4 4 5 5 5 5
∆t15 5 4 5 5 5 5 5
∆t16 5 4 5 5 5 5 5
∆t17 5 4 5 5 5 5 5
∆t18 5 4 5 5 5 5 5
∆t19 5 4 5 5 5 5 5
∆t20 5 4 5 5 5 5 5
∆t21 5 4 5 5 5 5 5

5.1.2. Evaluation of Ride Comfort Levels

(1) Emergency Braking on a Straight Road
From Tables 4 and 5, when the braking pressure was 0.5 MPa or 1.0 MPa, the ride

comfort was always in a good state within a specific braking time range (∆T = 20 s), and the
comfort level was always 5 or 4. However, the vehicle braking behavior was not completed
at the end of 20 s, and its braking comfort was subsequently not evaluated. As the brake
pressure changed from 2 MPa to 10 MPa, the following was found:

• The comfort index CI of an autonomous vehicle on a dry road during the period
of constant speed (in the time domain of ∆t1~∆t4) was within the range of 0–0.315,
indicating that straight travel at a certain safe speed with real-time perception of the
surrounding environment produced ride comfort that was suitable for the passenger’s
subjective feelings and provided a good riding experience. Due to the low coefficient
of adhesion on the wet road, the braking time of the vehicle under the same braking
pressure and same initial speed increased, and the braking distance increased in turn.
Compared with the dry road condition, braking comfort was poor and the passengers
were prone to fatigue.

• When the braking pressure was 2 MPa, the braking time was extended in the case of
an initial speed of 120 km/h. During the period of 5–19 s, the comfort level was 4,
meaning that the passengers felt slightly uncomfortable but the comfort was within an
acceptable range. However, the longer braking time caused the ABS to start frequently
and cause passenger fatigue, and there was a high probability of collision and rear-end
collision in the emergency braking environment.

• When the braking pressure changed from 4 MPa to 10 MPa, the comfort level was 5
during the constant speed driving phase. During the brake deceleration process, the
comfort level appeared in the range of level 2 (brake pressure was equal to 4 MPa) or
level 1~level 2 (brake pressure was more than 4 MPa), indicating that the vibration
frequency of the vehicle during braking was large, and the uneven distribution of the
vertical pressure of the left and right tires resulted in a large fluctuation.

(2) Steering braking on a curved section
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As for the sections with different curve radii, the evaluation of ride comfort level in
dry and wet road conditions was carried out. The following was found:

• The best curve radius in terms of comfort was 200 m at a speed of 100 km/h, and the
CI index was less than 4. This meant that the comfort met the passenger requirement,
and the advantage of the AV was demonstrated.

• Compared with the wet road condition, a dry road could provide greater lateral
friction because of the good adhesion, which mostly counteracted the centrifugal
force generated by the vehicle on the curved section. Thus, the ride comfort during
the steering process was greatly improved, and thus, the duration of the “curve
balance state” on the dry road lasted longer, i.e., an increase of approximately 57.14%
compared with the wet road condition, as shown in Figure 14. In addition, the “curve
balance state” was defined as the duration of ride comfort level 5 during the steering
braking process.

• As the radius of the curve increased, the braking comfort of the vehicle during cor-
nering was relatively good. This was because the curve length increased with the
increased radius of the curved section. The autonomous vehicle used an adaptive
control system to navigate the curved segment at the best speed; for curves with a
bigger radius, a speed buffering process was in place. Road alignment design might
be based on the comfort evaluation results.
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Figure 14. The duration of the “curve balance state” with various radii.

From Figure 14, the “curve balance state” duration slightly increased with the radius
increase when the curve radius R was ≤100 m, but the variation was not significant. When
the radius R was >100 m, the “curve balance state” duration increased significantly. This
shows that the curve radius was a significant factor that influenced the ride comfort of AVs
during the steering braking process. In order to improve the ride comfort of the vehicle,
it is recommended that the curve radius R should be ≥100 m and the brake deceleration
should start at least 100 m from the entrance of the curved section.

According to Figure 13, when the curve radius R was ≤100 m, the “curve balancing
state” duration increased somewhat with the radius increase, but the difference was not
statistically significant. The “curve balance state” time greatly increased when the radius R
was >100 m. This demonstrated how the curve radius had a big impact on how comfortable
an AV will ride when steering and stopping. It is advised that the curve radius R should be
≥100 m and the brake deceleration should commence at least 100 m from the beginning of
the curved segment in order to increase the ride comfort of the vehicle.

