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Abstract: In a multi-lane area, the increasing randomness of lane changes contributes to traffic insecurity and local traffic flow instability. A study on safe lane shifting activity that focuses on threat assessment under real-time knowledge is necessary to enhance smooth vehicle flow. This paper proposed a more comprehensive lane changing guidance rule to investigate the status of surrounding vehicles to accommodate future vehicle-on-road collaborative environments based on these parameters 1) lane change demand and 2) treat assessment function. The collaborative relationships between vehicles are analyzed using a cellular automata model based on their location, velocity, and acceleration. We analyze and examine the relationship between the number of lanes and traffic flow when the road capacity is heavily mined via intelligent lane changing. Our analysis can further provide theoretical guidance for the selection of road expansion mode. Our proposed STCA-L is compared based on the average speed, average flow, lane changing frequency, spatial and temporal pattern of STCA, STCA-I, and STCA-S, and STCA-M under different vehicle densities. The numerical simulation results show that our proposed STCA-L provides the most flexible lane changing guidance in the multi-lanes road. Moreover, the simulated results show that the exponential growth of physical space cannot provide the corresponding increase in the average flow of vehicles.

Keywords: Traffic engineering; microscopic traffic flow model; cooperative vehicle infrastructure system (CVIS); cellular automaton model; lane changing



1  Introduction

The most common traffic infrastructure of urban trunk roads is a two-way road with six or more lanes. The current practice is primarily to broadcast the road condition in real-time, traffic signal, and light timing guidance in order to ensure smooth traffic flow on the road. The inability to improve the efficiency of multi-vehicle road sections using existing means, as well as the forward observation of human driving habits and the influence of the mental state, necessitates the development of Intelligent Transportation Systems (ITS) and 5G, which provide conditions for vehicle and road cooperation to realize the interaction of road condition and vehicle state information [1]. Therefore, under the conditions of future information interaction, it is worthwhile to investigate how to orderly direct vehicle movement and increase traffic safety and road use efficiency [2]. The first problem to be solved is to construct a traffic flow model suitable for characteristic sections under the condition of vehicle-road cooperation [3].

With the development of intelligent transportation systems and intelligent vehicle equipment and the maturing of connected autonomous vehicle (CAV) technology [4], the vehicle operation decision-making process has been able to increase the operation information of surrounding vehicles [5], for example, Tesla's Autopilot System, Volvo's City Safety System, Mercedes-Benz's Pre-Safe System, Honda's Sensing System, etc. [6,7]. Now, large automobile manufacturers have developed intelligent systems for individual vehicles that can provide information about the vehicle's side, rear, and the surrounding environment when the vehicle changes lanes. Intelligent traffic and road infrastructure detection and coordinated control of multi-intersection signal light timing have been enhanced and deployed globally in large and medium-sized cities. Simultaneously, existing navigation software can provide real-time information about road congestion. Therefore, the collected real-time data of vehicle traffic operations from vehicle side and road measurements are used to analyze the influence of interactive information on vehicle lane changing in future traffic environments, which is conducive to providing a theoretical basis for the construction of future traffic infrastructure.

In the future, 5G communications will support vehicle road coordination by implementing intelligent vehicle navigation systems and roadside infrastructure to collect and interact with traffic information [8]. At present, urban traffic video surveillance system in China is gradually developing as the cooperative vehicle infrastructure system (CVIS) [9]. Video monitoring system of urban rail transit cloud synergy technology application architecture design, edge of cloud computing and computing technology was used to construct data perception layer, edge node layer, transport layer, network layer and application layer, business cloud computing center from resource synergy, data coordination, collaborative, intelligent analysis service coordination, coordination, etc., the business application analysis cloud edge of video monitoring system in urban rail transit With the application of technology, speed up the improvement of urban rail transit operation security capability and intelligent level. During the vehicle's operation, the vehicle's running process can use the adjacent driving position, direction, and speed of the vehicle, as well as the driver's intention, as a reference. Obviously, when the traffic information has been got, just waiting for the moment to interact. The major issue that makes the information interactive are: how to make effective use of these data, how an intelligent traffic control model can forecast the next moment for the vehicle, the subsequent position in relation to the vehicle's status, traffic prediction, and the safety of vehicle running security. The degrees of freedom available to a vehicle driver in a lane is limited to acceleration, deceleration, and braking. Effective lane changing can improve traffic flow on the road with an increasing number of lanes, but frequent lane changing increases the risk of vehicle driving. Thus, in order to improve traffic flow while also ensuring vehicle safety, it is necessary to investigate vehicle threats, lane changing rules, and the relationship between the number of lanes. Intelligent lane changing rules in the multi-lane environment can provide useful results, i.e., it can provide intelligent lane change decision-making results for vehicles in multi-lane environment, provide more operation time for drivers, improve safety, and ensure a high density of vehicles of a multi-lane road, and high flow at the same time. Therefore, the research of multi-lane and multi-vehicle lane changing rules is particularly important for the future vehicle road collaborative traffic environment.

