
sustainability

Article

Investigation of Bus Drivers’ Reaction to ADAS Warning
System: Application of the Gaussian Mixed Model

Wei Ye 1,2,3, Yueru Xu 1,2,3,4,*, Feixiang Zhou 1,2,3, Xiaomeng Shi 1,2,3 and Zhirui Ye 1,2,3

����������
�������

Citation: Ye, W.; Xu, Y.; Zhou, F.; Shi,

X.; Ye, Z. Investigation of Bus Drivers’

Reaction to ADAS Warning System:

Application of the Gaussian Mixed

Model. Sustainability 2021, 13, 8759.

https://doi.org/10.3390/su13168759

Academic Editors: Feng Zhu,

Wenbo Zhang, Yuntao Guo and

Jian Wang

Received: 31 May 2021

Accepted: 2 August 2021

Published: 5 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Jiangsu Key Laboratory of Urban ITS, Southeast University, Nanjing 211189, China;
213180148@seu.edu.cn (W.Y.); 213181575@seu.edu.cn (F.Z.); shixiaomeng@seu.edu.cn (X.S.);
yezhirui@seu.edu.cn (Z.Y.)

2 Jiangsu Province Collaborative Innovation Center of Modern Urban Traffic Technologies,
Southeast University, Nanjing 211189, China

3 School of Transportation, Southeast University, Nanjing 211189, China
4 Intelligent Transportation System Research Center, Southeast University, Nanjing 211189, China
* Correspondence: xuyr@seu.edu.cn

Abstract: Road crashes cause serious loss of life and property. Among all vehicles, buses are more
likely to encounter crashes. In recent years, the advanced driving assistance system (ADAS) has been
widely used in buses to improve safety. The warning system is one of the key functions and has
proven effective in reducing crashes. However, drivers often ignore or overreact to ADAS warnings
during naturalistic driving scenarios. Therefore, reactions of bus drivers to warnings need further
investigation. In this study, bus drivers’ responses to lane departure warning (LDW) and forward
collision warning (FCW) were investigated using 20-day naturalistic driving data. These reactions
could be classified into three categories, namely positive, negative, and overreaction or emergency,
by employing the Gaussian mixture model. The authors constructed a framework to quantify drivers’
reactions to the warning and study the reaction characteristics in different environments. The results
indicate that drivers’ reactions to FCW were more positive than to LDW, drivers reacted more
positively to LDW and FCW while driving on highways than on urban roads, and drivers reacted
more positively at night to LDW and FCW than during daytime. This study gives support to an
adaptive ADAS considering varying bus driver characteristics and environments.

Keywords: advanced driver assistance systems; forward collision warning; lane departure warning;
bus drivers’ reaction; Gaussian mixed model

1. Introduction

With the increasing number of vehicles, road safety is attracting more attention all over
the world. According to the report of the World Health Organization in 2018, road traffic
crashes cause 1.35 million deaths every year and is the ninth largest cause of human death.
By 2030, road crashes are expected to increase from the ninth factor of mortality to the
seventh, accounting for approximately 1.8 million deaths per year [1]. Road crashes cause
serious loss of life and property. Among all vehicles, buses are more likely to encounter
crashes. In China, from 2009 to 2013, there were 14,000 road traffic crashes caused by buses,
resulting in 3500 deaths and 16,000 injuries. The number of crashes and deaths account for
about 1% of the total number of road traffic crashes in China but the number of buses only
accounts for 0.2% of the total number of motor vehicles in China [2]. Therefore, bus safety
should be investigated to improve road safety.

Various researchers have focused on exploring the characteristics of road crashes [3,4]
and tried to improve road safety [5,6]. After the investigation, approximately 90% of
road crashes were found to be caused by human factors [7]. With the development of
industrial engineering and information technology, various advanced driver assistance
systems (ADAS) have been developed to improve drivers’ behavior and facilitate safe
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driving. These systems mainly include adaptive cruise control (ACC) [8], autonomous
emergency braking (AEB) [9], driver monitoring system (DMS) [10], forward collision
warning (FCW) [11], lane departure warning (LDW) [12], etc. ADAS has been promoted
worldwide and has been proven to play a significant role in preventing traffic crashes [13],
reducing emissions [14] and improving the driving experience [8]. In China, many buses
have also installed several ADAS functions to help improve driver behavior and reduce
safety risks.

