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Abstract: The merging area is one of the most accident-prone areas on highways. After an accident
occurs, the risk will propagate along the main road over a certain range and time. Therefore, the study
of the propagation mechanism of accident risk will help to quantify the driving risk in this region.
An effective risk prediction model is important for improving traffic control measures in this specific
area. In this study, simulation experiments were conducted in SUMO (Simulation of Urban Mobility)
to obtain the accident and risk propagation data in merging areas. Firstly, the Gaussian plume
model was optimized for the merging area situation to determine and divide the impact range of the
accidents. Then, different accident scenarios in the merging area and downstream were simulated
with different input flow rates to study the time and speed of risk propagation in the three-level
affected areas. Finally, LSTM (long short-term memory) and RNN (recurrent neural network) models
were built to predict the accident risk in the merging area. The results showed that the LSTM model
had higher accuracy. This study provides an innovative insight into the propagation process of
merging area accidents. It is of benefit to the development of post-accident control measures.

Keywords: traffic accidents; merging area; risk propagation; risk prediction; LSTM

1. Introduction

The merging area is a black spot for traffic accidents due to conflicts between merging
vehicles and mainline vehicles. However, the impact of traffic accidents is not a static factor.
Their risks can affect other system elements in space and time. Therefore, when analyzing
traffic accidents, it is necessary to study the interactions between various elements and
their impact on the mechanism of risk propagation.

1.1. Mechanism of Traffic Accident Risk Propagation

Past research has mainly focused on analyzing the queuing phenomenon that occurs
after an accident and assessing the level of impact on the surrounding road network.
Michalopoulos [1] established a method to simulate traffic flow density variation using
fluid mechanics. This method considered traffic flow fluctuations as waves in water and
studied the propagation characteristics of traffic waves during the congestion-dispersion
process in traffic jams. Sheu et al. [2] calculated accident delay value, vehicle queue length,
and congestion duration based on arrival-departure curves using a queuing model for
congested vehicles on highways. However, the model could not predict real-time traffic
states. Deo et al. [3] considered various factors such as incident location, queue length,
weather conditions, and lane closures. They established a survival model based on severity
parameters to estimate the duration of the event and its impact. Lawson et al. [4] improved
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the cumulative arrival-departure graph by describing the number of queued vehicles as a
function of time. They determined the impact range of upstream congestion on bottleneck
sections. However, the model was only suitable for studying unsaturated situations. R.
Smid [5] provided a spatial impact calculation method for highway accidents based on
basic traffic flow analysis principles. The method considered the imbalance between traffic
demand and supply as the cause of traffic accidents. Khattak et al. [6] predicted the duration
of accidents on highways using an integrated accident online management tool based on
rigorous statistics and queuing models.

Chung et al. [7] used the BIP algorithm to quantify the delay caused by highway
accidents. They identified factors that caused such delays by predicting the reliability of
random accident events with circular detectors. Zhang et al. [8] proposed a prediction
method for the spatial impact propagation of traffic events on highways. They improved
the application method of the traditional traffic flow fluctuation theory by quantifying the
traffic flow operation characteristics. Hu et al. [9] developed a method for predicting the
range of accident impact by determining the traffic flow redistribution on surrounding
diversion routes. They used the inverse calculation of the OD matrix and estimated the total
travel time under induced conditions to provide guidance for traffic diversion measures. Li
et al. [10] established a prediction model for the impact range of sudden events by using the
index of the variation index and deviation of the total travel time of vehicles in the region
as a criterion. Yu et al. [11] calculated the traffic wave speed and queue length to study the
diffusion range of traffic accidents in different time periods. Li et al. [12] established an
estimate model for the radiation range of traffic flow under accident conditions based on
TransModeler simulation. Ma [13] constructed a staged model to predict the duration of
highway traffic accidents. They extensively used historical traffic data to predict the time
of accident reporting and handling. Lin et al. [14] predicted the scope of accident impact
based on the delay time of the accident-generated queue length and the recovery time of
the queue length. They proposed several post-accident traffic organization measures. Jin
et al. [15] quantitatively determined the accident impact area in three levels (point, line,
and surface) based on maintenance requirements, traffic flow theory, and travel times.

The above studies show that various approaches and models have been employed
to analyze the effects of traffic accidents and predict their duration and spatial impact.
These methods include simulating traffic flow density variations using fluid mechanics,
queuing models for congested vehicles on highways, survival models based on severity
parameters, and spatial impact calculation methods. Additionally, predictive techniques
based on statistical analysis, queuing models, traffic flow theory, and historical data have
been proposed. These studies have contributed to understanding queuing behavior and the
impact of accidents on traffic. However, these models and methods have certain limitations
and areas for improvement, such as poor data quality and difficulty in determining critical
parameters at the microscopic level.

