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Abstract: In the process of driving in an underground interchange, drivers are faced with many
challenges, such as being in a closed space, visual changes alternating between light and dark
conditions, complex road conditions in the confluence section, and dense signage, which directly affect
the safety and comfort of drivers in an underground interchange. Thus, driving simulation, building
information modeling (BIM), and data mining were used to analyze the impact of underground
interchange safety facilities on driving safety and comfort. Acceleration disturbance and steering
wheel comfort loss values were used to assist the comfort analysis. The CART algorithm, classification
decision trees, and neural networks were used for data mining, which uses a dichotomous recursive
partitioning technique where multiple layers of neurons are superimposed to fit and replace very
complex nonlinear mapping relationships. Ten different scenarios were designed for comparison.
Multiple linear regression combined with ANOVA was used to calculate the significance of the
control variables for each scenario on the evaluation index. The results show that appropriately
reducing the length of the deceleration section can improve driving comfort, setting reasonable
reminder signs at the merge junction can improve driving safety, and an appropriate wall color can
reduce speed oscillation. This study indicates that the placement of traffic safety facilities significantly
influences the safety and comfort of driving in underground interchanges. This study may provide
support for the optimization of the design of underground interchange construction and internal
traffic safety facilities.

Keywords: vehicle safety; driving simulation; underground interchange; data mining; BIM

1. Introduction

The evaluation and optimization of traffic safety facilities is one of the important
means by which to solve the safety problem of underground interchanges (Uls), which is
of great significance to reduce the severity of accidents, eliminate all kinds of horizontal
and longitudinal interference and provide line of sight guidance [1,2]. In the process of
driving, the information collected through vision accounts for the vast majority of cues, but
since it is affected by the light environment inside and outside the entrance, the driver will
encounter visual obstacles after entering the tunnel, affecting driving safety [3,4]. Therefore,
the deceleration section and sign setting at the hole is particularly important, as it can guide
drivers to slow down and help them better adapt to the environment inside and outside
the hole [5].

Scholars have carried out extensive research on the traffic safety of Uls [6-8], and
research methods are mainly divided into three types: theoretical derivation methods,
subjective evaluation, and analysis methods based on vehicle data.

(1) Theoretical derivation methods generally investigate the facilities of underground

roads. Hsu et al. used the driver’s reaction time and visual recognition distance,
combined with the running state of the vehicle, to derive the optimal placement
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position of signs and the distance between sign placements [9]. Zhang et al. used
analytical methods to check and optimize the visibility of underground roads [10].
Although the theoretical derivation method has strong advantages, the practical
problem is more abstract, and the theoretical derivation is more difficult to develop;
therefore, this research method needs to be further studied and understood.

(2) Subjective evaluation methods are generally used for safety evaluation. Combined
with engineering standards and practical experience, the safety analysis of under-
ground roads can be realized. Zotic et al. accounted for the characteristics of under-
ground roads and the factors affecting traffic safety and combined the consultation
and scoring of expert opinions to establish a safety evaluation suitable for the design
stage of urban underground roads [11]. However, this method is highly subjective,
requires sufficient engineering experience, and has certain limitations.

(3) Vehicle-data-based methods are the most common [12]. Wan et al. used the coil detec-
tor on each lane of Shanghai express roads to obtain the flow rate, speed, occupancy
rate, and number of vehicles of each vehicle type in each lane of a right on-ramp.
Then, they used surveillance video image processing and obtained the corresponding
data for a left on-ramp and compared the left on-ramp with the right on-ramp [13].
However, the coil data acquisition period in their study was 20 s, and only macro
traffic flow research on underground roads could be carried out, so the relevant data
regarding vehicle micro behavior cannot be obtained.

The safety research on urban Uls mainly focuses on accident characteristics analy-
sis [14], driving behavior on underground expressways [15], lighting evaluation and so
on. Yeung and Wong et al. [16] analyzed traffic accident data from urban underground
expressways in Singapore and concluded that the transition area near the entrance (the
range of 250 m before and after the entrance) was the area with a high incidence of traffic
accidents. Chen et al. [17] analyzed the characteristics of different mechanisms of vehicle
operation on underground expressways from the perspective of visual information load.
This study belonged to the deep mechanism study and laid out a theoretical foundation for
technical research on improving traffic safety in the visual environment of underground
expressways.

