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Abstract

The use of non-motorized vehicles in urban city has improved the convenience of short-

distance travel and reduced traffic pollution. However, the overtaking behaviour of non-

motorized vehicles impacts traffic safety and efficiency significantly. The objective of this

study is to model the durations of overtaking behaviour in the non-motorized vehicle exclu-

sive lane. A total of 3010 overtaking events of non-motorized vehicles were extracted from

two locations in Chengdu, China. The nonparametric survival analysis was conducted to

model the overtaking duration of non-motorized vehicles. The categorical variables that sig-

nificantly influence the overtaking duration were examined by the Log-rank test. The results

show that the overtaking durations of female riders is longer than that of male riders. It takes

longer for electrical bikes to complete overtaking than conventional bikes. When the non-

motorized vehicle is under the load state (i.e. passengers or goods on the non-motorized

vehicle), the overtaking behaviour takes more time than the un-load state. Moreover, it

takes less time to overtake the non-motorized vehicle with load than to overtake the one

without load. When there is a wrong-way driving phenomenon or under higher traffic vol-

ume, the duration is longer compared to the normal traffic and lower traffic volume condi-

tions. The findings of this study attempt to provide a more profound understanding of non-

motorized vehicles overtaking behaviour under different traffic conditions and give insights

to the safety research of non-motorized vehicles.

1. Introduction

Non-motorized vehicles (NMV), including conventional bikes and e-bikes, have been an

important component of the traffic system in many countries. Traveling with NMV can bene-

fit the city environment, social economy, and public health [1, 2]. Many cities have developed

exclusive lanes for the increasing demand of non-motorized traffic as supporting facilities. The

dedicated lane spatially separates the non-motorized vehicles and the motorized vehicles, pro-

viding a relatively safe space for the non-motorized vehicles. As the decreasing volume of

NMV, the interactions between non-motorized vehicles in their exclusive lane become a major
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concern affecting the NMV driving efficiency and safety. The overtaking behavior between

non-motorized vehicles is a frequently observed interaction and potentially impacts the nor-

mal driving of NMV [3].

The overtaking event stems from the subject non-motorized vehicle’s pursuit to maintain

the desired speed during riding. The significant speed difference between the subject NMV

and the front NMV gives the possibility to complete the total overtaking event [4]. The over-

taking behaviour is a complex physical and mental process that involves a series of actions

including lane-changing maneuvers, acceleration phase, and deceleration actions [5]. Non-

motorized vehicle riders have to evaluate the lateral space with the target NMV and adjust the

speed and the riding angle. Increasing mental workload and pressure may have arisen during

the judgments of the traffic environment and driving operations. The frequent changings in

driving operations and cognitive pressure would deteriorate the driving safety and traffic effi-

ciency. The NMV overtaking behaviour is a potential factor that increases the collision proba-

bility and downgrades the service of level. For example, the overtaking non-motorized vehicle

can collide with another non-motorized vehicle or the curb due to false estimations of the lat-

eral passing distance. The head-on may occur between the overtaking non-motorized vehicle

and the wrong-way-driving NMV. Overtaking NMV may rear end with the front NMV owing

to the abrupt change of the speed of the front NMV [6]. In addition, under non-physical isola-

tion form and limited space driving space, the non-motorized vehicles invade to the motorized

vehicle lane to pass the front NMV, which causes disorderly traffic conditions and NMV-MV

accident [7].

Efforts have been made to analyze the characteristics of non-motorized vehicles during the

overtaking maneuvers and the factors influencing the overtaking maneuver. The majority of

studies focus on the speeds of the overtaking and overtaken bicycles, comfort speed difference

threshold, lateral gap during passing, and the overtaking motivation. Khan et al. [8] examined

the speed of bicycles during passing every 0.5 s through video recording and studied the rela-

tionship between the speed of the overtaking bicycle and that of the overtaken bicycle. This

research also compared the lateral distance between the bicycle and the edge of the bicycle

path during passing and no passing. Barmpounakis et al. [9] found that the speed difference

between the overtaking vehicle and the front vehicle is the key factor that influences the pow-

ered-two-wheelers (PTW) overtaking maneuver. The observation research revealed several

factors that affect the overtaking behaviour, such as whether there are passengers on the PTW,

whether there are heavy vehicles in the road, and whether there is a platoon phenomenon.