1.2. Study on Traffic Accident Risk Prediction

Generally, predicting the risk of traffic accidents requires a large amount of traffic
flow data. By mining and extracting the characteristics of traffic accidents and establishing
prediction models, it is possible to predict traffic accident risks in a certain area over a period.
Traditional methods usually adopt parameter modeling methods. For example, Hossain
et al. [16] comprehensively used a random multinomial logit model and Bayesian belief
network to predict the risks of highway traffic accidents in real time. Zhai et al. [17] used
the Bayesian logistic model to predict the risks of highway traffic accidents under heavy
fog conditions. Sun et al. [18] proposed an accident probability prediction model based on a
dynamic Bayesian network using speed-time series data. In recent years, some researchers
have also built some non-parametric machine learning models [19]. For example, Yang
et al. [20] explored the application of support vector machines in the real-time risk division
of traffic flow. Zhang et al. [21] proposed a real-time traffic accident prediction method
based on the AdaBoost classifier by selecting the standard deviation features of traffic
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flow characteristics. Qu et al. [22] used support vector machines to evaluate the risks
of rear-end accidents on highways. Fu et al. [23] constructed a highway accident risk
model based on the random forest algorithm. With the continuous development of deep
learning technology, many researchers have also applied deep neural network models in
the field of risk assessment. Zhou et al. [24] constructed a model based on a differential
time-varying graph convolutional network and used multi-task learning methods to predict
both traffic flow and accident risks. Yuan et al. [25] proposed the Hetero-Conv LSTM model,
which collected multi-source heterogeneous data to predict the number of traffic accidents
occurring in the next time step. Yu et al. [26] constructed a traffic accident prediction model
based on a deep spatiotemporal graph convolutional network based on traffic flow speed,
weather conditions, and POI (point of interest) hotspots. Ren et al. [27] used traffic flow,
weather, and air data to predict the trend of regional traffic accidents through the LSTM
model. Their approach showed significant improvements compared with SAE (sparse
autoencoder) and SVM (support vector machine) models. Chen et al. [28] established a
stacked autoencoder model to study the impact of pedestrian flow on traffic accident risks.

The above studies have identified the applications of traffic flow data and historical
accident data in real-time accident risk prediction. However, most of these studies focused
on ordinary sections of highways and urban roads. Most of these results neglected the
spatial characteristics of accidents and the impact of potential factors on accidents.

1.3. Summary

Many past studies have focused on the macroscopic factors affecting accident risk
propagation and utilized machine learning methods for prediction. However, these studies
also faced significant challenges such as poor data quality and difficulty in determining
critical parameters at the microscopic level. In this study, we aimed to address some of
these limitations by utilizing a simulation approach to investigate risk propagation patterns
in highway merging areas. Specifically, our research includes building a detailed simulation
dataset and improving the Gaussian plume model for microscopic accident risk prediction
in such areas. The contribution of our study is the consideration of both macroscopic and
microscopic factors when investigating accident risk propagation patterns. Through our
proposed model, the complex mechanism of such phenomenon can be better understood.
The detailed simulation dataset and an improved Gaussian plume model were built for the
microscopic accident risk prediction in such areas.

The rest of this paper is organized as follows. Section 2 proposes the concept of
accident risk propagation in merging areas and defines the regional risk index. Section 3
establishes a Gaussian plume model of the accident impact, which classifies the accident’s
impact range. Section 4 studies the accident impact propagation mechanism in merging
areas through simulation experiments. Section 5 builds and compares two traffic accident
risk prediction models for merging areas. Finally, Section 6 concludes the contribution of
this paper and future work for this research.

2. Concept of Accident Risk Propagation

The merging area of highways is a high-risk area due to the interaction between
main road vehicles and ramp vehicles. When a traffic accident occurs, rapid changes in
traffic speed and competition for right-of-way among vehicles will change the risk level
of upstream sections. Additionally, the driver’s non-standard operations, unsuitable road
design, and traffic environment interference also increase the accident risks. These risks will
accumulate along the traffic flow and spread through congestion and dissipation waves, as
shown in Figure 1. After an accident occurs, the following vehicles need to brake to avoid
colliding with the accident vehicles. At the same time, the vehicles on the fast lane will
also be affected by the lane-changing behavior of the vehicles on the ramp. Therefore, the
closer the vehicle is to the accident site, the more likely it is to be affected. Its driving risk
increases accordingly. The farther the vehicle is from the accident site, the less affected it is.
If the vehicle is far enough away;, its driving risk will almost be unchanged.
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Figure 1. The accident impact illustration of the highway merging area.