Research involving driving simulators in the field of road safety research is very
extensive, with investigations including driving distraction [18], road design [19], traffic
design [20], traffic accidents [21] and driving fatigue [22]. Through the driving simulator,
the traffic operation characteristics of drivers under different roads and traffic conditions
can be obtained, such as speed, acceleration, lane offset, steering wheel angle, etc. [23,24].
Complete data can provide strong support for research. Research regarding underground
expressways based on driving simulators is also emerging gradually. To explore the driver’s
speed perception mechanism, Zhang et al. [25] designed a driving simulation experiment to
collect the driver’s perceived speed and the actual driving speed and analyze the influence
of factors such as geometric alignment and sidewall change frequency on the driver’s
speed perception sensitivity. Huang et al. [26] proposed four different integrated traffic
guidance schemes and studied their effects on driver behavior through driving simulator
experiments and questionnaires. However, driving simulation analysis for urban Uls is
relatively lacking.

Overall, there have been a lot of research results on Ul safety, but there is no clear
process and method for safety evaluation based on driving simulators, and further research
is also needed on the standardization of driving simulation tests. Furthermore, a lack of ad-
vanced technical methods is present in the data processing and evaluation process. Therefore,
through the analysis of the traffic characteristics of different sections of the underground
interchange and the safety and comfort of the UL this study designs different traffic safety
facility configuration schemes. Driving simulator test data and a machine learning model are
combined to evaluate driving safety and comfort in different sections of a UL
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2. Methodology
2.1. Driving Simulator Tests
2.1.1. Modeling of Underground Interchanges

The precision and accuracy of the modeling methods used in traditional driving
simulation are not guaranteed. To reduce the gap between the simulation results and the
actual situation, the authors of this study used MicroStation V8i of the Bentley Company to
conduct 3D modeling of the UL Firstly, a 3D Ul model was constructed according to the
existing 2D AutoCAD drawings, as shown in Figure 1a. Then, the model was imported into
the SCANeR STUDIO platform of driving simulation to build virtual simulation scenes, as
shown in Figure 1b.
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Figure 1. Three-dimensional scene of UI: (a) 3D modeling and (b) driving simulation scenario.

2.1.2. Scheme Design

This study attempted to evaluate the effect of large-scale Ul safety facilities quantita-
tively. Therefore, a large Ul was selected as the prototype of a driving simulation scene.
The test section was 2500 m, and design parameters are shown in Table 1.

The original design of the Ul safety facilities is shown in Table 2.

The color choice of the Ul walls can directly affect the driver’s vision and driving
experience. In addition, the internal color is also an essential component of landscape
design, and its choice will also affect the overall design beauty of the structure.
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Table 1. Design parameters of the underground interchange.

Design Parameters Values
Types of underground interchange Six lanes, two ways, two entrances
Speed of vehicle (km/h) 60 to 80
Length (km) 2.5
Net height (m) 5
Single-lane width (m) 3.75

The whole process is mainly linear, including part of the curve

Road alignment . . .
& section, a diversion port, and a confluence port

Table 2. Original design of the Ul safety facilities.

Facility Types Design Schemes
Color Walls change from white to blue to white, with a black ceiling
Deceleration section at entrance Longitudinal deceleration mark, length of 60 m, gradient section of 30 m

Blue on white; top half: speed limit and reminder to use headlights;

Sign at entrance section bottom half: road name

Confirmation signs are set up at the diversion point, and exit warning

Sign at exit section signs are set up at 500 m, 1000 m, and 2000 m before the diversion point

Sign for diversion and confluence: Section 1 (DC1) Two of them on the right side of the road, 10 m and 50 m before DC1

Sign for diversion and confluence: Section 2 (DC2) Two of them on the right side of the road, 10 m and 50 m before DC2

Due to the large difference between the internal and external environment of the UC
entrance, when the driver enters and exits the entrance, it is challenging to adapt to light
and dark, which easily produces visual obstacles and interferes with driving safety [27].
Therefore, the deceleration section at the entrance is particularly important. According to
standard GB51038-2015 of China [28], when the design speed is greater than or equal to
60 km/h, it is appropriate to adopt the longitudinal deceleration marking of the roadway
but to set the transverse deceleration vibration marking before the entrance of the UC road.
The deceleration section’s length is also one factor to be considered; too short a deceleration
section may not result in the driver slowing down, and the deceleration effect is not good.
Too long a deceleration will cause excessive tension and discomfort for the driver, thus
reducing the driving experience.