(3) Braking on a sloped road
According to the simulation results of the comfort level under different braking speeds

and slope gradients, the change law of vehicle comfort was analyzed. The following
was found:
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• When the slope gradient i = 10◦ and the initial speed was 80 km/h, or when the slope
gradient i = 20◦ and the initial speed was 60 km/h, the ride comfort level was not
greater than 3, indicating that the road slope gradient had a significant effect on the
initial braking speed and comfort level. Compared with the slope gradient of 10◦, the
ride comfort was poor for a slope with a gradient of 20◦, which was consistent with
the vehicle braking dynamics characteristics.

• Under the conditions of a small slope gradient and low initial speed (such as i = 10◦

and v0 = 60 km/h) or a large slope gradient and high initial speed (such as i = 20◦ and
v0 = 80 km/h), after perceiving obstacles ahead, because the frictional force on the
road surface was insufficient to counteract the inertial force generated by the vehicle
body mass, the vehicle started to drive at a uniform acceleration (a = g*sin(i)). Then,
the safe braking distance was sensed dynamically and the automatic control mode
was activated to adjust the wheel cylinder pressure. Braking deceleration started at the
fifth second. In order to prevent the vehicle from rolling over on the sloped road, the
vertical pressures of the front and rear tires were automatically controlled to achieve a
stable state. At this stage, the vehicle generated a large vibration frequency, and thus,
the comfort was poor, with an evaluation level of 2.0.

• As the vehicle mass and the position of the mass center were the same, the braking
process on a slope mainly depended on the comprehensive effect of the slope and the
initial speed. In a similar braking environment, an AV needs to automatically adjust
the wheel cylinder braking pressure according to the initial speed and road slope
gradient to adapt to the road alignment to achieve a safe braking behavior.

5.2. Prediction of the Ride Comfort
5.2.1. Multiple Logistic Regression Model

A logistic regression model was used to study the relationship between multiple
independent and dependent variables and establish a probabilistic prediction model for
discrimination or classification. Logistic regression models are used in a wide range of
fields, including machine learning, most medical fields [45] and the social sciences [46].
For a logistic regression model, the most prominent advantage is its simplicity and
strong interpretability [47,48].

In order to fit the actual probability of occurrence, there must be a correlation between
the selected independent variable and the dependent variable, and each variable is mu-
tually exclusive. Compared with multiple linear regression, logistic regression analysis
has the advantages of requiring a low number of assumptions and having a high model
accuracy. Therefore, a logistic regression model was applied to build the comfort predic-
tion model of the AV. First, a single-factor analysis was performed for each variable. On
this basis, the factors with statistical significance were selected for multivariate uncondi-
tional logistic regression analysis, and the optimal model was obtained using the stepwise
regression method [49].

Based on the variation range of comfort levels (from level 1 to level 5) under different
braking scenarios in Section 5.1.2, level 5 as the highest dependent variable result was
selected as the reference group, and the braking comfort of the AV was regarded as a
binary dependent variable yi, where yi = 0 represented level 5 and yi = 1 represented level
1~level 4. In addition, each independent variable X = (X1, X2, . . . , Xn) was regarded as a
quantitative or qualitative variable in the logistic regression model, which was applicable
to both continuous and discrete variables [50]. Thereby, the probability P(Yi) that the ith

comfort level occurred was denoted as Pi:

Pi = P(yi = 1|X1, X2, . . . , Xn ) (4)

The expression of the binary logistic regression model was as follows:

log it(Pi) = ln
(

Pi
1− Pi

)
= α + β1X1i + . . . + βnXni (5)



Mathematics 2023, 11, 474 18 of 23

Then, the probability for different comfort levels was

Pi =
exp(α + β1X1i + . . . + βnXni)

1 + exp(α + β1X1i + . . . + βnXni)
(6)

where α is a constant and the βi are the regression coefficients representing the correlation
between the independent and dependent variables. In addition, Pi/(1 − Pi) = exp(β) is
the odds ratio or the relative risk, which is an important index to measure the influence
degree of the independent variable on the dependent variable. For each additional unit
of the independent variable, the probability of a certain comfort level of the dependent
variable will increase by exp(βi) units.

In this study, the Hosmer–Lemesshow was used to test whether the theoretical fre-
quency distribution predicted by the logistic regression model conformed to the actual
theoretical frequency distribution. In addition, the model was globally tested according to
the conditional parameter likelihood ratio test and non-significant variables were excluded.