However, risk propagation is a dynamic process, as shown in Figure 2. In the early
stage of an accident, the risk of collision increases due to the high likelihood of secondary
accidents caused by the sudden braking of vehicles. After a period, the traffic flow near
the accident position gradually slows down, and the risk between vehicles decreases. At
the same time, the risk caused by sudden brakes propagates to the upstream of the traffic
flow, resulting in high risk in the upstream area. The collision risk within the traffic flow
dissipates when the traffic flow stabilizes.

. High risk area Medium risk area Low risk area

Safe area W& Accident location
Figure 2. Schematic diagram of accident risk propagation.

2.1. Risk Indicators

Time-to-collision (ITTC) is used to evaluate the potential collision risk between two
vehicles. It is defined as the time it takes for two vehicles to collide if they continue to move
in their current direction at their current speed. The equation of this index is as follows:

S _ xia(t) —xi(t) —lig

TG = Vo o) —oia(t) @

where TTC;(t) represents the time-to-collision between vehicle i and the preceding vehicle,
where ¢ is the time at which the distance between vehicle i and vehicle i — 1 will become 0.
S represents the headway distance between vehicle i — 1 and vehicle i; V represents the
relative velocity between vehicle i — 1 and vehicle ; x;(t) and x;_1(t) are the head positions
of vehicle i and vehicle i — 1, respectively; v;(t) and v;_1(t) are the instantaneous velocities
of vehicle i and vehicle i — 1, respectively; and [;_; is the length of the preceding vehicle
i—1.
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2.2. Accident Severity Assessment

To define the accident severity, a threshold needs to be determined. Currently, most
studies use the cumulative frequency curve method to determine the threshold. Here, the
15% and 85% percentile values of the TTC cumulative frequency curve were chosen as
the thresholds for severe and general accidents. According to previous research [29], the
threshold for severe accidents is usually between 1.5 and 4 s, while the threshold for general
accidents is between 3 and 8 s. Therefore, severe accidents are defined as TTC < 3 s, general
accidents are defined as 3 s < TTC < 5 s, and minor accidents are defined as5s < TTC < 8 s.

2.3. Regional Risk Index

To comprehensively evaluate the risks within the merging area, it is not enough to
only focus on severe accidents. Therefore, three levels of traffic accidents are all considered
in the risk evaluation. The regional risk index (R) represents the level of risk within a
specific area. This index is calculated by weighing the frequencies of different levels of TTC,
so its nature should be consistent with the TTC. This index means that as the regional risk
index increases, the level of risk within the area decreases. In this study, the weight (w) of
each risk index level is set as w; = %, wy = %, and w3 = 1, so the codomain of the regional
risk index is [0,1]. The closer the risk index value is to 0, the more dangerous the area is.
Equation (2) shows the regional risk index definition:

" 1 r3
w1 “+ wy + ws
rit+r+rs r+r+rs rt+ra+rs

@)

where R is the regional risk index for the merging area; r1, r», and r3 are the frequencies of
three-level accidents within the time period; and w1, wy, and w3 are weighting coefficients.

3. Highway Merging Area Accident Impact Range Model
3.1. Gaussian Plume Model

To investigate the mechanism of accident risk propagation in the merging area, it is
necessary to determine the impact range first. In this study, the Gaussian plume model was
applied to describe the spread of accident risk. The accident position was regarded as the
diffusion source in the Gaussian plume model, and a risk propagation model based on the
Gaussian plume model was established.

The Gaussian plume model [30] is a mathematical model used to describe the transport
and diffusion of air pollutants in the atmosphere. Various factors must be considered in
constructing the Gaussian plume model, such as diffusion properties, light intensity, temper-
ature, and external wind force. The Gaussian plume model is described in Equation (3) [30]:

/ 12 ( ;- /)2 1(Z/+H/

2
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where C'(x/,y, 2/, H') represents the concentration of pollutant gas at point (x’,y/,2’); H'
represents the height of the diffusion source; g’ represents the release rate of the diffusion
source; u’ represents the average wind speed outside; oy and o7 are the lateral and vertical
diffusion parameters, respectively; x is the distance from the spatial point on the wind
direction axis to the source; i’ is the distance from the spatial point to the source in the
vertical direction of the wind direction axis; and z’ is the height of the spatial point.

In the field of pollutant diffusion research, the Gaussian plume model has high accu-
racy, and has achieved many valuable research results. Some researchers have successfully
applied this model to predict the impact of traffic in both urban areas and mountainous
highways. Yang et al. [31] proposed a plume diffusion model to account for the non-linear
relationship between conflict points and the spread of traffic risks, enabling the creation of
a detailed urban road intersection risk map for real-time analysis. Wang et al. [32] proposed
an ellipse-like radiation range model for mountainous highways of road and intersection
traffic accidents, based on the Gaussian plume model and considering cascading failures of
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the road network. They verified the accuracy and practicality of the 3D Gaussian plume
model in low-dimensional situations.