Guo et al. [10] investigated the lateral distance acceptance of the two-wheelers during overtak-

ing. Findings show that the accepted lateral distance for bicycles is significantly larger than

that for e-bikes and e-scooters. Zhao et al. [11] modeled the passing events in mixed bicycle

traffic using cellular automata. It indicated that e-bicycles contribute to passing events in

mixed traffic conditions. To the best of the authors’ knowledge, among the studies analyzing

non-motorized vehicles’ overtaking maneuvers, no studies model the overtaking duration.

However, the overtaking duration reflects the extreme hazard time that can be considered as a

road safety evaluation parameter. As a matter of fact, the lane-changing maneuver and the

acceleration and deceleration actions during the overtaking process make the road users more

likely to generate traffic conflicts and violations. It is necessary to study the overtaking dura-

tions of NMV in order to improve the traffic safety level and better understand the traveling

features of NMV. The further exploration of overtaking durations can also give inspires for the

policy makers and designers about the non-motorized vehicle lane geometry designing, such

as the lane width and the isolation form.

Although few studies have focused on the duration of overtaking behavior of NMV, the

research on the duration of overtaking behaviour of motorized-vehicles is extensive, and the
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research methods can be used for reference. For instance, in order to model the duration of

overtaking in two lane highways, Vlahogianni [12] applied the survival analysis approach to

describe the total overtaking duration, accelerating phase duration, and the back-to-lane phase

durations. Several exogenous variables were considered in the model as covariates to better

understand the influence of different external conditions on the overtaking behaviour dura-

tions such as gender, speed, and available space. Another recent study analyzed the overtaking

durations of motorcyclists [13], which is another type of two-wheeled vehicle, but larger in size

and usually gasoline-powered compared to non-motorized vehicles, i.e. conventional bikes

and electric bikes. A hazard-based duration model was developed to explore the difference of

overtaking durations under different traffic conditions. The survival analysis, also called the

duration model, is an appropriate method to model the duration data with a certain time as

the starting time and a specific event as the ending point [14]. It has been frequently used in

biology, medicine, and reliability engineering [15]. In recent years, survival models have also

been widely applied in transportation researches, such as vehicles accident duration [16, 17],

drivers’ reaction times for the traffic signal [18], riders’ waiting time of the crossing behaviour

[19], drivers’ reaction times under mobile phone distraction [20], etc.

The present paper aims to model the durations of non-motorized vehicles’ overtaking

behaviour in the non-motorized vehicle exclusive lane. Based on the field survey, the overtak-

ing events were collected by video observations. The nonparametric survival model was car-

ried out to analyze the overtaking durations of NMV. The difference of overtaking behaviour

durations between male riders and female riders, different NMV types (bikes and e-bikes), and

traffic environment were discussed using the Kaplan-Meier model.

2. Data collection

2.1. Study location

The map-based random sampling and field survey were used to select the study locations of

this research. The following criteria were used for selecting the potential observation sites:

1. The type of isolation between the motorized vehicle lane and the non-motorized vehicle

lane must be physical isolation. The non-motorized vehicle overtaking behaviour happen in

both the physical isolated and non-physical isolated lane. However, overtaking events of

non-motorized vehicles within the physical isolated exclusive lane can not be disturbed by

the motorized vehicles, and it is much easier to observe the events and extract the

durations.

2. The NMV volumes are large enough to allow sufficient overtaking events to be captured.

3. There is a pedestrian overpass at the upstream of the selected section for setting up the cam-

era, and the road direction has a good view without obstructions.

Based on the abovementioned criteria, two sites in Chengdu, China, were selected based on

Baidu Street View Map. They were the intersection of Dongxiu SecondRoad & Erhuan Road

(site 1), and the intersection of Tongying Street & Erhuan Road (site 2). A pilot observation

was conducted to ensure the reasonableness of the selection of the two survey sites. The two

locations were visited on site to check the feasibility of video camera installation and the range

of view. The traffic was also observed for 15 minutes to confirm the presence of overtaking

behaviour between non-motorized vehicles.
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2.2. Field observation

The non-motorized vehicle traffic of two intersection approaches were collected during Janu-

ary 2020. The weather condition was considered for video recording. Sunny days were chosen

for a better field of view. The two study sites were recorded from 7:30 to 9:30 and from 12:00

to 14:00 on January 4th and January 6th, 2020, respectively. The period of 7:30 to 9:30 was

selected to represent the morning peak hours, and the 12:00 to 14:00 period was selected to

represent the noon peak hours. Video cameras were installed in front of the approaches. The

high-definition camera can capture the non-motorized vehicle flow state of the approaches for

2 hours at least, and support to extract overtaking events between NMV. A total of 8 hours of

video data were collected at the two intersection approaches.