In addition, the difference between Ul and ordinary tunnels is that there is a confluent
section in the middle of the UL According to relevant studies, their driving states will
significantly differ when drivers drive in different tunnel sections. [29]. When drivers drive
in the middle of the tunnel, drivers are prone to a serious optical illusion, reducing driving
speed and improving driving safety.

Based on the above data and combined with the design of the selected Ul facilities, ten
safety facility schemes were designed in this study, of which scheme 1 is the basic scheme,
and the other schemes are optimized for the entrance and exit and the confluence section,
respectively, as shown in Table 3.

2.1.3. Testing Procedure

A total of 24 volunteers were recruited for the experiment; 80% of the subjects were
male, and 20% were female, and the gender ratio was close to the statistical characteristics
of Chinese drivers. As shown in Figure 2, the driving simulator was set to record the
vehicle operating parameters at a frequency of 20 Hz, including the speed, acceleration,
lateral offset, throttle, brake, steering wheel angle, clutch, vehicle coordinates, etc.
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Table 3. Optimized designs of the Ul safety facilities.
Sign at Sien at Exit Types of Length of
Number Entrance 8 . Diversion 1 Confluence 2 Wall Color Deceleration Deceleration
. Section . .
Section Section Section
1 Chinese Default Default Default Default Default Default
character
Chinese Walls change from white
2 Default Default Default to blue to white, with a Default Default
character . -
white ceiling
Chinese Walls change from white
3 Default Default Default to white to blue, with a Default Default
character ue
black ceiling
4 Chinese Default Default Default Default Transverse Default
character
5 Chinese Default Default Default Default Default 80
character
6 Chinese Default Default Default Default Default 40
character
7 Cllun(?se Default Default Default Default Default Default
pinyin
8 Chinese Add asign 25.0 Default Default Default Default Default
character m from the exit
9 Chinese Default . Add roéd Default Default Default Default
character information
Chinese Adda
10 Default Default side-approach Default Default Default
character .
reminder

Figure 2. Driving scenario of test personnel in driving simulation experiment.

In the procedure, each person performed ten groups of experiments. The order of
experiments was random, and the driving time of each scene was about 3 min. The Ul
model was imported into the simulator. When it was ready, the experimenter entered the
cockpit to start the simulation test. To ensure the accurate measurement of lane offset, the
test required the subjects to drive in the right lane, and it was forbidden to change lanes.
The test steps were as follows:
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Fill in the personal information form, including gender, age, and driving experience;
Carry out about five minutes of driving practice, and learn the precautions and
instrument use points;

Learn the destination and complete the driving simulation;

Record the driving conditions and save the data.

2.1.4. Data Pre-Processing

According to the traffic characteristics of the Ul, the tunnel can be divided into seven
different sections, including the section before the entrance, the entrance section, the
transition section, the middle section, the transition section, the exit section, and the section
after the exit [30].

According to the scheme design, the section in the tunnel is divided into four sections:
entrance section, basic section, confluence section, and exit section. According to standard
JTJ026 of China [31], the entrance section of the UI was 100 m. However, considering an 80 m
deceleration section at the entrance in the experimental design, the entrance section was
defined as 100 m before the entrance and 50 m after the entrance. The remaining sections
are prescribed to be 100 m, as shown in Table 4. According to the position coordinate data
graph in the 3D model, the specific sections of the data were determined, as shown in
Figure 3.

Table 4. Section division of the scheme design.

Section Key Point Position Section Range
Entrance (—9, —265) 100 m in front of entrance and 50 m behind entrance: (—15, —365) to (—6, —215)
DC1 (48, 167) 50 m before and after the DC1: (23, 124) to (83, 203)
DC2 (163, 270) 50 m before and after the DC2: (124, 237) to (202, 302)
Exit (458, 490) 50 m before and after the exit: (416, 462) to (503, 514)

(b)

(c) (d)
Figure 3. Area division of underground interchange: (a) entrance, (b) DC1, (c) DC2, and (d) exit.

2.2. Evaluation Index System

In this study, seven indexes were selected to construct an evaluation index system
from the aspects of safety and comfort of UL considering the influence of lane marking on
driving behavior. The indicators are defined as follows:
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2.2.1. Safety Index

@

@

®)

Speed V: The distance traveled by the vehicle per unit time. Traditional automobile
dynamics take the car as a particle or a rigid body, and the running speed method is
used to evaluate the safety [32].