At the same time, under the condition of intelligent lane change rules, the impact of the increase of the number of lanes on the increase of traffic flow has not been studied because most of the means of improving the road traffic flow in cities is widening the physical space by increasing lanes. However, the existing studies have discussed the relationship between the number of lanes and the traffic volume. This paper examines the relationship between increasing the number of lanes and increasing traffic flow when the road capacity is heavily mined via intelligent lane changing. The capacity of a multi-lane road is constrained by the collaborative vehicle road environment and human driving habits. The analysis can further reveal the relationship between the two lanes and provide theoretical guidance for the selection of road expansion mode.

2  Related Work

The influence of the collaborative lane change model on microscopic traffic flow is one of the key research directions of intelligent traffic control. The multi-lane SOVM proposed by Lee et al. [10] effectively solves the problem of unpredictable fluctuation of vehicle speed in a large and small area. Lombard et al. [11] proposed a collaborative lane change model based on an online optimization algorithm to vary the parameters of vehicles that adjust their behavior dynamically. Zhou et al. [12] focused on the driver's lane selection and gap acceptance behavior in the classical lane change model, constructed the lane change trajectory model from the driver's perspective and proposed a hyperbolic tangent lane change trajectory model to describe the driver's detailed lane change rules. All of these researches focus on providing driver's lane changing trajectory. Although the model can generate driver-specific lane changing trajectories, the research objective's demand for trajectory-based lane changing is limited.

Li et al. [13] established a lane change cooperative trajectory planning model for connected automated vehicles (CAVS) and solved two key vehicle grouping and motion planning problems. In order to improve traffic efficiency and reduce trip delay and fuel consumption of CAVs in conflict zones, Yao et al. [14] proposed a two-level scheduling and trajectory planning optimization method for CAVs in conflict zones to reduce vehicle delay and fuel consumption. Laarej et al. [15] used energy dissipation and satisfaction to represent the state of vehicles when they were obstructed by other vehicles in driving and studied the vehicle operating characteristics in two-lane mixed traffic flow. Wang et al. [16] proposed a dynamic lane change model of the automatic driving vehicle (AV) considering driver's behavior in a mixed traffic environment, which can effectively complete the lane change action when the mixed traffic system is in cooperative operation and can effectively terminate the lane change behavior when the vehicle is in danger of lane change. Based on the theory of potential energy field, Ma et al. [17] established a lane-changing time model for B-type weaving section of urban road, which quantitatively explained the influence of vehicle spacing on the lateral acceleration of lane changing and deduced the relationship between lateral displacement, longitudinal displacement and time of lane changing vehicles. The deep learning algorithm is gradually mature, and the fusion of sensors and deep learning algorithms can predict vehicle lane changing behavior. Tang et al. [18] proposed a lane change predictor based on an adaptive fuzzy neural network to predict the steering angle of vehicles when changing lanes accurately. With the development of communication equipment, photoelectric sensors are more suitable for information interaction under vehicle-road cooperation. Fakirah et al. [19] proposed a decision-making scheme of automatic vehicle crossing roundabout based on visible light communication (VLC) to coordinate vehicles and infrastructure (V2I), vehicles can pass through a roundabout in parallel. The above research puts forward many lane-changing solutions to the problem of vehicle automatic driving. Then, a traffic planning model is proposed in a simple two-lane environment.