At present, the two most widely used functions are FCW and LDW. FCWs and LDWs
have been reported to reduce crashes by 16.3% on freeways and 11.6% on other roads [15].
LDW can improve the driver’s lateral driving behavior. After adopting LDW, unconscious
lane departure reduced by 30–35% [16]. Meanwhile, FCW is mainly used to enhance
drivers’ longitudinal driving behavior. According to the research of Birrell, S.A. et al. in
2014 [12], after using FCW, the mean headway increases to 2.3 s and time spent traveling
closer than 1.5 s to the vehicle in front decreases nearly three times.

However, the application of LDW and FCW systems also result in some side effects.
The long-term use of the ADAS has a tendency to reduce the drivers’ perception of road
risks [17] and weaken their ability to address emergencies [18]. In addition, LDW, FCW,
and some other warning systems cannot control the mobility of the vehicle. The actual
effect of these warnings is based on drivers’ reactions, requiring active driver implication,
which is affected by the drivers’ trust on the warning system [19], secondary tasks [20],
and environments [21].

In addition, for different drivers, the characteristics of car-following behavior and
cornering behavior are different [22,23], and the adoption of uniform ADAS standards
may lead to the decline of driver acceptance. Therefore, different drivers’ reactions to the
ADAS warnings and the different reactions under different environments need to be further
investigated. A better understanding of drivers’ reactions to LDW and FCW systems will
facilitate the development of an adaptive ADAS.

Researchers have put in great effort regarding studying drivers’ reaction to LDW and
FCW systems. For instance, driving simulators have been widely applied [24,25] due to
their low cost, safety, ease to use, and ability to switch to multiple traffic environments in
a short time. However, former findings suggest that performance in driving simulators
was not a strong predictor of performance in the on-road assessment [26]. Thus, drivers’
reactions could be different when interacting with an ADAS through the simulator and
in real-world conditions. Another common approach is to conduct field operational tests
(FOTs) [21,27]. This method can capture drivers’ behaviors more realistically than simula-
tors [28]. An FOT performed in Wuhan, China, revealed that driver acceptance of the FCW
function was considerably higher than that of the LDW function, and the acceptance on
expressways and freeways was significantly higher than on urban roads [27]. However, it
is difficult to study the drivers’ reactions at different times or under different weather con-
ditions because of the short span of the FOT. In addition, drivers may lose their spontaneity
when they are aware that their driving is being monitored. Therefore, to overcome the
limitations of simulator-based studies and FOTs, naturalistic driving studies (NDS) have
emerged as a better method for evaluating driving behavior [29–31]. Naturalistic driving
is a research method that provides insight into everyday driver behavior by recording
details of the driver, the vehicle, and the surroundings through unobtrusive data-gathering
equipment and without experimental control [32]. Using naturalistic driving data to study
drivers’ reactions can obtain more diversified and realistic insight into driving behavior,
which can better support and supplement the previous studies. Julia Orlovska discussed
the effects of the driving context on the usage of the ADAS and stressed the importance of
the driving context parameters in the design, development, and evaluation of ADAS [33],
which added new information in the field of human–machine interactions with ADAS.

Moreover, in a previous study, the main research object was private cars [34–36]. There
is little research focusing on bus drivers, considering a bus is different from private cars in
terms of braking performance, turning ability, and control mode. Therefore, a bus driver’s
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reaction to an ADAS warning may be different from a car driver’s reaction, which needs to
be further investigated.

This study analyses bus drivers’ reactions to LDW and FCW systems based on the nat-
uralistic driving data. The difference in the drivers’ reactions at different times and different
environments were investigated. The main contributions of this study are as follows:

1. In this study, a quantitative framework of bus drivers’ reactions to ADAS is con-
structed based on the unsupervised method and fuzzy logic method, and this frame-
work can be transferred to other relative studies, thereby introducing a new perspec-
tive for the study of drivers’ acceptance of the ADAS.

2. This study investigates the reaction of bus drivers to LDW and FCW, which is rare in
previous studies. This research can support the design of bus adaptive ADAS that
can improve bus drivers’ acceptance and therefore lead to better safety outcomes.

3. This study investigates the difference in driver responses to ADAS warnings between
daytime and nighttime, which has not yet been comprehensively understood due to
its long time-span.