3.2. Parameter Adjustment

When building a Gaussian plume model for analyzing the impact range of traffic
accidents in highway merging areas, specific adjustments of variables should be made
based on the real accidents. This optimization process can refine the Gaussian plume model
and make it applicable to this research. The specific adjustments are as follows.

(1) Adjustment of the source strength parameter

The release intensity of the pollutant diffusion source can be directly replaced with the
impact of the accident diffusion source. This variable is used to characterize the radiation
ability of the accident, which is the source strength g reflecting the accident’s own strength.
It is mainly related to the type of accident and the surrounding traffic conditions.

(2) Adjustment of the average wind speed parameter

The average wind speed parameter in the plume model is not suitable for defining
the accident impact range and cannot be directly replaced. However, the average wind
speed is mainly related to the speed of pollutant propagation. The average traffic speed at
the accident source reflects the initial spread speed of accident. It is related to the traffic
conditions. If the average travel speed is high, the diffusion speed will be fast. Therefore,
the parameter of average wind speed can be replaced with the average speed u of the traffic
flow at the accident position.

(3) Adjustment of the diffusion coefficient parameters

The diffusion coefficients in the plume model characterize the relationship between
the pollutant gas and the propagation area. These parameters have a significant impact
on the diffusion effect and propagation range of accidents. The following two parameters
characterize the relationship between the accident source and the diffusion area, which
replaces the diffusion coefficient in the original plume model.

Let y and z be the distribution parameters of the traffic volume at the accident point
in the y and z directions, respectively. C(x,y,z) is defined as the affected degree of the
merging area during an accident. H' is the source height of toxic gases in the original plume
model and is taken as 0. Then, the improved plume model is as follows:

1 2 2
exp{—z(;/yz—kzz)} (4)

Oz

C 7 7 -
(x9,2) U0y 0y
Based on the deduction in the literature [32], a model for the accident impact range for
the highway merging area was obtained after adjustment, as shown in Equation (5):

o 3/ C:Pﬂbi
Xl - 4\/ECd (5)

In Equation (5), X represents the impact range of an accident; ¢ represents the diffusion
traffic ratio (between 0 and 1) of the accident, which depends on the type of accident; P
represents the potential energy of the accident source point; 4 is related to the proportion of
road occupied by the accident; C; represents the degree to which the maximum range of
the accident is affected by traffic, which is close to 0; b is an adjusting parameter, which can
be divided by different impact degrees; and i represents the level of impact areas.

4. Analysis of the Accident Risk Propagation Mechanism in the Highway
Merging Area

To investigate the risk propagation mechanism of traffic accidents in the merging area
of highways, simulation experiments were conducted to simulate accident scenarios in
such areas. By using the regional risk index in Equation (2) and the accident impact areas
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in Equation (5), this section analyzes the variation of risk within different impact areas to
reveal the risk propagation mechanism of traffic accidents in the merging areas.

4.1. Simulation Scenario

This study utilized SUMO to simulate traffic accident scenarios in the merging area.
SUMO is open-source microscopic traffic simulation software used to simulate and evaluate
different types of traffic systems such as roads, highways, railways, pedestrians, and
bicycles. It helps to realize various traffic management measures and simulate dangerous
situations.

In this study, a scenario was constructed which consisted of three lanes on the main
road and a 200 m acceleration lane. Two types of accidents, side collisions and rear-end
collisions, were simulated in the merging areas and the downstream area, respectively. The
location of the accident is shown in Figure 3.

Lanel

Lane2?
3

—{.ane3
Laned

(a)

-Lanel
-Lane2
-Lane3

Laned

(b)

Figure 3. Simulation scenario: (a) merging area and (b) downstream.

The impact range of the accidents was calculated using the accident impact range
model presented in Equation (5). Based on multiple experiments and in conjunction with
a literature reference [33], the accident impact range and parameters in this scenario are
presented in Table 1. The impact area was split into three adjacent areas (as shown in
Figure 4).

Table 1. Accident impact range and parameters.

. P 2 ) Impact Range
Accident Type a N X m C; (N/m?) ¢ b; (m)
Side collision 0.5 (227.3,413.1, 617.1)
Rear-end collision 1/3 1000 3e-7 1 (0.05,03,1) (198.6,360.9, 539.1)




Appl. Sci. 2023, 13, 8014

8of 19

(b)

Figure 4. Impact areas: (a) merging area and (b) downstream. Detectors were set at the boundaries of
each level of impact range (as shown in Figure 4) to record the traffic flow and average speed passing
through the section. Forty simulations were conducted with a 30 pcu/h interval in the traffic flow
range of 3600 pcu/h to 4770 pcu/h to obtain the simulation results. Under a single traffic flow rate,
90 pieces of accident data were collected at 10 s intervals within a 15-min period. As shown in Table 2,
the experiments were divided into 5 scenarios according to different lane occupations, with a total of
18,000 pieces of data.