With the increase of urban vehicles and the widening of roads, the problem of multi-lane traffic flow control has gradually become a research hotspot of many scholars. Lu et al. [20] proposed an extrapolation framework based on probability and dynamic traffic load effect to achieve efficient and accurate extrapolation, and studied the probability and dynamic traffic load effect of medium and short span Bridges. Deng et al. [21] divided the lane change conflict strategies adopted by drivers into three categories: conservative, alert and aggressive. Under the condition that the multi-lane change model with random update order of vehicle status and the operation model obtain different space occupancy, different lane change processing strategies will significantly impact the lane change motivation rate and lane change success rate. Hou [22] built a micro traffic simulation model as a research tool, known as NGTSS (New Generation Traffic Simulation System), which is used to analyze the traffic flow characteristics of congestion state in the diversion affected area. The data analysis method of congestion formation and dissipation can solve traffic diversion in multi-lane environments for traffic congestion in urban areas. Tan [23] proposed an optimal control model for the section control layer of the multi-lane expressway that controlled the traffic flow and the maximum average speed. By taking the allocation proportion of each lane as the decision variable, the number of final decision variables is reduced compared with the traditional linear model. Their research objective is to develop a macro method for enhancing road traffic flow. The established method's drawback is that it does not provide clear guidance for micro traffic object vehicle activity in a multi-lane environment and does not analyze the relationship between vehicles. Simultaneously, vehicle position and speed cannot be expressed uniformly in the existing research. Additionally, the model is complex, and the calculation cost increases as the number of multi-targets increases, making it difficult to estimate the memory usage of calculation and communication.

Cellular automata model is a classical model to study micro traffic flow, which can describe the relationship between complex micro traffic objects with a simple model. It can express the basic motion information of position, object velocity, and acceleration in a unified way and has a good ability to model interpretation and description for the complex phenomenon affected by the interaction of a large number of individuals. The characteristics of cellular automata, such as time-space discreteness, state discreteness and action locality, can be consistent with the nonlinearity and discreteness of traffic flow and the complexity of the traffic flow system. The earliest traffic flow model based on cellular automata is Wolfram's “184” model, i.e., the TCA (traffic cellular automata) model [24]. In 1992, Nagel and Schreckenberg jointly proposed NS (Nagel and Schreckenberg) model [25]. The updating rules reflecting the randomness of vehicle motion are added to the “184” model through simple position and speed control rules. For the multi-lane traffic environment, in 1997, Chowdhury et al. [26] proposed the classical STCA (symmetric two-lane cellular automata) model and introduced the two-lane change rule. Following that, Wang et al. improved the model and proposed the STCA-I model in [27]. The STCA-I model attempts to resolve the issue of setting the safety distance in the STCA model and makes the overly cautious and harsh assumption that neighboring vehicles approach at the fastest speed. In order to better simulate the actual high-speed lane changing possibility of vehicles, STCA-I lane changing rules express the interaction between adjacent vehicles and vehicles to be lane changed as risk degree dδ. The STCA-I model maintains a cell gap between the front and rear vehicles as the safe braking distance eliminates the impact of vehicles behind the adjacent lane on the vehicles in the lane following a lane shift. On the basis of retaining a small braking safety distance, it takes the actual speed of the vehicles behind the adjacent lane as the safe lane change condition of the vehicles in the lane change, which improves the flexibility of vehicle lane change on the premise of ensuring safety. Jian et al. [28] proposed STCA-LE model for failed lane changing in unsafe lane changing conditions. In this model, the lateral movement rules of lane changing vehicles are formulated and introduced. However, the rule constructs a lane change model based on the forward visual characteristics of human driving vehicles, and the discussion on lane change safety is not sufficient. Therefore, it is difficult to carry out the comprehensive optimization of single-vehicle dynamic regional information and deal with the existing research and development content of real-time interaction of road vehicle dynamic information [29].

This paper study on safe lane shifting activity focuses on threat assessment under real-time knowledge interaction. STCA-I introduces risk degree to increase the flexibility of safe lane changing and proposes a concept of elastic safe lane changing distance. As dsafe=vmax in the lane change rule of STCA, it is always assumed that the vehicles in the adjacent lane approach at the fastest speed, which makes the safe lane change more flexible. Xu puts forward the X-STCA model [30], which further improves the rule of safe lane changing distance. On the basis of the STCA-I model, Li et al. carried out multi-lane expansion and proposed a multi-lane change strategy based on vehicle road collaborative environment, namely STCA-S model [31]. While maintaining the safety of lane changes, cooperative lane change rules were used to increase the frequency of lane changes and road use performance. Then, for the two-lane setting, the threat evaluation mechanism is constructed using the basic information of position, speed, acceleration, and another interaction, and an improved STCA-M model with guidance under vehicle road cooperation is proposed in [32]. This model, which is based on the improved STCA model, establishes the two-lane vehicle driving guidance function in accordance with the dynamic, safe distance, and real-time congestion state of the road section and guides induced speed and lane change. The STCA-M model is integrated with the induced speed and the threat degree of surrounding vehicles to achieve the role of driving guidance. The explanation of the interaction relationship between vehicles in a multi-lane environment is based on a two-lane road.