The remaining sections of this paper are structured as follows. Section 2 identifies
the sources of the naturalistic driving data and methods (Gaussian mixed model and
membership degree) applied in the paper. In Section 3, the result of Gaussian mixed model
is given and explained. Based on this result, the authors investigated bus drivers’ overall
reaction to LDW, FCW, and reaction in different environments. In Section 4, the study is
discussed in light of previous studies. The limitations and future scope of the study are
also stated.

2. Materials and Methods

The key objectives of this study were to explore bus drivers’ reactions to LDW and
FCW systems with naturalistic driving data and to discover reaction differences under dif-
ferent times and environments. In order to investigate this problem, the authors developed
a framework for harnessing naturalistic driving data generated by ADAS. Reactions were
classified with an unsupervised learning method and drivers’ reactions to warnings were
quantified based on the concept of membership degree (Figure 1).

The proposed framework consists of three major steps: (1) data acquisition, (2) data
pre-processing, and (3) warning reaction classification. Herein, the warnings of the LDW
and FCW alone are discussed, and the other warning types (such as headway monitoring
warning) and other kinds of drivers (such as drivers of cars) can be processed in the
same manner.



Sustainability 2021, 13, 8759 4 of 19
Sustainability 2021, 13, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Methodological approach of the study. 

2.1. Data Acquisition and Pre-Processing 
The driving data utilized in this study were from the intelligent data platform of bus 

in the Jiangsu province, which was set up by the Jiangsu provincial government. Most 
commercial vehicles in Jiangsu have installed ADAS, including various warning func-
tions. The intelligent data platform collects naturalistic driving and warning data from 
these buses. All drivers in the platform have been informed and agreed in advance that 
their driving information (videos, GPS, driving characteristics, etc.) and personal infor-
mation (gender, age, identity card information, and driving license information) will be 
collected and used for relevant research purposes. In this study, 20 buses were selected 
and all of them were using the Mobileye M630 system, which is a mature system and has 
been used in many other studies [37]. The equipment applied in the buses involved is 
illustrated in Figure 2. 

 
Figure 2. Equipment. 

Figure 1. Methodological approach of the study.

2.1. Data Acquisition and Pre-Processing

The driving data utilized in this study were from the intelligent data platform of bus
in the Jiangsu province, which was set up by the Jiangsu provincial government. Most
commercial vehicles in Jiangsu have installed ADAS, including various warning functions.
The intelligent data platform collects naturalistic driving and warning data from these
buses. All drivers in the platform have been informed and agreed in advance that their
driving information (videos, GPS, driving characteristics, etc.) and personal information
(gender, age, identity card information, and driving license information) will be collected
and used for relevant research purposes. In this study, 20 buses were selected and all of
them were using the Mobileye M630 system, which is a mature system and has been used
in many other studies [37]. The equipment applied in the buses involved is illustrated
in Figure 2.
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Warning data from the platform contains nine dimensions, including the environmen-
tal information (latitude, longitude, altitude, and time), vehicle running conditions (speed
and angle), driver information (age and mileage), and alarm duration. Moreover, video
information was also available. The entire process from the onset to the end of the alarm
was recorded in the videos.

In our study, we used ADAS data of 20 drivers during 20 days of driving, which
contains more than 13,000 LDW and FCW events. Drivers involved are between 35 and 50
years old (mean = 42.35, SD = 4.209). Considering that bus drivers are mainly experienced
male drivers and their experience may affect the reaction to ADAS [38], the samples selected
in this study are all male drivers with more than 10 months of experience.

To study the characteristics of the drivers’ responses to ADAS in different road envi-
ronments, the road environment needs to be assessed for each alarm. The driving course
information of the 20 drivers captured by the GPS is depicted in Figure 3. The GPS data
were processed with Map API of AutoNavi and the road types for each alarm position
were obtained. The road types were classified into the following three categories: freeways,
urban roads, and other road types (such as ramps and rural roads).
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2.2. Selection of Feature Vectors