Table 2. The lane occupied by different type of accidents.

Scenario Acc1d.e nt Accident Type Lane 1 Lane 2 Lane 3 Lane 4
Location
1 _ N, v
2 Merging area Side collision v v
3 v v
4 iy v
5 Downstream  Rear-end collision J

4.2. Data Collection

The simulation outputs consisted of two parts: conflict event data and detector data.
The detector data recorded the average speed and flow of vehicles passing through during
the time period at a frequency of 10 s. The conflict event data recorded the coordinates,
simulation time, and TTC (time-to-collision) values of events where the TTC value was less
than eight. The TTC for each range was converted into a risk index using the risk index
formula proposed in Equation (2). Finally, the flow, average speed, and risk index of each
area level of every 10 s after the accident were obtained.

4.3. Experimental Results

As the results of the same section (the merging area and downstream area) tend to be
relatively similar, we show the average data results for the same section.
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4.3.1. The Risk Propagation of Side Collision Accidents in the Merging Area

Figure 5 shows the changes in the regional risk index for high traffic flow (4770 pcu/h)
and low traffic flow (3600 pcu/h) in this scenario. It can be observed that the first impact
area, as the area closest to the accident site, always remains at a fluctuating risk level below
1. This indicates that this area is always in a high-risk state. The second impact area is not
affected at the beginning of the accident due to its great distance from the accident site.
However, with the decline in the regional risk index of the first impact area, the risk in
the second impact area increases (see time ¢; in Figure 5). Similarly, the third impact area
is affected by the risk increase in the second impact area. Its regional risk index starts to
decline, which means an increase in risk (see time f, in Figure 5).

Flow:3600 pcu/h Flow:4770 pcu/h
7 // AN\ W
/ A f 1 t
1 0.9 : AN
J 2 :

x
[
©
£
% 0.8
4
K]
[
(=}
k)
& 07

—— Impact Area 1 —— Impact Area 1

0.6 -
Impact Area 2 Impact Area 2
—— Impact Area 3 —— Impact Area 3
200 400 600 800 1000 200 400 600 800 1000
time(s) time(s)
(a) (b)

Figure 5. The risk values for first-, second-, and third-level impact areas. (a) Low traffic flow. (b) High
traffic flow.

Due to the different input traffic volumes in the experimental scenarios, the beginning
time of risk fluctuation in the second and third impact areas are also different. Figure 6
shows the experimental results of the beginning time of risk fluctuation in different traffic
volumes. As the traffic volume increases, the fluctuation beginning time of the second
impact area becomes earlier. When the input traffic volume is high (4770 pcu/h), the second
impact area starts to be affected 200 s after the accident, indicating that the risk spread
time from the first impact area to the second impact area is reduced. The third impact area
follows a similar pattern. When the traffic volume is high, the risk fluctuation beginning
time of the third impact area is affected by the second impact area. Its value is reduced
from 600 s to 300 s. Additionally, due to the increase in the input traffic volume, the speed
of risk propagation also varies. Figure 7 shows the risk spread speed from the first area to
the second and third impact areas in different traffic volumes. The risk spread time from
the first impact area to the second impact area is ¢;. The risk spread time from the second
impact area to the third impact area is the difference between t; and t,. The equation for
the speed of risk propagation is as follows:

S1 S2
" (6)

where v; is the risk spread time from the first impact area to the second impact area; v, is
the risk spread time from the second impact area to the third impact area; s is the length of
the first impact area; and s; is the length of the second impact area. The other parameters
have been described above.

When the traffic flow is larger than 3900 pcu/h, the risk spread time from the first to
the second impact area is greater than that from the second to the third impact area. The
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propagation speed difference is between 0.2 m/s and 1.3 m/s, which is not significantly
related to traffic volume (the Pearson coefficient is —0.11.).

900 A
—— Impact Area 3
800 4 —— Impact Area 2
700
600 -
)
[
£ 500
(=
400 4
300
200 A
100 & T T T T T
3600 3900 4200 4500 4770

Flow (pcu/h)

Figure 6. The risk exposure moment of the second- and third-level impact areas (side collision).

3.0 1 | — Risk from Area 2 to 3
| —— Risk from Area 1 to 2

N
[¢]
L

N
o
L

=
e}
s

Speed of risk propagation (m/s)
=
=)

3600 3900 4200 4500 4770
Flow (pcu/h)

Figure 7. The speed of risk propagation in the second- and third-level impact areas (side collision).