This model, based on the improved STCA model, establishes the two-lane vehicle driving guidance function according to the dynamic, safe distance and the real-time congestion state of the road section, and guides induced speed and lane change the explanation of the interaction relationship between vehicles in the multi-lane environment is based on a two-lane road. When applied to a multi-lane setting, it fails to examine the effect of changing multiple objectives and parameters of micro traffic artifacts systematically. Therefore, In previous studies, based on the YOLO v2 model [33], we can extract the characteristics of vehicles, efficiently identify vehicles, and achieve the premise of real-time implementation of lane change rules. Based on the cellular automata model and the improved NS model in [34], this paper proposes a multi-lane change model to accommodate future vehicle road collaborative traffic environments. It analyses the local traffic threat posed by vehicles using simple vehicle interaction data, constructs a driving guidance feature, updates the vehicle's location and speed in response to the driving guidance, and performs multi-lane traffic environment analysis using the STCA-M model. Then, under the condition of vehicle road coordination, a perfect multi-lane change model with lane change guidance is created.

3  Multi-Lane and Driving Guidance Function

3.1 Multi-Lane Model Based on Cell Expression

This paper investigates multi-lane environments that are not subject to external control signals or take the form of converging and diverging roads based on the characteristics of urban multi-lane road environments (for example, three lanes). The purpose is to discuss the relationship between micro traffic objects, i.e., the influence between vehicles and lane changing rules, and analyse the possibility of driving guidance and lane changing rules in mining road traffic capacity. Let consider the cellular automata model from [35]. The target road is divided into three parallel rows of equal-length cells, each representing a cell, as illustrated in Fig. 1. The upper left corner is defined as the vehicle number currently occupying position i, where i represents the lane number and j represents the j-th vehicle in lane i. The lower right corner is the speed of the vehicle in the cell, then the state of each cell at the time it is empty or occupied is shown in Fig. 1.
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Figure 1: Location and speed diagram of multi-lane vehicles

vi,j(t) and xi,j(t) are used to represent the speed and position of the j-th vehicle in lane i (i.e., in the direction of traffic flow, the number of vehicles decreases) at time t, di,ji−1,j−1(t) is the distance between the front of the vehicle Ci,j(t) and the rear of the vehicle Ci−1,j−1(t) at time t, vmax is the maximum limited speed, the value of velocity is vi∈[0,vmax], the parameter Pdec is introduced to represent the random slowing probability of vehicles. With the time step, the speed distribution of vehicles in each time section is obtained, and the position of vehicles in the next time is deduced according to the speed and the current time position.

3.2 Multi-Lane Model Based on Cell Expression

Due to the interference of front, rear and left/right adjacent vehicles in the process of multi-lane vehicle operation, taking the position of a vehicle Ci,j in Fig. 1 at time t as the reference point, the relationship between multi-lane vehicle and adjacent vehicles at time t is expressed as follows:

1)   Li is the lane i, i = [1, 2,…, n], (i.e., lane number i indicates that there are n lanes on the road);

2)   Ci,j−1,Ci,j+1 represents the front and rear vehicles. In lane i, j, the vehicle Ci,j uses the same corner mark for the corresponding speed and position (vi,j−1(t),xi,j−1(t)),(vi,j+1(t),xi,j+1(t)), respectively.

3)   Cic,j means that the vehicle will change lanes at the next time, and the corresponding pre-lane change position is expressed as xic,j(t), (i.e., the j-th vehicle in lane i at time t will change to lane ic, ic = i ± 1).

4)   When there is a pre lane change vehicle Cic,j at time t, then there is a pre-lane change vehicle for the vehicle, and the front and rear vehicles are expressed as (Cic,j−1), (Cic,j+1), the corresponding position and velocity is expressed as (vic,j−1(t),xic,j−1(t)),(vic,j+1(t),xic,j+1(t)).