The input of the reaction classification model was assumed to be x. For LDW and FCW,
the input x was different. In this study, alarm duration was selected as one input to evaluate
the drivers’ reaction type. Alarm duration refers to the time from the onset to the end of the
ADAS alarm. Long alarm duration means that drivers cannot address the alarm on time,
which is always a negative reaction and may lead to dangerous events. Moreover, the core
function of ADAS is improving safety. From the perspective of traffic safety, the change of
speed or angle should also be considered. Numerous research studies have proven that
crash rates increase as speed or steering angle variation increases [39–41]. Previous studies
have shown that LDW mainly affects the drivers’ lateral driving behavior [16], while FCW
mainly affects the drivers’ longitudinal driving behavior [12]. In the present paper, the
change of speed and angle refers to the change of speed and angle from the beginning
of the alarm to the end of the alarm. The authors considered the change in the drivers’
steering angle to study the drivers’ response to LDW and the change in the drivers’ driving
speed to study the drivers’ response to FCW. Therefore, for LDW, the alarm time duration
and change in angle were considered as the input feature vector, while for FCW, the alarm
time duration and change in speed were selected as the input vector. All the variables used
for classification are depicted in Figure 4.
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2.3. Classification of Drivers’ Reactions

After selecting the quantitative feature vector of the reaction behavior, the appropriate
method to classify the reaction behavior was selected. The data characteristics of speed
change, angle change, and alarm time (such as mean value and standard deviation) are
not directly used for assessment because the method is not resistant to abnormal values
and cannot reflect the distribution characteristics of the driver response behavior. For
the data-based driving behavior classification problem, the commonly used classification
methods for driving behavior are unsupervised clustering (such as k-means) [42], latent
Dirichlet allocation (LDA) [43], and the support vector machine (SVM) [44]. Considering
that the LDA requires semantic features, the SVM requires labels, and they only function
effectively in the case of binary classification, using the clustering method is an appropriate
choice. In this study, the Gaussian mixed model (GMM) method was selected. Furthermore,
the output of the GMM is a probability vector that has an improved effect on the boundary
of the classification region and can retain more information. Moreover, the k-means method
is sensitive to outliers and noise points that may lead to the lack of interpretability of the
clustering results.

2.3.1. GMM

GMM is a linear combination of several Gaussian distribution functions. The expres-
sion of a multi-dimensional Gaussian distribution is

p(x, µ, Σ) =
1

(2π)π/2|Σ|1/2 exp
(
−1

2
(x− µ)TΣ−1(x− µ)

)
(1)

Here, µ denotes the mean vector of the Gaussian distribution. ∑ denotes the covariance
matrix that is used to control the shape of the Gaussian distribution. The form of ∑ is
defined below:

Σ =


E[(X1 − µ1)(X1 − µ1)] E[(X1 − µ1)(X2 − µ2)] . . . E[(X1 − µ1)(Xn − µn)]
E[(X2 − µ2)(X1 − µ1)]E[E(X2 − µ2)(X2 − µ2)] . . . E[(X2 − µ2)(Xn − µn)]

...
...

...
E[(Xn − µn)(X1 − µ1)]E[E(Xn − µn)(X2 − µ2)] . . . E[(Xn − µn)(Xn − µn)]

 (2)

The form of the Gaussian mixture model is shown below:

p(x) =
K

∑
k=1

πk N( x|µk, Σk) (3)
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where N( x|µk, Σk) is the kth component in the Gaussian mixture model, K denotes the
number of Gaussian distributions, and πk represents the coefficient of the component that
fulfills the following rules:

K

∑
k=1

πk = 1 (4)

0 < πk ≤ 1 (5)

πk, as mentioned above, can be regarded as the probability that the kth class is
selected. A new K-dimensional random variable z is introduced here. zk can only assume
two values, 0 or 1. zk = 1 represents the probability that the kth class is selected, implying
p(zk = 1) = πk; that is,

zk ∈ {0, 1} (6)

∑
K

zk = 1 (7)

Assuming that zk is independent and identically distributed, the joint probability
distribution of z can be obtained as follows:

p(z) = p(z1)p(z2) . . . p(zk) =
K

∏
k=1

π
zk
k (8)

The data in the original problem can be classified into several categories. Evidently,
the data in each category obey the Gaussian distribution. This statement can be expressed
based on conditional probability as follows:

p(x|zk = 1 ) = N(x|µk, Σk ) (9)

In other words, the data in category k obey the Gaussian distribution. Therefore, the
above formula can be written as follows:

p(x|z ) =
k

∏
k=1

N(x|µk, Σk )

zk

(10)

According to the total probability formula, it can be concluded that

p(x)∑
z

p(z)p(x|z ) =
K

∑
k=1

N(x|µk, Σk ) (11)

γ(zk) is set as a posterior probability of the kth component, according to the Bayesian formula:

γ(zk) = p(zk = 1|x ) = p(zk = 1)p( x|zk = 1)
p(x, zk = 1)

=
πk N(x|µk, ∑k )

K
∑

j=1
πjN

(
x
∣∣∣µj, ∑j

) (12)

and the posterior probability is solved based on the expectation–maximization (EM) algorithm.