5.2.2. Prediction Model of the Ride Comfort

Based on Section 5.2, the discrete comfort index of each time interval (∆t = 1.0 s) under
different braking pressures was acquired. In addition, the braking pressure (X1i) and time
(X2i) were the only considered independent variables. Obviously, the tire force during the
braking process showed a strong nonlinear characteristic. The binary classification logistic
regression analysis was applied to obtain the prediction model of ride comfort for the AV
on a straight road during an emergency braking process, which can be expressed as

log it
(

Pj
)
= f (P, ∆t, k1) (7)

where Pj is the probability of the jth comfort level (j represents the four levels of ride
comfort, that is level 1~level 4), P is the vehicle braking pressure, ∆t is the time interval
of acceleration acquisition during the vehicle braking process, and k1 is the influence
coefficient related to the sensor and vehicle type.

The multiple logistic regression model was applied to predict the probability of differ-
ent ride comfort levels. The regression analysis results are shown in Table 7. Among them,
the t-test was the significance test of a single independent variable. The constants and the
significance level PL of the independent variables were less than 0.05, indicating that the
coefficient of each variable was significant as shown in Table 8.

Table 7. Results of the logistic regression analysis on a dry road.

Prediction Model Regression Coefficient Standard Error t PL > |t| 95% Confidence Interval

Level 2

Constant −1.5291 0.6514 −2.35 0.019 −2.8060~−0.2523

P 0.2545 0.0835 3.05 0.002 0.0909~0.4181

∆t −0.1429 0.4649 −3.07 0.002 −0.2341~−0.0518

Level 3

Constant −0.7336 0.8356 −0.88 0.038 −2.3713~−0.9041

P −0.3676 0.2001 −1.84 0.015 −0.0542~0.3509

∆t −0.0722 0.0708 −1.02 0.031 −0.2110~0.0667

Level 4

Constant −0.3744 0.7033 −0.53 0.029 −1.7528~1.0039

P −0.8316 0.2528 −3.29 0.001 −1.3270~−0.3362

∆t 0.0571 0.0479 1.19 0.023 −0.0368~0.1510
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Table 8. Hausman test result of the prediction model.

Model Test Coefficient chi2 df Snell R-Squared PL > chi2 Significance

Level 2 −2.561 6

0.2209

1.000 For Ho

Level 3 −2.376 6 1.000 For Ho

Level 4 −1.503 6 1.000 For Ho

Level 5 14.951 3 0.002 Against Ho

Note: df is the number of degrees of freedom.

According to the regression analysis results in Table 5, the comfort evaluation model
of the AV during emergency braking on a straight road under a dry road condition was
obtained as follows:

log itPj=Level2 = −1.5291 + 0.2545Pi − 0.1429∆ti
log itPj=Level3 = −0.7336− 0.3676Pi − 0.0722∆ti
log itPj=Level4 = −0.3744− 0.8316Pi + 0.0571∆ti

(8)

Based on Equation (8), it can be seen that the influence of braking pressure on ride
comfort in the level 2 model showed a linear growth trend, while the level 3 and level
4 models showed non-linear decreasing trends with increasing braking pressure. The-
oretically, when the brake pressure is too high, the vertical pressure of the tire will be
generated instantly, which makes passengers feel highly uncomfortable. However, if the
braking pressure is too small to complete the braking process within the effective time, this
inevitably leads to a collision and a rear-end accident. Therefore, it is suggested that the
braking pressure should be controlled to within the range of 4~6 MPa. Considering the
comfort and safety during the vehicle braking process, the braking pressure on a wet road
should be within 3~4 MPa. Similarly, the prediction models under other braking scenarios
were also obtained as follows:

• Emergency braking on a wet road:

log itPj=Level1 = −3.5729 + 0.3758Pi − 0.2051∆ti
log itPj=Level2 = −1.6798 + 0.1484Pi − 0.1522∆ti
log itPj=Level3 = −0.8187− 0.3722Pi − 0.0872∆ti
log itPj=Level4 = −0.1853− 0.7846Pi + 0.0198∆ti

(9)

• Steering braking on a curved section:

(a) On a dry road:

log itPj=Level3 = 1.1966− 0.0203Ri − 0.1391∆ti
log itPj=Level4 = 0.7108− 0.0070Ri − 0.1115∆ti

(10)

(b) On a wet road:

log itPj=Level3 = 1.4319− 0.0208Ri − 0.1447∆ti
log itPj=Level4 = 1.0882− 0.0088Ri − 0.1153∆ti

(11)

• Braking on a sloped road:

log itPj=Level2 = −0.9641 + 0.1028ii + 0.6780v0i − 0.2537∆ti
log itPj=Level3 = 1.0819− 0.0228ii + 0.5295v0i − 0.2454∆ti
log itPj=Level4 = 0.7255− 0.0204ii + 1.1721v0i − 0.2801∆ti

(12)
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Considering the influence of the road surface adhesion characteristics on the vehicle
braking behavior, the sensing parameters of the road environment for vehicle comfort
under different braking scenarios were obtained, as shown in Table 9.