5)   The dynamic, safe distance is Dsafei,ji−1,j−1(t).

Let the acceleration at time t be acci,j(t), and the deceleration be deci,j(t). Based on reference [31], this paper deduces and obtains the dynamic safety distance shown in Eq. (1).

if:vi,j−1(t)≤vi,j(t)∀Dsafei,ji−1,j−1(t)=(vi,j−1(t)−vi,j(t))/decmax(1)

Eq. (1) indicates that when the speed of the rear vehicle is greater than that of the front vehicle, the safety distance is related to the speed of the front and rear vehicles and the maximum deceleration.

3.3 Lane Change Guidelines for Threat Assessment

When there is vehicle guidance information, in the process of driving, the vehicle can get rid of the constraints of forward vision, at the same time, it can effectively evaluate the threat of its vehicle in real-time according to the surrounding vehicle information and then carry out the vehicle operation control based on multi-vehicle disturbance. In addition, it can also control the vehicle state according to the vehicle operation state at the far end of the road. Therefore, the multi-lane vehicle lane changing guidance process is divided into lane changing guidance based on local vehicle threat evaluation and lane changing vehicle speed guidance.

In human driving, the proper lane changing process is as follows: obstructed by the front car, judged by the rear-view mirror, and turned on the signal. If we still follow this process under the condition of vehicle road coordination, we will not be able to effectively improve the efficiency of the road to improve the traffic flow situation in local areas. Therefore, we propose a more comprehensive lane changing guidance rule to investigate the status of surrounding vehicles.

According to the parameter description in Section 1, lane changing guidance model is constructed as follows:

1)   Lane change demand. Ci,j is still used as the observation vehicle. In the next iteration step, when the front car blocks Ci,j or Ci,j blocks the rear car, the car needs to change lanes. The judgment affecting the driving of the rear vehicle is added, and improved requirement expression is shown in Eq. (2).

if{vij(t)+xij(t)+dsafe(t)>vij−1(t)+xij−1(t)or vij(t)+xij(t)<vij+1(t)+xij+1(t)+dsafe(t)Li→LicelseLi→Lic(2)

The judgment condition of a lane change in the STCA-I model is just the gap between the front vehicle and the vehicle after a lane change. Obviously, the information of the rear vehicle and forward invisible road condition is ignored, and the global operating environment assessment of local traffic environment is not formed. Therefore, according to the three-lane environment model in Subsection 3.1, the threat assessment function is constructed.

2)   Threat assessment function. Suppose that under the condition of vehicle road coordination, the motion state of surrounding vehicles at t+1 time Ci,j can be calculated, express as Si,j (Situation), then the vehicle space state matrix corresponding to the next iteration step Ci,j can be constructed, as shown in Eq. (3).

Si,j(t+1)=[(vi−1,j+1(t)+xi−1,j+1(t))(vi−1,j(t)+xi−1,j(t))(vi−1,j−1(t)+xi−1,j−1(t))(vi,j+1(t)+xi,j+1(t))(vi,j(t)+xi,j(t))(vi−1,j−1(t)+xi−1,j−1(t))(vi+1,j+1(t)+xi+1,j+1(t))(vi+1,j(t)+xi+1,j(t))(vi+1,j−1(t)+xi+1,j−1(t))]=[Si−1,j+1(t)Si−1,j(t)Si−1,j−1(t)Si,j+1(t)Si,j(t)Si,j−1(t)Si+1,j+1(t)Si+1,j(t)Si+1,j−1(t)](3)

The Ti,j(t+1) of threat degree evaluation for a vehicle Ci,j at t+1 time is expressed as follows:

Ti,j(t+1)=Si,j(t)[−Si−1,j+1(t)Si−1,j(t)Si−1,j−1(t)−Si,j+1(t)Si,j(t)Si,j−1(t)−Si+1,j+1(t)Si+1,j(t)Si+1,j−1(t)]−dsafe(t)(4)

The elements of the threat evaluation function are traversed to obtain the location of the minimum value Liguide=min(Ti,j),i=1,2,…,n;j=1,2,…,m−1 which represents the lane change guidance of vehicle Ci,j at t+1, where m is the maximum number of vehicles in the cooperative control environment. From Eqs. (3) and (4), when the lane number i = {1, 2, … n}, the corresponding Si−1,j±1(t)=NanorSn+1,j±1(t)=Nan.