2.3.2. EM Algorithm

EM algorithm is a solution for determining the maximum likelihood estimation or
the maximum a posteriori estimation of parameters in the probability model, where the
probability model depends on unobservable hidden variables. In the process of using
the EM algorithm to solve Gaussian mixture distribution parameters, the unobservable
hidden variable is zk, as mentioned above. Suppose that the dataset to be classified is
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x = {x 1, x2, x3, . . . xN} and N is the number of vector data. In the GMM model, there are
three parameters to be estimated: π, µ, and ∑. According to Equation (3),

p
(
x
∣∣π, µ, ∑

)
=

K

∑
k=1

πk N(x|µk, Σk ) (13)

To estimate these three parameters, the maximum likelihood functions of these three
parameters are required to be solved. Consider µ be the differential in the above for-
mula and consider the derivative function to be equal to zero. The maximum likelihood
estimation of each parameter is obtained, where the mean vector is

µk =
1

Nk

N

∑
n=1

γ(znk)xn (14)

γ(znk) denotes the posterior probability that point xn belongs to cluster k which is
calculated in Equation (12) with the initial values of π, µ, and ∑, or π, µ, and ∑ as obtained
in the previous iteration. Accordingly,

Nk =
N

∑
n=1

γ(znk) (15)

The covariance matrix and mixture coefficient are obtained as shown below:

∑
k
=

1
Nk

N

∑
n=1

γ(znk)(xn − µk)(xn − µk)
T (16)

πk =
Nk
N

(17)

After solving Equations (14), (16) and (17), the new values of πk, µk, and ∑k can be
obtained and these values can be inserted into Equation (13) to progress to the next iteration.

2.4. Drivers’ Membership Degree to Reaction Types

As depicted in Figure 5, there is a significant difference between Driver 8 and Driver
11 in the distributions of their reactions to LDW and FCW. To describe this difference, in
this section, the membership degree is introduced to express the drivers’ reactions.

The membership degree is an important concept in fuzzy mathematics that can be
applied in the recognition of driving behavior [45] and the driver assistance system [46].

Supposing that Ai(x) ∈ [0, 1], corresponding to any element x on the set U, Ai is
called a fuzzy set on U and Ai(x) is called the membership of x to A. When x changes in
U, Ai(x) represents a function that is called the membership function of Ai. The closer the
membership degree Ai(x) is to 1, the higher the degree that x belongs to Ai. The closer the
membership degree Ai(x) is to 0, the lower the degree that x belongs to Ai. For an input
x, the membership degree of the input to different categories can be obtained. Suppose
that the number of categories is j and the membership degree vector to every input x is
Y(x) = (A1(x), A2(x), . . . , Aj(x)).In general, the selection of the membership function
Ai(x) (i = 1,2 . . . j) should meet the following rule:

j

∑
i=1

Ai(x) = 1 (18)
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Here, for each input response data x, its membership degree to category j is equal to
the probability that it belongs to N

(
x
∣∣µj, Σj

)
,according to Equation (12):

p
(
zj = 1|x

)
=

πjN
(

x
∣∣∣µj, ∑j

)
K
∑

i=1
πi N(x|µi, ∑i )

(19)

For a driver, the average of the membership degree of all his reactions to category j is
used to express the membership of the driver to category j. The membership degree of a
driver can be calculated as shown below:

M(i)_LDWj =
1
Ki

∑
x∈Ai

πjN(x
∣∣µj, Σj)

N
∑

k=1
πk N(x|µk, Σk)

× 100%(j = 1, 2, 3, . . . N; i = 1, 2, . . . , 20) (20)

M(i)_FCWj =
1
Ki

∑
x∈Ai

πjN(x
∣∣µj, Σj)

N
∑

k=1
πk N(x|µk, Σk)

× 100%(j = 1, 2, 3, . . . , N; i = 1, 2, . . . , 20) (21)

Here, j denotes the category of reactions and N denotes the number of reaction clusters.
i represents the ID of the driver. Ai denotes the set of all the warning reactions and Ki
denotes the number of warning reactions. M(i)_LDWj represents the membership degree
of driver i to reaction category j of LDW and M(i)_FCWj represents the membership degree
of driver i to reaction category j of FCW. The membership degree can be used to identify
the drivers’ usual reaction to warnings.
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2.5. Statistical Characteristics of the Membership Degree

To study the drivers’ response to ADAS warning, the drivers’ overall situation and
differences among the drivers can be evaluated based on statistical characteristics.