4.3.2. The Risk Propagation of Rear-End Accidents in the Downstream Area

The situation in the first impact area is the same as that of side collision accidents
occurring in the merging area. The risk of this area continuously exists after the accident
happens. However, the risk levels of the second and third impact areas are different. When
traffic flow is low, risk propagation only involves the second impact area. Then, it gradually
spreads to the third impact area as the traffic volume increases. In this situation, although
the number of lanes is reduced, the lane proportion occupied by accidents is lower in this
scenario. Therefore, with the increase in the traffic volume, the second and third impact
areas are affected more quickly. The risk exposure moment of the second impact area
is relatively small (around 200 s; see Figure 8). However, the risk beginning moment of
the third impact area is more obvious from 4000 pcu/h to 4350 pcu/h. It decreases from
900 s to 400 s. Although the traffic flow increases afterwards, the risk beginning moment
does not decrease by much (see Figure 8). As shown in Figure 9, in all scenarios, the
risk propagation speed from the first to the second impact area is greater than that from
the second to the third impact area. The difference is greatest at 4000 pcu/h when the
third impact area begins to be affected, and the speed of propagation decreases with the
increasing traffic flow.
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1000
—— Impact Area 3
—— Impact Area 2
800 4
—~ 600
2
@
£
=
400 -
200 - —
N V4 AN .
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3600 3900 4200 4500 4770

Flow (pcu/h)

Figure 8. The risk exposure moment of the second- and third-level impact areas (rear-end collision).

57 —— Risk from Area 2 to 3
——— Risk from Area 1 to 2

Speed of risk propagation (m/s)

T T T T T
3600 3900 4200 4500 4770
Flow (pcu/h)

Figure 9. The speed of risk propagation in the second- and third-level impact areas (rear-end
collision).

5. Traffic Accident Risk Prediction Model

In this section, an accident risk prediction model based on the LSTM is built to forecast
the accident risk. The input for the model was obtained from the dataset obtained in
Section 4, and the training and testing sets were selected based on this dataset. Firstly, the
sample data were normalized to ensure the accuracy and stability of the model. Secondly,
the LSTM algorithm was applied to train the model and the optimal model parameters
were selected. After training, the test set was fed into the prediction model, and the test
results were denormalized to obtain the actual predicted values. Finally, the error analysis
was presented to verify its effectiveness and accuracy. The above process is shown in
Figure 10.
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Section 4 Section 5

Perform error analysis
Simulation Experiment on the model to verify
(Scenarios 1-5) its effectiveness

De-normalize the test
results

I

Feed the test set into
the prediction model

f

Select model
parameters

Merge Data Build LSTM prediction
model.

?

Select the training set
and test set

Data of
Scenario 5

Data of
Scenario 1

Add Simulation Build Dataset T
Scenario-related Fields ut Normalize the sample
data

T

Input sample data

Figure 10. Flowchart of the traffic accident risk prediction model.

5.1. Model
5.1.1. LSTM

Risk propagation is a dynamic process, where future risks may be influenced by
past risks and have a cumulative effect over time. Traditional statistical models cannot
accurately model this dynamic and complex nature, but LSTM (long short-term memory)
model, as a deep learning model suitable for modeling sequence data, can effectively
solve this problem. An LSTM model can store previous information and predict future
risk trends, making it widely applicable in risk forecasting [34]. It is capable of modeling
time series data and handling long-term dependencies in sequence data. This makes it
particularly suitable for risk prediction, as the time accumulation effect of risk propagation
requires a model that can identify and handle long-term dependencies in sequence data.
Therefore, the memory and long-term dependency processing capabilities of LSTM models
make them a highly suitable tool for risk prediction. An LSTM model introduces “gates”
to control the flow of information, which allows the network to selectively remember or
forget previous information.

The core of LSTM is the cell, which is controlled by three gates: the input gate, the
forget gate, and the output gate. The input gate controls the input of new information,
the forget gate controls the forgetting of old information, and the output gate controls the
output of the cell state. The specific steps are as follows:

(1) The input gate controls the input of new information by multiplying the input vector
with the weight matrix through sigmoid function to produce a numerical vector
between 0 and 1.

(2) The forget gate controls the forgetting of old information by multiplying the input
vector with the weight matrix through sigmoid function to produce a numerical vector
between 0 and 1. This vector will be element-wise multiplied with the cell state vector
to determine which old information should be forgotten.

(3) The cell state is updated by element-wise multiplying the vector generated by the
forget gate with the cell state from the previous time step to obtain the old information
that needs to be retained and multiplying the vector generated by the input gate
with the new information processed by a function element-wise to obtain the new
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information that needs to be added. These two vectors are added together to obtain
the updated cell state.