Acceleration a: The change in the speed of the vehicle in the direction of travel per
unit time. According to the specifications of JTG D20-2017 in China [33], acceleration
rates less than 0.9 m/s? are the best acceleration conditions, while acceleration rates
greater than 1.2 m/s? are the worst. When the absolute value of acceleration is less
than 1.3 m/s?, it is better, and greater than 2.5 m/ s2 is worse.

Gas pedal Gp: The product of the depth of the driver’s pedal and the length of the
pedal. This value indicates the driver’s ability to control the vehicle; the smaller it is,
the better the control.

2.2.2. Comfort Index

4)

©)

(6)

@)

Lateral acceleration a: The acceleration caused by the centrifugal force generated
when the vehicle makes a turn. The value of lateral acceleration can indicate the
driver’s comfort level.

Acceleration interference o (m/s?): The standard deviation of the vehicle acceleration
against the average acceleration. Acceleration interference represents the magnitude
of velocity swing; the greater the acceleration interference, the lower the safety and
comfort, and vice versa, as shown in Equation (1) [34].

_ o latt) —apar

=\ M)
where T represents the total observation time, and a(t) represents the acceleration at
time t.
Torque of the steering wheel m: An excessive m value will increase the difficulty of
the driver’s control, affecting the comfort and safety of driving. The torque character-
istic of the steering wheel (m) preferred by the driver is obtained by multiple linear
regression, as calculated in Equation (2) [35].

m = 0.722 + 0.425 x @+ 0.054 x V )

where m represents the desired torque, and V represents the speed.

Comfort loss of steering wheel I: When the actual steering wheel torque of the vehicle
is different from the torque preferred by the driver, there is a loss of driver comfort.
Under certain working conditions, this value reflects the comprehensive degree to
which the actual steering wheel torque characteristics of the vehicle make the driver
feel uncomfortable relative to the driver’s preferred steering wheel torque charac-
teristics, as shown in Equation (3). The larger the 1, the farther the actual steering
wheel torque characteristics deviate from the expected characteristics, and the lower
the comfort. On the contrary, the smaller the 1, the better the steering comfort of the
vehicle. When 1= 0, the actual steering characteristics of the vehicle fully coincide with
the expected characteristics; that is, the driver can fully meet the comfort requirements
of the steering wheel torque characteristics of the vehicle.

n
D= 3ELi= ¢ L k(i —m)”
1=

_ 4
S ——
(Fsso—Fs100)° 1%

)

where y represents the actual torque characteristic of the steering wheel, k represents
the comfort loss coefficient of the steering wheel torque characteristic, and r, denotes
the radius of the steering wheel. i is used to distinguish between different working
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conditions. In this simulation, the average weight of the car was 1400 kg and the r,
was 220 mm. According to the steering lightness test in QC/T 480-1999, the limit
values of the average steering force of the steering disc are Fggp = 50 N and Fgyg0 = 15 N.
Thus, k = 0.0675 could be obtained.

2.2.3. Summary Variables

In the data mining model, the change in traffic safety facilities was taken as the
independent variable, and the dependent variables were the data collected by the driving
simulator. The summary is shown in Tables 5 and 6. Table 5 provides a statistical description
of the continuous variables using ANOVA. Table 6 provides a statistical description of
the nominal variables. The data statistics and variance analysis of these variables can
objectively evaluate the overall comfort level of Ul, thus providing a scientific basis for UI
optimization design.

Table 5. Statistical description of continuous variables.

Type Mean Star}d;?rd Standard Error UPper 95°/.o . L9wer 95"/? )
Values Deviation of the Mean Confidence Limit Confidence Limit
Vv 21.78 21.78 7.684 0.01662 21.82
a —0.1036 —0.1036 1.438 0.003111 —0.09748
Gp 0.1849 0.1849 0.2412 0.0005219 0.1859
a: —0.2993 —0.2993 1.047 0.002062 —0.2952
m 0.2862 0.2862 1.242 0.002687 0.2914
o4 0.9703 0.9703 0.4786 0.06769 1.106
I 0.1873 0.1873 0.08282 0.01171 0.2109
Table 6. Statistical description of nominal variables.
Nominal Variables Design Schemes
Types of deceleration section Longitudinal, lateral
Length of deceleration section 40 m, 60 m, 80 m
Sign at entrance section Default, add information
Sign at exit section Default, add density
DC1 Default, add a side approach reminder
DC2 Default, add road section information
Wall color Default, the walls are white, blue, and white with a white ceiling; the