For the measurement of the overall situation of the sample, the most commonly used
approach is to calculate the average (Mmean_LDWj and Mmean_FCWj). This measure can
be calculated as shown below:

Mmean_LDWj =
1
N

N

∑
i=1

M(i)_LDWj(j = 1, 2, 3, . . . , N) (22)

Mmean_FCWj =
1
N

N

∑
i=1

M(i)_FCWj(j = 1, 2, 3, . . . , N) (23)

For example, if reaction category j of FCW is recognized as positive and Mmean_FCWj
is large-valued, it implies that the drivers generally tend to be positive to FCW.

The coefficient of variation (Mcv_LDWj and Mcv_FCWj) can be used to measure the
difference among drivers. The coefficients of variation can be calculated as shown below:

Mcv_LDWj =
MSD_LDWj

Mmean_LDWj
(j = 1, 2, 3, . . . , N) (24)

Mcv_FCWj =
MSD_FCWj

Mmean_FCWj
(j = 1, 2, 3, . . . , N) (25)

MSD_LDWj and MSD − FCWj are the standard deviations that can be calculated as
shown below:

MSD_LDWj =

√√√√√ N
∑

i=1
(M(i)_LDWj −Mmean_LDWj)

N
(j = 1, 2, 3, . . . , N) (26)

MSD_FCWj =

√√√√√ N
∑

i=1
(M(i)_FCWj −Mmean_FCWj)

N
(j = 1, 2, 3, . . . , N) (27)

3. Results
3.1. Result of GMM

The feature vector x corresponding to LDW and FCW is considered to be the classifica-
tion index and input to the GMM classifier. The authors determine the number of clusters
by observing the value of the likelihood function. On the one hand, the authors want the
likelihood function to be as large as possible to preserve the distribution characteristics of
the data. On the other hand, the authors hope that the number of clusters may be small
enough to achieve better practicability. The variation of likelihood function values under
different cluster numbers is shown in Figures 6 and 7.
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After the number of clusters reaches four, the change of likelihood function is relatively
small. Therefore, in this study, the authors set the clustering category to four. The centers
of each cluster in the initial state are selected based on the k-means method. After the EM
algorithm iterates 114 steps (LDW) and 64 steps (FCW), every parameter converges. DS1,
DS2, DS3, and DS4 are the four distributions. The classification parameters of the GMM
classifier are listed in Table 1.

After obtaining the Gaussian mixture distribution, the corresponding region of each
reaction category can be obtained as depicted in Figures 8 and 9. It is worth noting that the
Gaussian mixture model used in this study is a classification method based on probability.
There is actually no clear boundary between each category. The classification region of
Figures 8 and 9 is determined by the maximum membership degree corresponding to
the input.
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Table 1. Parameters of the Gaussian mixed model.

Category Mean Covariance Matrix Proportion

LDW-DS1 [ 5.8831 3.5787]
[

1.0502 −0.0809
−0.0809 1.1844

]
0.2906

LDW-DS2 [15.8273 3.4934]
[

63.5913 −0.1535
−0.1535 0.6317

]
0.2487

LDW-DS3 [ 8.6936 11.2533]
[

11.2115 −3.4531
−3.4531 37.5676

]
0.2694

LDW-DS4 [ 51.0111 13.8568]
[

0.00121 −0.000202
−0.000202 0.000199

]
0.1913

FCW-DS1 [−8.1035 3.0251]
[

52.0797 −2.1101
−2.1101 1.5538

]
0.4375

FCW-DS2 [−16.2817 5.2704]
[

127.5028 4.7707
4.7707 2.2670

]
0.1388

FCW-DS3 [−0.0106 4.1365]
[

13.8499 0.0105
0.0105 0.4118

]
0.3345

FCW-DS4 [−2.2710 10.5774]
[

46.2933 −10.2554
−10.2554 19.5206

]
0.0792
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From the above classification, the practical significance of the distributions are as fol-
lows.