(4) The output gate controls the output of the cell state by multiplying the input vector
with the weight matrix through sigmoid function to produce a numerical vector
between 0 and 1. This vector is then element-wise multiplied with the cell state vector
processed by a function to obtain the final output vector.

Assuming the current time series is t and the data input is x, the predicted output is #,
and c is the memory cell. The network structure can be constructed as Figure 11.

r a
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Figure 11. The structure of the LSTM model.

In Figure 11, o represents the sigmoid activation function; [h;_1, x;] is the composite
matrix of the previous prediction result #;_; and the input parameter x; in this round,
which is the input parameter at time ¢; W; is the forget gate weight matrix; W, is the output
weight matrix; and W, is the current state control matrix. The numerical expressions of the
forget, input, control, and output gates can be represented by Equations (7)—(11):

fr = o(Wylhi—q, 2] + by) @)

ir = o (Wilhi—1, x:] + bj) ®)

¢ = ficp1 +tan(Welh_1, xi] + be) )
or = c(Wo[hi—1, x¢] + by) (10)

hy = ostanh(cy) (11)

where b Iz b;, be, and b, are bias vectors for the forget, input, control, and output gates,
respectively. All other parameters have been described above.

5.1.2. RNN

In addition to the LSTM model, a recurrent neural network (RNN) model was also
applied for comparison in this study. A RNN is a type of neural network that can handle
time-dependent relationships in sequence data. Unlike traditional feedforward neural
networks, RNN has a feedback loop that allows information to be passed from one step of
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the sequence to the next. This allows the model to capture information about the sequence’s
history to make predictions.

RNNSs are prone to the vanishing or exploding gradient problem when dealing with
long-term dependencies in sequence data, which can limit their performance in certain
scenarios [35]. In contrast, LSTM is designed to mitigate this issue by incorporating memory
units and gating mechanisms, which allows the model to selectively remember or forget
information as needed.

5.2. Dataset

The dataset used was derived from the simulation data in Section 4. Since the dataset
did not include information about the accidents themselves, current traffic flow, the accident
lane, the accident location in the merging area, and the type of accident as categorical
variables were added to reflect the impact of the accident (as shown in Table 3). These
additional variables could reflect the situation of traffic accidents more specifically and
help to improve the prediction accuracy of the model.

Table 3. Input variable and explanation.

Variable Name Explanation
Traffic_flow_all Initial traffic volume in the simulation scenario
Speed_1 Average speed of vehicles passing through the first impact area
Speed_2 Average speed of vehicles passing through the second impact area
Speed_3 Average speed of vehicles passing through the third impact area
Traffic_flow_1 Number of vehicles passing through the first impact area
Traffic_flow_2 Number of vehicles passing through the second impact area
Traffic_flow_3 Number of vehicles passing through the third impact area
RL1 Regional risk index for the first impact areas
RL2 Regional risk index for the second impact areas
RL3 Regional risk index for the third impact areas
Location Categorical variable, 1 if the accident is in the merging areas, 0 otherwise
Lanel Categorical variable, 1 if the accident occurred in lane 1, 0 otherwise
Lane2 Categorical variable, 1 if the accident occurred in lane 2, 0 otherwise
Lane3 Categorical variable, 1 if the accident occurred in lane 3, 0 otherwise
Lane4 Categorical variable, 1 if the accident occurred in lane 4, 0 otherwise

5.3. Model Parameters

The dataset in Section 4 is split into a training set (80%) and a validation set (20%).
The mean squared error (MSE) function was used as the loss function to measure the error
between the predicted and true values during LSTM model training. In the deep learning
algorithm, calculating the difference between the learning results and the sample labels is
an important step. The smaller the difference, the better the learning effect. This difference
is the loss value. In this study, the MSE function was used as the loss function, which was
suitable for solving regression problems and to evaluate the predictive performance of the
model on the training and validation sets. The grid search method was used to determine
the super parameter values of the LSTM model. The super parameter values of the model
are shown in Table 4.

Table 4. Parameter values of the model.

Number of Ovtimizer Activation = Learning Batch
Neurons. P Function Rate Size

50 ADAM Sigmoid 0.01 120 50 0.2

Epoch Dropout
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This study uses root mean square error (RMSE), mean squared error (MSE), and mean
absolute error (MAE) [36] to evaluate the accuracy of the model (see Equations (12)-(14)).

1&,,
RMSE = [} (5 = y)* (12)
i=1
1&,,
MSE =~ Y (9 — y)* (13)
i=1
1&
MAE = -3 |§i = il (14)
i=1

where y; is the true value and 7; is the predicted value.