2.3. Extraction of overtaking behaviour between non-motorized vehicles

Video data were played using PotPlayer and observed by two analysts. To ensure inter-rater

reliability, the two analysts were trained to understand the non-motorized vehicle overtaking

behaviour, the duration of overtaking behaviour, and the factors that need to be recorded dur-

ing observation. The two analysts were given a same short piece of video for practicing, and

the extracted data were compared afterward. The principle is that the overtaking events and

factors extracted by the two analysts are the same, and the average difference in the duration of

overtaking behaviour is less than 5%.

In general, the overtaking behaviour can be divided into two phases, the acceleration-prepa-

ration phase (Phase I) and the overtaking-success phase (Phase II) (Fig 1). Phase I refers to the

stage where the rider has the motivation to overtake and starts to change the steering angle

and speed in order to overtake. In this phase, the rider begins to think whether to overtake or

not and prepares to overtake the front non-motorized vehicle. Usually, the overtaking inten-

tion is the strongest when the speed of the front non-motorized vehicle is very low that hinders

the riding of the rear non-motorized vehicle, and there is enough space for overtaking. Phases

II refers to the after overtaking stage and the trajectory of the overtaking rider can be classified

into two types. The first type is that the overtaking non-motorized vehicle turns back to the

original lane position (Fig 1a). Contrarily, some riders choose to ride directly forward (Fig 1b).

The choice of riding behaviour in the second phase depends on the riding habit of the rider,

traveling space, and the surrounding traffic environment.

Fig 1. Graphical representation of the two types of overtaking behaviour.

https://doi.org/10.1371/journal.pone.0244883.g001
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Based on the illustrations of the two types of overtaking behaviour, the starting and ending

time of overtaking behaviour can be judged by the following principles. The starting time is

the time when the non-motorized vehicle begins to change its trajectory in both of the two

types of overtaking behaviour. The ending time of the two types of overtaking behaviour is dif-

ferent. For type I overtaking behaviour, the ending time refers to the time that the non-motor-

ized vehicle overtakes successfully and back to the original lane position. For type II

overtaking behaviour, the ending time is the moment that the rear of the non-motorized vehi-

cle overtakes the head of the front non-motorized vehicle. The total duration of overtaking

behaviour is the difference between the ending time and the starting time.

Potential factors considered to influence overtaking behaviour duration were also recorded.

They include individual factors of the overtaking and the overtaken NMV, vehicle factors of

the overtaking and the overtaken NMV, and traffic condition factors. The individual factors

involve gender, phone use condition, and whether they wear helmets. The vehicle factors refer

to the type and load status of non-motorized vehicles. Specifically, the non-motorized vehicle

type includes bike and e-bike, and the load status refers to whether they carry passengers or

goods. Traffic condition factors related to the riding environment include the traffic volume,

whether there is on-street parking, whether there is pedestrian passing, and whether there are

wrong-way driving (WWD) non-motorized vehicles. Typically, the average traffic volume per

signal cycle is used as the traffic volume and is divided into two levels which are low (0–25

bicycle/cycle) and high (>25 bicycles/cycle). The wrong-way driving means traveling in the

wrong direction or traveling in the opposite direction along the street [21, 22]. Besides, the

time of day was also considered during video data recording (i.e. morning peak and noon

peak).

3. Methodology

In the survival analysis model, the variable of interest is the time of duration, representing the

survival time until a terminal event happens [15]. The terminal event in this study refers to the

ending of overtaking behaviour Let T be a non-negative variable representing the time of an

overtaking event, and the survival function S(t) is defined as the probability that T is of a length

longer or equal to a specified time t, which means the overtaking event lasts to time t at least. S

(t) is given by:

SðtÞ ¼ 1 � FðtÞ ¼ PrðT > tÞ ð1Þ

where F(t) is the cumulative distribution function, Pr is the probability.