LDW-DS1: In this type of warning, the warning duration is relatively short and the
change in angle is relatively small (<10◦). It means that drivers’ response in this category is
timely with a relatively small change in angle. This is a reasonable and safe response to the
alarm and can be identified as positive reaction.

LDW-DS2: In this category, the drivers change their driving angle abruptly in a short
time. According to our survey of videos recorded by buses, these events are mainly caused
by drivers’ overreaction or by a critical safety event. Considering that former research
studies haven proven that crash rates increase as steering angle variation increases [41],
such incidents should be avoided as much as possible.

LDW-DS3: In this category, although the angle that needs to be changed is relatively
small, the response time of the drivers to LDW is relatively long. These events imply that
the driver cannot respond to the alarm on time or they ignore the warning. This can be
identified as a negative reaction and may influence driving safety.

LDW-DS4: In this category, alarm time is generally long and the change of angle is
relatively large. After the verification of naturalistic video records (as shown in Figure 10),
it can be found that records in this category are mainly caused by drivers’ non-standard
driving behavior (i.e., changing lanes without using turning signal). These records will not
be further discussed in this paper.
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FCW-DS1: In this type of warning, the warning duration is relatively short and the
change in vehicle speed is relatively obvious. These records are mainly caused by unrea-
sonable following behavior. In this category, drivers take timely and appropriate speed
deceleration. This is a reasonable and safe response to the alarm and can be considered as
a positive reaction.

FCW-DS2: In this type of warning reaction, drivers often reduce the speed abruptly.
These events are mainly caused by drivers’ overreaction or by a critical safety event. They
may lead to crashes because crash rates increase as speed variation increases [39,40].

FCW-DS3: In this category, the alarm time is relatively long (>3 s) and the change
in speed is less obvious, implying that the driver has not paid enough attention to the
warning. This category can be seen as negative reaction.

FCW-DS4: In this category, the alarm time is relatively long. After checking the
original video records, these records are caused by irregular driving behaviors and are
actually not near-crash situations (i.e., overtaking with a small headway). These records
will not be further discussed in this paper.

Based on the above discussion, for either LDW or FCW, DS1 can be identified as
positive reaction, DS2 as overreaction, and DS3 as negative reaction or emergency.

3.2. Result of Drivers’ Membership Degree to Reaction Types

LDW-DS4 and FCW-DS4 are influenced by the abnormal data caused by incorrect
detections and abnormal behaviors (such as lane changing without turning signal). In this
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paper, the authors describe the drivers’ reactions by calculating their membership degree
to DS1, DS2, and DS3.

The membership degrees of all the drivers are calculated using Equations (20) and
(21). Figures 11 and 12 depict the membership degree of each driver that can be used to
identify their typical reaction to warnings. Table 2 presents the statistical characteristics of
the drivers’ membership degrees.
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Table 2. Statistical characteristics of drivers’ membership degrees.

Statistical
Characteristics

Type LDW FCW
Mmean_LDWj Mcv_LDWj Mmean_FCWj Mcv_FCWj

j = 1 positive 38.7% 22.3% 52.8% 36.0%

j = 2 overreaction
or emergency 28.9% 42.0% 21.5% 78.9%

j = 3 negative 32.4% 30.4% 25.7% 71.5%

It is evident that, in general, the membership degrees of FCW to positive reactions are
higher than those of LDW, revealing that the drivers’ reactions to FCW are more positive
overall. This finding supports the previous questionnaire survey regarding the acceptance
of LDW and FCW [27]. By comparing the coefficients of variation, it can be concluded that
the difference in the drivers’ reactions to FCW is more obvious than to LDW. It depicts that
the difference in drivers’ acceptance of FCW is greater than that of LDW.

3.3. Drivers’ Membership Degree to Reaction Types in Different Environments

By matching the road type with the alarm GPS information, the drivers’ responses to
the ADAS alarm on different types of roads through the drivers’ naturalistic driving data
was studied.
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From Figure 13, it can be observed that the bus drivers tend to be overreactive and
ignorant to both LDW and FCW on urban roads, while they react more positively on
freeways. This conclusion is consistent with the previous findings of car drivers through
FOT [27].
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In addition, the difference in the drivers’ reactions to LDW and FCW is more evident
in freeways. This shows that the reactions of drivers to the ADAS alarm are closer on urban
roads than on freeways. This may be attributed to the fact that the constraints of a complex
urban environment and traffic flows lead to increased forced lane departures and forward
collision tendencies.