MSE, RMSE, and MAE are used in regression analysis to measure the difference
between predicted and actual values. All three values fall into the interval [0, +o0), indi-
cating that the difference cannot be negative, and a lower value indicates better model
performance.

5.4. Model Results

The predicted values and actual values of the regional risk index for the first, second,
and third impact areas are shown in Figure 12. It can be observed that in each experiment,
there is a certain amount of fluctuation in the prediction results, which is the beginning
and end of each experiment. In order to validate the performance of the proposed model,
this study selected the RNN model and the LSTM model for training and testing the data
samples and compared the risk prediction accuracy in the merging area.

Table 5 presents a comparison of the prediction results between the RNN model and
the LSTM model. It shows that the LSTM model outperforms the RNN model in all three
evaluation indicators, with an improvement of over 20% in each indicator. It also suggests
that the LSTM model is more suitable for traffic risk prediction tasks due to its ability to
capture long-term dependencies in the data. Therefore, the LSTM model results in more
accurate and reliable predictions.

Table 5. Prediction performance of the LSTM and RNN models for different impact areas.

Impact Area Model RMSE MSE MAE
1 LSTM 0.0153 0.0002 0.0122

RNN 0.0212 0.0004 0.0189

9 LSTM 0.0219 0.0005 0.0136
RNN 0.0337 0.0011 0.0215

3 LSTM 0.0158 0.0002 0.0146
RNN 0.0241 0.0005 0.0198

Specifically, Table 5 presents the performance of two different models (LSTM and RNN)
across three different impact areas. It can be observed that the LSTM model consistently
outperforms the RNN model in all three impact areas, with significantly lower RMSE, MSE,
and MAE values. Moreover, the performance of the two models varies across the different
impact areas. For instance, in impact area 1, the RMSE, MSE, and MAE of LSTM are 27.8%,
50.0%, and 35.4% lower than those of the RNN model, respectively. Similarly, in impact area
2, the LSTM model performs better than the RNN model, with 35.0%, 54.5%, and 36.7%,
respectively. In impact area 3, the LSTM model performs better with 34.4%, 60.0%, and
26.36%, respectively. In summary, these findings indicate that the LSTM model performs
much better than the RNN model in predicting the regional risk index in all impact areas.
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Figure 12. The predicted values and actual values of the regional risk index as forecasted by the

LSTM model. (a) The first impact area. (b) The second impact area. (c) The third impact area.

6. Conclusions

This study proposes the concept of risk propagation in highway merging areas. A

Gaussian-plume-model-based accident impact range model is proposed, which clarifies the
impact range of accidents and divides the impact area into three levels. In order to study
the risk propagation of each level, a series of simulation experiments were conducted in the
highway merging situation. The risk propagation speed was studied through the regional
risk index. Therefore, the following conclusions can be drawn.

The simulation results show that the risk of the first impact area remained high
throughout the experiment. As the regional risk index in the first impact area de-
creased, the risk in the second and third impact areas increased. This means that the
accident risk spreads from the first impact area to the following areas, which verifies
the risk propagation phenomenon of accidents. The risk spreading time from one
area to another was affected by traffic flow. Specifically, as traffic flow increases, the
risk spread time from the first to second impact areas decreased. This indicates that
accidents could spread more quickly in high traffic flow scenarios. The risk spread
time from the second to third impact areas also decreased with increasing traffic flow.
However, the speed of risk propagation between the second and third impact areas
was generally faster than that between the first and second impact areas.

The risk propagation speed of different impact levels is related to the accident location.
Specifically, when the accident occurs downstream of the merging area, it takes longer
for the risk to propagate from the first-level impact area to the second-level impact
area compared to the spread time from the second-level impact area to the third-level
impact area. However, when an accident occurs in the merging area, the situation
is quite the opposite. This is because when the accident occurs downstream, part of
the second-level impact area is in the merging area where there are fewer lanes and
a higher likelihood of accidents. In contrast, the downstream area of the merging
area has more lanes, larger vehicle gaps and lower vehicle speed. This makes it safer
to drive. As a result, the risk takes more time to spread from the first-level to the
second-level impact area.
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e  Furthermore, this study proposed a high-speed highway merging risk prediction
model based on LSTM. The model performed well in predicting collision risk. It can
be used by researchers and practitioners to predict and monitor highway merging
risk accurately. Therefore, different control measures can be taken for different impact
areas to achieve precise control and reduce the risk of traffic accidents.

However, this study has the following limitations, which need to be improved in
future research. The traffic data used in this study were not collected from real highway
segments, so the real driving behavior may differ from the simulation results. Therefore, the
experiments in this study cannot fully reproduce the real merging situations. In addition,
although rear-end and side collisions are the most common collision types in highway
merging areas, other collision types should be considered in future research to improve the
risk warning mechanism.
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