walls are white, white, and blue with a black ceiling

2.3. Data Mining Method

In the process of driving in the Ul, in addition to the type, length, and position
of the marking line, the setting of the marking line influences the driver’s safety and
comfort [36,37]. To explore the influence of traffic safety settings, we investigated the
important control conditions that have a good effect on traffic safety facilities. Firstly, a
whole decision tree was built for ten schemes, and then the decision tree was grouped into
different sections. The independent variables considered included the deceleration section
type, deceleration section length, sign information, sign location, sign density, wall color,
etc. Before the analysis, it was necessary to adopt multiple linear regression to model the
independent and dependent variables to consider the influence of different factors on the
experimental results. The methods involved are detailed below:
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2.3.1. Multiple Linear Regression (MLR)

MLR refers to the method of establishing a prediction model through the correlation
analysis of two or more independent variables and one dependent variable [38,39]. This
method can analyze the relationship between multiple marker control variables and driving
evaluation, and the least squares method can be used to fit the parameters.

The least squares method is standard for establishing linear regression equations from
driving simulation data. Due to the large amount of data generated in the driving simulator,
the deviation at the data points of the fitting function cannot be strictly zero. However, to
make the approximate curve reflect the changing trend of the given data points as much as
possible, the sum of squares of the deviation should be minimized, and the residual sum of
squares of all observed values should be minimized by selecting the parameters, as shown
in Equation (4).

. 2 5\ 2 2
min} ¢f =) (2~ Zj)" = (Zj — a0 — ajx)) 4)
Based on this, the MLR model is shown in Equation (5).

z=by+bix1+byxp+...+bxp+e (5)
where by represents the constant term, and by, by, . .. by represent the regression coefficient.

2.3.2. Analysis of Variance (ANOVA)

After modeling, it is necessary to conduct variance analysis to analyze whether differ-
ent marker settings have a significant impact on driving safety and comfort. The ANOVA
method, also known as “variance analysis” [40], is used to test the significance of differences
between the means of two or more samples.

Due to the influence of various factors, the data obtained from the study show fluctua-
tions. The causes of fluctuation can be divided into two categories: uncontrollable random
factors and controllable factors exerted in the research to impact the results. The influence
of controllable factors on the research results was determined by analyzing the contribution
of variation from different sources to the total variation.

In the difference analysis method, for the sample population N (u, 02), different levels
of the hypothesis factors have significant effects on the dependent variables, as shown in
the hypothesis in Equation (6).

H:ipp=po=... = (6)

If the hypothesis is rejected if at least one pair of y; # p; is true, then the model in
Equation (7) is introduced:
Yik = ti T ek =1,2,...1 (7)

where ¢; denotes a random error and follows the normal distribution N(0, ¢2).

2.3.3. Decision Tree

A classification and regression (CART) decision tree was adopted in this study. The
advantage of the CART decision tree is that a complete binary tree can be constructed by
pruning and evaluating the tree. The CART algorithm uses a binary recursive segmentation
technique to divide the current sample set into two sub-sample sets so that each generated
non-leaf node has two branches.

The CART algorithm examines each variable and all possible partition values for that
variable to find the best partition. For continuous value processing, the idea of a “split
point” is introduced, assuming that there are n consecutive values of a certain attribute
in the sample set, there are N-1 split points, and each “split point” is the mean of two
contiguous values (a[i] + a[i + 1])/2. All partitions of each property are sorted in order
of the number of impurities (heterogeneous, different components in the composite) they
can reduce; the reduction of impurities is defined as the sum of the impurities before the
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partition minus the impurity mass at each node after the partition * the ratio of the partition
to the sample.

The impurity measurement method adopted in this study is: GINI index, if k,
k=1,2,3,... Crepresents the class, where C represents the number of dependent variables
of the class set result, and the GINI impurity of the A node is defined by Equation (8):

Gini(A)=1-Y__ rt (8)

where py represents the probability of belonging to class k in the observation point. When
Gini (A) = 0, all samples belong to the same class, and when all classes occur with the same
probability in the node, Gini (A) is maximized, being (c-1) C/2. Through the auxiliary
analysis of the decision tree, the maximum influence of the setting of traffic security facilities
on the data results can be determined.