The Kaplan-Meier (KM) method is a typical and most frequently used non-parametric

model for estimating the survival probability of lifetime data, and also known as “Product-

Limit model” [23]. The KM model provides an analysis approach that discusses the effects of

influence factors on the duration by different analytical groups. The survival function in the

KM model is [14]:

SðtÞ ¼
Y

ti�t

1 �
di

ni

� �

ð2Þ

where ti is the duration of the observation point i (i = 1, 2, 3, . . .), di is the number of events

that happened at the time ti, ni is the individuals that known to have survived before ti (censor-

ing has not happened until ti).
In this study, all the overtaking behaviours were fully recorded from the beginning to the

ending, which means there is no censoring data. Furthermore, the overtaking events can be

treated as recurrent events, because they occurred several times during the observation periods
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and the survival time for each overtaking event was unique. The survivor function can also be

calculated using the recurrence relation, and is given as follows [14]:

SðtjÞ ¼ Sðtj� 1Þ � PrðT > tj
�
�
�T � tjÞ ð3Þ

Sðtj� 1Þ ¼
Yj� 1

i¼1

PrðT > ti
�
�
�T � tiÞ ð4Þ

where tj is the No. j overtaking duration after ordering all the overtaking durations from small-

est to largest, Pr(T> tj|T� tj) is the estimated probability when the duration of overtaking is

larger than tj at least, and i and j are the index for an overtaking event.

The Log-rank test is applied to compare the significant difference between two or more dif-

ferent analytical groups. The null hypothesis of the Log-rank test is that there is no difference

in the survival probability of an event at any time point [24]. The Log-rank test is a non-

parametric test, which makes no assumptions about the survival distributions. In essence, the

Log-rank test compares the observed number of events in each analytical group with the

expected number of events if the null hypotheses were true, i.e. the survival cures were identi-

cal. The statistic indicator of the Log-rank test is approximately distributed as a chi-square test

statistic, and can be calculated as follows [14]:

LLRS ¼
ðO2 � E2Þ

2

VarðO2 � E2Þ
ð5Þ

O2 � E2 ¼
XN

j¼1

ðm2j � e2jÞ ð6Þ

where LLRS is the Log-rank test statistic, O2 is the observed score for the second group, E2 is the

expected score for the second group, m2j is the observed number of overtaking events when

time is tj in the second group, e2j is the expected number of overtaking events when time is tj
in the second group, N is the total number of overtaking events and j 2 [1, N].

4. Results and discussions

4.1. Descriptive statistics

From the 8 hours of video recordings, a total of 3010 valid samples were recorded. Table 1

depicts the distribution of the overtaking duration, and the histogram of overtaking duration

Table 1. Distribution of overtaking duration.

Overtaking duration (s) Number of observations Percentage (%)

1–2 657 21.83

2–3 755 25.08

3–4 530 17.61

4–5 366 12.16

5–6 313 10.40

6–7 190 6.31

7–8 97 3.22

8–9 50 1.66

9-Highest 52 1.73

https://doi.org/10.1371/journal.pone.0244883.t001
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is illustrated in Fig 2 for more visually display. The sample data of overtaking duration ranged

from 1.153 s to 9.997 s, with a mean of 3.646 s and a standard deviation of 1.934 s. The

observed 15th, 50th, and 85th percentile overtaking durations were 1.68 s, 3.15 s, and 5.80 s,

respectively. A further look at the data shows that the majority of the observed overtaking

durations are between 1 s and 4 s.

4.2. Survival model estimation

Table 2 provides the results of the Log-rank test of different groups. Only the significant ana-

lytical groups at a 5% level of significance are included. The significant analytical groups are

the gender of the overtaking rider, type of the overtaking NMV, load status of the overtaking

NMV and the overtaken NMV, whether there is wrong-way driving, and the traffic volume

level.

The result of the Kaplan-Meier model indicates that longer durations of overtaking are

anticipated for female riders than male riders on average (Fig 3). The survival curve means

that the probability of failing to complete overtaking declines with the overtaking duration.