3.4 Speed Guidance Based on Lane Change

The multi-lane expansion is carried out according to the NS-S model developed in [34], and the vehicle speed at time t is compared to the front, and rear vehicles, after which the induced speed of the vehicle i is increased to vi,jguide(t), which involves lane change guidance, and the acceleration acci is the same as the NS-S model. The induced speed is calculated using the NS-S single-lane model when there is no lane transition. If a lane shift occurs, the induced speed is calculated based on various road conditions.

1)   Induced vehicle speed based on forward vehicle movement trend after a lane change

In the current road conditions where the vehicle road cooperation technology has not yet been realized, the motion state of the front vehicle depends on the driver's experience judgment, and it will cause a certain acceleration delay, which provides room to improve the efficient use of the road. Based on the interactive hypothesis of vehicle speed information, this paper proposed Eq. (5) for observing the induced speed of a vehicle Ci,j under the condition that the movement trend of the front vehicle is known.

vic,jguide−f(t+1)=min{(vic,j(t)+acci,j),(vic,j−1(t+1)+acci),vmax}(5)

The vehicle's speed (guide-f, front) is related to the acceleration trend of the vehicle in front following lane change to achieve the effect of synchronous acceleration.

2)   Induced vehicle speed based on backward vehicle movement trend

Under the condition of obtaining the vehicle interaction information, the vehicle can take the active acceleration rule-following lane change to ensure the synchronization movement and avoid the rear-end accident. After lane change, the induced speed should meet Eq. (6) under the condition of obtaining the backward vehicle running trend,

vic,jguide−b(t+1)=min{(vic,j(t)+acci,j),(vic,j+1(t+1)+acci),vmax}(6)

Under the condition of vehicle road coordination, it can also be associated with the acceleration trend of the rear vehicle (guide-b, back).

3)   Induced vehicle speed based on near blocking point

When the traffic density is higher than the critical value, the road blocking point is inevitable. Even under the condition of free flow density, the blocking point may still produce (ghost phenomenon) and propagate backward, resulting in the stop and go state of vehicles. If we can give early speed guidance to the vehicles going to the blocking point, then the linear deceleration and acceleration process will improve the smoothness of the road, the fuel economy, and environmental protection of the vehicles. Therefore, we add the speed regulation rule based on the near blocking point under vehicle road coordination.

Referring to the method of searching the blocking point in reference [36]. If the condition of Eq. (7) is satisfied and the number of blocked vehicles m≥3, then it is determined that there is a blocking point, and the last vehicle in the blocking point is set as the reference position xi,jamj(t) of the blocking point.

di,ji,j−1(t)=di,j−1i,j−2(t)=…=di,j−m+1i,j−m(t)=0∩vi,j⁡(t)=vi,j−1(t)=…=vi,j−m(t)(7)

where m count the number of vehicles contained in the blocking point. The first car's starting speed at the blocking point is determined using the idea of a slow start that corresponds to the actual situation. In a cell distance, the dissipation time of the blocking point is tjam=m−1 simulation steps, and the induced speed value for subsequent vehicles that do not reach the blocking point is all calculated using Eq. (8).

vi,jguide−j(t+1)=min(vi,j(t),mod(di,ji,jam(t)/tjam)(8)

To sum up, there are seven induced speeds according to the lane change demand. The Ci,j can determine the location of the blocking point and the lane where the speed limit is located. According to the optimal speed selection principle of safety priority, the induced speed at time t Ci,j is obtained, as shown in Eq. (9).

vi,jguide(t+1)=min{vi,jguide−f(t+1),vic,jguide−f(t+1),vi,jguide−b(t+1),vic,jguide−b(t+1),vi,jguide−j(t+1),vic,jguide−j(t+1),vmax}(9)

3.5 STCA-L Model

Under the condition of vehicle-road coordination, through Eqs. (2)–(9), the change of vehicle speed is correlated with the speed of the preceding and following vehicles on the current road and adjacent roads and the congestion of the road ahead. The goal is to reduce stop-and-go traffic on roads. The state of parked vehicles improves the synchronization phase in the road section. The guided update rules of STCA-L model are shown in Eqs. (10)–(14):

1)   Lane changing rules based on threat assessment:

Li,j(t)→Lic,j(t),|Ti,j(t)|>Dsafei,ji−1,j−1(t)(10)