Table 9. Sensing parameters of the road environment based on ride comfort.

Braking Scenarios Road Conditions Evaluation Function of
Comfort Level Prediction Model Sensing Parameters of

Road Environment

Emergency braking
Dry road

logit (Pj) = f (P, ∆t, k1)
Equation (8) Brake pressure,

adhesion characteristicsWet road Equation (9)

Steering braking
Dry road

logit (Pj) = f (R, ∆t, k2)
Equation (10) Radius, travel path and

adhesion characteristicsWet road Equation (11)

Braking on slope
section Dry road logit (Pj) = f (i, v0, ∆t, k3) Equation (12)

Slope gradient,
adhesion characteristics

and initial speed

Note: k2 and k3 are influence coefficients related to traffic environment, road conditions, weather, etc.

6. Conclusions

In this study, based on the braking characteristics of an AV and sensing requirements,
the brake model of an AV was built in Simulink. Then, with the consideration of the
asphalt pavement adhesion characteristics, the ride comfort during emergency braking on
a straight road and steering braking on curved and sloped sections were analyzed using
CarSim/Simulink co-simulation. According to multiple logistic regression analysis, the
ride comfort prediction models for the AV under different braking scenarios were built in
this study. The main research results are as follows:

(1) Based on the Persson friction theory model, the concept of the “anti-skid non-
contribution area” was proposed by considering the water stasis barrier and the water film
lifting action. When the speed exceeded 40 km/h, the dynamic friction coefficient curve
tended to be mild, suggesting that the actual tire–road contact area stabilized when the
speed was relatively high. The peak adhesion coefficient of asphalt pavement gradually
decreased with increased vehicle speed, which was distributed in a convex parabola.
Moreover, the peak adhesion coefficient on a wet road was slightly lower than that on a dry
road, which was mainly determined by the contribution rate of the road surface texture.

(2) By considering the road surface adhesion characteristics, the brake control algo-
rithm model was built in Simulink. Compared with the traditional ABS, the proposed
brake system of the autonomous vehicle had better performance, where the braking time
was shortened by 10.95% and the equivalent braking distance was decreased by 10.92%
under the same braking condition.

(3) During the period of constant speed, the comfort index for emergency braking
on a dry road was within the range of 0–0.315, that is, level 5, while the comfort level
appeared in the range of level 2 (P = 4 MPa) or level 1~level 2 (P ≥ 4 MPa) during the
brake deceleration process. It was suggested that the braking pressure should be controlled
within the range of 4 MPa~6 MPa on a dry road, while on a wet road, the pressure should
be within 3 MPa~4 MPa.

(4) As for steering braking on a curved section, the comfort level was negatively
correlated with the radius R of the curve, indicating that the ride comfort was better as the
radius was greater. The “curve balance state” was defined as the duration of ride comfort
level 5 during the steering braking process. On a dry road, the duration of the “curve
balance state” increased by approximately 57.14% compared with wet road conditions.
Considering the passenger comfort requirements and road conditions, the recommended
radius of the curved road should be about 100 m.

(5) Compared with the slope gradient of 10◦, the ride comfort was poor on a slope
with a gradient of 20◦, which was consistent with the vehicle braking dynamics character-
istics. When the initial speed was constant, the probability of obtaining level 2 gradually
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increased with the increase in the slope gradient, while comfort at level 3 and level 4 had a
negative correlation.

Further, the sensing system for an AV should be improved to ensure braking com-
fort by considering the road environment parameters, such as the road surface adhesion
characteristics, road alignment and weather. Moreover, the simulation method is suitable
for different types of tires and vehicles. Due to the limited paper length, a typical SUV
vehicle was selected as the vehicle model. However, the braking principles for different
types of autonomous vehicles (such as buses and trucks (especially heavy trucks)) are
different. Thus, the specific braking strategies for different types of tires and vehicles under
unmanned conditions will be further investigated in the following research. Meanwhile,
the proposed model will be integrated with this innovative mobility pattern in the fol-
lowing research. The proposed ride comfort evaluation method can be referred to when
building the following AV model, such as the braking model, braking strategies under
typical braking scenarios and influence on braking stability of the anti-skid road surface.
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