The overtaking durations of male riders and female riders for median survival are 2.73 s and

Fig 2. Histogram of overtaking duration.

https://doi.org/10.1371/journal.pone.0244883.g002
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4.25 s, respectively. For male riders, when the overtaking duration lasts 6 s, the overtaking

behaviour finishes basically. However, when the duration is 6 s, the survivor function is still

0.2 for female riders. This result is in line with the fact that female riders are considered to be

generally more prudent than male riders. An observation study indicated that females have a

stronger sense of safety and drive slower than male drivers [25]. In general, the male riders are

on average more experienced than female riders, and more predictable than female riders

when overtaking [26]. Besides, female riders usually leave more space from the overtaken

NMV than male riders [27], which makes female riders spend longer time to overtake than

male riders.

The survival probabilities of overtaking durations for bikes and e-bikes are shown in Fig 4.

The two survival curves are not far apart, which indicates that there is not much difference in

the overtaking durations of bikes and e-bikes. It is observed that the ebikes and bikes ride in a

comparable speed on the road. In general, the survival probability of bikes is a little higher

than that of the e-bike at the same overtaking duration. One reason is that e-bikes are faster

than bikes due to their different dynamical features [28]. A floating vehicle travel time study

conducted in China has compared the speeds of bike and e-bike and shown that the speed of

e-bikes is 30–35% higher than that of bikes [29], which results in a shorter time for e-bikes

when they travel the same distance. Another reason is that the bike riders are more sensitive in

the overtaking process than e-bike riders from the view of safety perception. A previous study

has shown that the e-bike riders are riskier than conventional bike riders [30]. The survivor

Table 2. Results of the Log-rank test.

Analytical groups Log-rank test statistic P-value

Gender of overtaking rider 260 < 0.001

Type of overtaking NMV 155 0.003

Load status of overtaking NMV 595 < 0.001

Load status of overtaken NMV 25.4 < 0.001

Wrong-way driving 234 < 0.001

Traffic volume level 10 0.002

https://doi.org/10.1371/journal.pone.0244883.t002

Fig 3. Survival probability of male and female overtaking riders.

https://doi.org/10.1371/journal.pone.0244883.g003
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curves also show that after the duration lasts 6 s, the two survival curves almost coincide. This

result is in accordance with the reality that the speed difference between bikes and e-bikes is

not very significant at the observation sites. Specifically, the overtaking durations of bikes and

e-bikes corresponding to the median survival probability for are 3.14 s and 3.31 s, respectively.

With the Kaplan-Meier model, the survivor probabilities for overtaking NMV with load

and without load are shown in Fig 5. The likelihood of failing to finish overtaking decreases

with the overtaking duration. The survivor probability of the overtaking with load is higher

than that of the overtaking without load status at the same overtaking duration. The results

indicate that it takes more time for non-motorized vehicles to finish overtaking when they

carry passengers or goods. The overtaking duration of the overtaking NMV without load for

median survival is 2.72 s, while the corresponding value for the without load overtaking NMV

is 4.22 s. For the overtaking NMV without load, the survivor function tends to be zero when

Fig 4. Survival probability of overtaking bikes and e-bikes.

https://doi.org/10.1371/journal.pone.0244883.g004

Fig 5. Survival probability of the overtaking NMV with load and without load.

https://doi.org/10.1371/journal.pone.0244883.g005
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the duration is 6 s. The KM analysis indicates that the survival function is close to zero when

the whole overtaking duration is 10 s for the overtaking NMV with load. There are two reasons

for the phenonmenon. First, it is observed that the overtaking NMV with load leaves a longer

distance from the overtaken NMV during the overtaking period. Second, the speed of the over-

taking NMV with load is lower than that without load.

The KM model estimation of the load status of the overtaken NMV is similar to the result

of the load status of overtaking NNV. Fig 6 shows the survivor functions of overtaking dura-

tions when the overtaken NMV is with load and without load. The overtaking duration for

median survival of the overtaken NMV with load is 2.83 s, while 3.48 s for that without load. It

also indicates that after the overtaking duration lasts 6.2 s, the two survivor probability curves

incline to coincide. In general, the riders of the overtaken NMV with load travel slower than

the overtaken riders without load. From the video observation, the overtaken NMV with load

occupied more road space than that without load, resulting in less space for overtaking than

empty load state. In this circumstance, the overtaking riders need to slow down during pass-

ing, leading to a longer duration of overtaking.