In actual driving, another important driving-environment change is the time of day.
There are significant differences in traffic flow characteristics and the visibility between
daytime and nighttime. The authors set 6:00 to 18:00 as daytime and 18:00 to 6:00 the next
day as nighttime. Figure 14 illustrates the characteristics of the drivers’ reactions during
daytime and nighttime. Bus drivers behave more positively to LDW and FDW at night,
particularly to FCW. This may be caused by the drivers’ high mental workload at night [47].
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The coefficient of variation of membership also has obvious differences during differ-
ent times. The coefficients of variation are higher at night both for LDW and FCW. This
implies that bus drivers’ reaction shows greater difference at night.

4. Discussion

Previous studies have shown that the acceptance of the ADAS warning varies between
drivers and the same driver’s response to the ADAS warning in different environments also
varies [48]. These differences have been investigated by various researchers using FOTs
and driving simulator experiments by a control group or Likert scale [21,24,25,27,34–36].
However, there are still some gaps in former studies. The previous research objects are
mainly private car drivers and it is uncertain whether the results apply to bus drivers.
Moreover, some research methods based on driving experiments (especially the driving
simulator experiments) encounter challenges [26]. Using naturalistic driving data of bus
drivers for research provides a feasible solution to these problems [32]. In this study, the
unsupervised learning method were employed to address bus drivers’ naturalistic data.

Based on naturalistic driving data, it was found that the bus drivers responded more
positively to FCW than to LDW and more positively to alarms on freeways than on urban
roads, and this conclusion is consistent with previous studies of car drivers. [21,27]. The
authors also found that drivers responded more positively to alarms on freeways than
on urban roads and more positively to alarms at night than at day, which expanded the
understanding of bus drivers’ acceptance to ADAS.

Furthermore, by comparing the membership degree’s coefficients of variation, the
authors draw the conclusion that the difference in drivers’ acceptance of FCW is greater
than that of LDW and the difference in drivers’ acceptance to both LDW and FCW is
greater on the freeway than on urban roads, notably greater at night than during daytime.
This study shows that LDW has a problem regarding the low acceptance and FCW has
a problem regarding the large difference in bus drivers’ acceptance. In addition, these
problems may become more severe in specific environments. This study inspires designers
to adjust the bus ADAS for different time periods and road environments.

This study also provides a new approach for the improvement of the ADAS. In
this study, drivers’ reactions were categorized into three types: negative, overreaction or
emergency, and positive. Negative reactions reduce the effect of the ADAS warning system
and may increase the drivers’ driving risk. Overreaction (such as emergency braking and
rapid lane change) may affect the operation of other vehicles nearby [39–41]. The developer
of ADAS can reasonably change the alarm threshold according to the drivers’ response
characteristics to improve the acceptance of the ADAS alarm and develop adaptive ADAS to
different drivers. Previous studies have designed ADAS alarm thresholds adaptively based
on drivers’ car-following characteristic parameters [49]. In this study, new characteristic
parameters based on bus drivers’ reactions are proposed by the Gaussian mixed model
and fuzzy logic method, which can be seen as the principle of the ADAS design.

However, although this experiment can determine the differences in drivers’ responses
to the alarm in different environments, it cannot obtain the specific reasons for these
differences. This may hinder the improvement of the ADAS. For example, in urban roads,
the drivers’ responses to the alarm are less positive. One possible explanation is that the
relatively complex driving environment of urban roads increases the drivers’ cognitive
dispersion [50]. Another explanation is that the complex traffic environment on urban
roads encourages compulsive behaviors in drivers. The accuracy of FCW and LDW may
decrease due to complex traffic conditions, thereby affecting the drivers’ trust in the system.
Therefore, it is required to appropriately reduce the difference in the environment and test
the drivers’ cognitive ability (by rapid serial visual presentation (RSVP) [51] or mental
math) in further studies.

Moreover, there exists another limitation in this study. When discussing DS3, the
authors do not distinguish between emergency and overreaction, and give an explanation
based on security performance. However, from the perspective of drivers’ acceptance of
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ADAS, it is necessary to distinguish the two behaviors. Some detection methods based on
computer vision may be needed to solve this problem completely.
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