2.3.4. Neural Network Models

In the driving simulation, the series of traffic safety facilities on driving safety have
correlating influence, showing a nonlinear relationship, and it is difficult to distinguish and
judge the influence law by traditional methods such as variance analysis. The structure and
calculation process of the neural network model are very simple, and the result can better
fit and replace the very complex nonlinear mapping relationship [41,42]. A neural network
profiler is a modeling tool based on neural networks that captures potential relationships
in data by training neural networks with multiple hidden layers. Compared to traditional
statistical models, neural network profilers can deal with nonlinear relationships better and
learn complex features and relationships [43]. In this study, a feedforward neural network
(FNN) was used for data mining, which is suitable for various types of data. Compared to
traditional methods, FNNs can learn and represent complex nonlinear relationships more
accurately, and they have stronger prediction performance [44].

3. Results and Discussions

When analyzing the data, the four special sections of the UI, namely the entrance, DC
1, DC 2, and exit sections, were considered first. There is a high incidence of accidents in
these four sections, so safety is the top priority, followed by comfort.

3.1. Driving Safety Analysis
Data mining analysis was carried out on the influencing factors of driving safety in

the entrance segments of the 10 schemes. An effect analysis was first carried out, as shown
in Table 7, and the results of the decision tree analysis are shown in Figure 4.

Table 7. Effect analysis results.

V of Entrance

Variables Section V of DC 1 Section a of Entrance Section V of Exit Section
Sign at entrance section <0.0001 <0.0001 0.0067 <0.0001
Length of deceleration section <0.0001 <0.0001 <0.0001 <0.0001
Type of deceleration section <0.0001 0.7628 <0.0001 <0.0001
Wall color <0.0001 0.0254 <0.0001 <0.0001
DC1 <0.0001 0.353 <0.0001
DC2 <0.0001 0.0005
Sign at exit section <0.0001
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All lines

Number 11,870 LogWorth Difference
Means 231313 20.1910 1.7730
Std Dev 7.5118

Sign of entrance (Default) Sign of entrance (Pinyin)
Number 9991 LogWorth Difference Number 1879
Means 23.8506 11.7281 1.4547 Means 24.6237
Std Dev 7.4203 Std Dev 7.8150

Types of DC (Default) Lateral DC

Number 11,870 ~LogWorth Difference Number 11,870

Means 231313 20.1910 1.7730 Means 231313

Std Dev 7.5118 Std Dev 7.5118

DC length (40 m) DC length (80 m)

Number 6801 Number 1655
Means 22.3364 Means 23.8218
Std Dev 6.9989 Std Dev 7.7981

Figure 4. CART analysis results of the entrance section.

As can be seen, the average speed of the entry sign after the pinyin annotation was
changed from 23.85 to 24.62, which does not indicate an excellent slowing effect. The
change in the type and length of the deceleration section did not achieve a good effect. In
addition, compared to the other influencing factors, the influence of the wall color on the
speed of the entrance section was also not evident. However, it is still unclear whether the
default length of the deceleration segment is better than reducing the deceleration segment
length to 40 m. We further analyzed the influence of the deceleration section length, and
the analysis results of the neural network are shown in Figure 5. After the relationship of
the neural network was determined, the speed was analyzed by the predictive profiler. Its
main function is to train the neural network model so that the model learns the speed data
collected at a frequency of 20 Hz in the entrance segment, so that it can predict the speed
trend in other cases in the future. It can be seen that the scheme that increases the length of
the deceleration section had the maximum speed of 50 m after entering the Ul entrance,
indicating that the driver is more likely to drive at a faster speed than in the other schemes
after a long deceleration section. At the entrance, the changes in the deceleration section
type and entrance sign did not have a significant effect on speed, and the length of 40 m
and the default 60 m deceleration section achieved a better deceleration effect than 80 m.
Based on this, for the setting of the entrance section, it is recommended to maintain the
default settings of the type of deceleration section and the entrance sign but to adjust the
length of the deceleration section from 60 m to 40 m.