Fig 7 shows the survivor probabilities under the wrong-way driving condition and without

wrong-way driving condition. The overtaking durations for median survival of the condition

with WWD and without WWD are 2.70 s and 4.47 s, respectively. The result indicates that

when there is WWD, the survivor probability is greater than that without WWD. It means that

the wrong-way driving phenomenon leads to a longer overtaking duration. This case corre-

sponds with the reality that wrong-way driving is a major constant traffic safety problem and

reduces traffic efficiency. According to the previous study, WWD is the phenomenon that

drivers travel in the opposite direction of traffic flow [31]. In the present paper, WWD refers

to the condition that NMV riders travel against the main direction of the non-motorized traffic

flow. In the situation of WWD exists, non-motorized vehicles in the main direction have to

change speed and angle to avoid traffic conflicts with the WWD non-motorized vehicles.

When the main driving non-motorized vehicle is in the overtaking process, overtaking dura-

tion will be increased by the wrong-way-driving non-motorized vehicles. The WWD phenom-

enon will lead to a reduction of traffic capacity and cause traffic congestion easily [32].

Fig 6. Survival probability of the overtaken NMV with load and without load.

https://doi.org/10.1371/journal.pone.0244883.g006
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The survivor functions of the durations of NMV overtaking behaviour under low traffic

volume and high traffic volume are shown in Fig 8. The survivor probability under the low

traffic volume is lower than that under the high traffic volume at the same overtaking duration.

Specifically, the overtaking durations for the median survival under the high traffic volume

and the low traffic volume are 3.27 s and 3.11 s, respectively. This result is in line with previous

studies. A behavioural study found that the violation rate in high-density non-motorized vehi-

cles condition was higher than that in low-density non-motorized vehicle conditions [33]. The

increasing number of violations within the road will hinder the normal operations of traffic

flow and affect the overtaking behaviour. This result is also consistent with the reality that

speed decreases with the increase in traffic volume, which leads to a longer duration of over-

taking behaviour.

Fig 7. Survival probability with WWD and without WWD.

https://doi.org/10.1371/journal.pone.0244883.g007

Fig 8. Survival probability under low traffic volume and high traffic volume.

https://doi.org/10.1371/journal.pone.0244883.g008
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5. Conclusions

This study applied a nonparametric survival analysis method to model the overtaking dura-

tions of non-motorized vehicles in the non-motorized vehicle exclusive lane. A total of 3010

non-motorized overtaking events were collected by video-based observations from two signal-

ized intersection approaches in Chengdu, China. The mean value of duration conducted from

the two observation sites is about 4 s, and most of the observed durations are between 1 s and 4

s. The relationship between overtaking durations and influencing factors are discussed in the

Kaplan-Meier model. Results show that the overtaking durations of male riders are shorter

than that of the female riders significantly. Different types of non-motorized vehicles have dif-

ferent overtaking time. Specifically, the duration of conventional bikes is longer than that of e-

bikes. The load status of the overtaking non-motorized vehicle increases the duration, while

the overtaken riders’ load status reduces the total duration. In addition, if there are wrong-

way-driving vehicles, the duration will be enlarged. The overtaking duration is longer under

high traffic volume than that under low traffic volume.

There are some shortcomings of this study. First, the data used in this study was from only

two locations in China. The driving habits of NMV may vary among different traffic environ-

ments and countries. More observation sites and data set are recommended in future studies

and the heterogeneity between observation sites can be considered in the model as well. Sec-

ond, the overtaking durations analyzed in this study were extracted manually. The starting and

ending points depend on the observers’ judgments. An emerging technology based on the

computer-vision has been widely used in road safety analysis and evaluation [34–36]. Future

work can use the trajectory tracking technology to get the road users trajectory information.

The traveling parameters such as speed, acceleration, deceleration, and yaw rate can be consid-

ered in the model. The overtaking duration can also be considered in traffic conflict and traffic

safety evaluation analysis in further studies with the help of automated video-based conflict

analysis [37, 38]. Third, the influencing factors on overtaking duration are analyzed by analyti-

cal groups. The nonparametric model cannot quantify the effects of the variables. In the future

study, the parametric models will be considered to better understand the influence factors.
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