Other segments were analyzed using the CART decision tree, and the obtained results
are shown in Figure 6. For the DC1 section, the mean speed decreased from 19.84 to 18.44
after adding road information, indicating that this helped the drivers to pass the DC1 section
at a lower and safer speed. For the DC2 section, the mean lateral acceleration of the driver
increased from 0.21 to 0.5 after adding the side-approach reminder. This shows that within
the scope of not affecting the driver’s comfort, the addition of side-approach reminders
can increase the driver’s alertness, improve the steering wheel operation frequency, and
thus, improve driving safety. For the exit section, the first node of the CART decision tree
was grouped according to the wall color, and the scheme with the white ceiling and white,
blue, and white had a smaller average speed in the exit section. For lateral acceleration, the
first node of the CART decision tree was grouped according to the wall color. In the default
scheme, the lateral acceleration of the wall color relative to the other two schemes was
higher in the DC1, and the standard deviation was larger. The vehicle’s lateral acceleration
in the flat curve section was positively correlated with the lateral offset in pairs. When
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the vehicle’s lateral acceleration was too large, the lateral offset of the vehicle had further
increasing trend. To control the vehicle along a safe track, the driver needs to carry out
more tasks, increasing the complexity of driving operations. This will lead to an increase in
the driver’s risk factor, which will lead to a decrease in the safety of driving.
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Figure 5. Prediction results of neural network under different entrance distances of entrance segment.
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Number 1644 Number 14,010 LogWorth Difference Number 12,828  LogWorth Difference Number 1558
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All lines
Number 12,403 LogWorth Difference
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Means 24.4198 1.4948 0.4945 Means 25.0887
Std Dev 7.7658 Std Dev 8.0217

(0)
Figure 6. CART analysis results: (a) V of DC1, (b) a of DC2, and (c) V of exit section.

3.2. Driving Comfort Analysis

In the basic section, which occupies most of the road sections, there are fewer accidents
than in the other sections. The main consideration is driving comfort, which is mainly
reflected by the stability of the driving speed. We used acceleration interference to evaluate
the size of the speed change in a period of time, and the results are shown in Table 8. As
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can be seen, scheme 2 had the lowest acceleration interference, indicating that the black
ceiling and the white-blue-white wall can increase the driver’s driving stability. This is
because the darker tone of black has a strong ability to absorb light, which is less likely to
cause visual fatigue in the case of long-distance driving. In addition, the black ceiling can
also prevent reflection, reducing the driver’s visual interference, and thereby, improving
the driving comfort.

Table 8. Acceleration interference values in the basic section.

Variables 1 2 3 i ! 5 6 7 8 9 10
o (m/s?) 1.57 1.39 1.81 1.76 1.92 1.93 1.69 1.73 1.67 1.58

Finally, the steering wheel comfort loss value was used to evaluate the comfort of the
overall driving experience, as shown in Table 9. It can be seen that the minimum average
comfort loss was 0.1679; that is, the adjustment of the deceleration section length to 40 m in
scheme 6 was the most comfortable in terms of steering wheel torque as a whole.

Table 9. Values of comfort loss of steering wheel in the basic section.

Variables 1 2 3 4 5 6 7 8 9 10
l 0.187 0.192 0.169 0.173 0.168 0.168 0.201 0.230 0.205 0.182

Scheme 8 had the highest number of traffic safety facilities; although the driving safety
is higher, the superfluous operations during the driving process affects the driver’s driving
comfort. This shows that it is impossible to increase the settings of traffic safety facilities
unquestioningly, and it is necessary to consider the drivers’ driving comfort to ensure the
safety of the UL

4. Conclusions

This study obtained driving data through BIM modeling combined with a driving
simulation procedure. We adopted a data mining method to study the influence of different
facility settings on the safety and comfort of Uls. The conclusions are as follows:

(1) The length of the deceleration section should be adjusted from 60 m to 40 m, which
can not only meet the deceleration effect of the entrance but can also make people feel
more comfortable;

(2) Setting up the road sign information at the DC section and the reminder for side-
approaching cars at the DC section can improve the safety of driving;

(3) The ceiling should be white, and the side walls should be white and blue, which
can reduce the speed change in most sections of the underground interchange and
increase the driving stability of the driver. For the basic section, a black ceiling instead
of a bright color can reduce visual fatigue and glare caused by wall reflections, thus
improving driving comfort.

(4) When the driving comfort of a Ul was studied from the perspective of comfort loss
value, it was found that although the driver’s driving safety was high, the driving
comfort was affected when too many traffic safety facilities were set up. Therefore, to
explore the comprehensive evaluation of driving safety and comfort in underground
interchanges, other methods must be used for evaluation.

This study provides a valuable reference for the design optimization of UI traffic
security facilities, which can improve driving safety and maximize driving comfort.
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