2)   Acceleration rule based on induced speed:

vi,j(t+1)=min(vi,jguide(t),(vi,j(t)+acci),vmax)(11)

3)   Deceleration rule based on near blocking point:

vi,j(t+1)=min(vi,jguide−j(t),vi,j(t),Dsafei,ji−1,j−1(t))(12)

4)   Random slowing down:

vi,j(t+1)={max(vi,jguide(t+1),vi,j(t)+accmax),randi(t)<pcmax(vi,j(t+1)−deci,vi,j(t)+accmax),randi(t)≥pc(13)

In Eq. (13), pc is the probability of complying with the induced speed; randi,j(t) is the random number generated by vehicle Ci,j in the random slowing iterative step, and the value is [0,1].

5)   Location update:

xi,j(t+1)=xi,j(t)+vi,j(t+1)(14)

4  Numerical Simulation and Analysis

This section presents the numerical simulation and analysis of the basic vehicle motion information that may include the interaction speed, acceleration, and local congestion point information in the assumed CVIS (Cooperative Vehicle-Infrastructure Systems) condition. The vehicle model is mainly classified into two types as type I and type II. The type I vehicle is any vehicle that has at most 7 seats, while the type II vehicle is any vehicle that has at least 8 seats. In this paper, we only consider the type I vehicle in our numerical simulation and analysis. According to the actual vehicle motion characteristics, the simulation data is initialized as follows: The shape of the vehicle, length and width are: Clength≤5m,Cwidth≤2m; acceleration of acceleration: 0.4g≤aadd≤0.8g,g=9.8m/s; acceleration of deceleration:−1.2g≤adec≤−0.8g,g=9.8m/s; Meanwhile, it is assumed that the frequency of information exchange is 1 Hz. According to the dynamic safety distance function proposed in this paper, the cell represents the road length of 5 m (i.e., cell=5m). Within the updating frequency time of vehicle acceleration and deceleration speed information, the range of position change i: Position range of acceleration process: 2m≤xi(t+1)−xi(t)≤4m; Position range of deceleration process:4m≤xi(t+1)−xi(t)≤5m. Under extreme acceleration conditions, the corresponding position change of the vehicle is less than or equal to one cell. Vehicle density is calculated as ρ=m/L, where m is the number of vehicles on the road with a simulated lane length of L.

In the simulation road, the lane length is L = 2 km, consisting of 400 cells with the number of lanes n = [2, 3, 4, 5]. The maximum speed is based on the speed limit of urban roads with more than 3 lanes in Xi'an, China, as shown in Fig. 2. Select vmax = 4 cells/s = 72 km/h; The simulation time is 10,000 steps, and the initial speed is randomly distributed in the road according to 0−vmax. To reduce the influence of the initial distribution, the statistical range of the simulation results is within the range of 5000–10,000 steps.
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Figure 2: Real view of urban multi-lane

4.1 Speed and Flow

The paper reproduces STCA, STCA-I, STCA-S, and STCA-M, respectively. Numerical simulation of STCA-L, in which the curves corresponding to STCA and STCA-I are multi-lane extensions to its two-lane model. Lane speed curves (i.e., 2, 3, 4, and 5) are obtained as shown in Figs. 3a–3d. The flow curve is shown in Figs. 4a–4d. The fundamental indicators such as average speed and average flow are compared under different vehicle densities in the numerical simulation results in each sub-figure.
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Figure 3: Basic diagram of the multi-lane average speed curve
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Figure 4: Basic diagram of the multi-lane flow curve

Analyzing the average speed data curve in Fig. 3 shows that: The extremely low vehicle traffic density, i.e., the value is about [0, 0.075] pcu/km. Road resources are abundant, vehicles are in the free-running stage, and vehicles do not need to change lanes to maintain speed or have sufficient, safe lane change intervals. Therefore, the vehicle speeds of the microscopic objects under the 5 models are the same. When the vehicle density further increases, tending to 0.1 pcu/km. The STCA model requires more stringent lane-changing requirements and a fixed safety distance setting, causing vehicles to slow down and wait for lane-changing, so the average speed first drops significantly. At the same time, careful observation can find the vehicle density range [0.1, 0.325] pcu/km, the average speed of the 4 models has the same changing trend, but corresponding to the same vehicle density, the STCA-L model can obtain a higher average speed value. This is because on the basis of ensuring safe lane change, STCA-I is more flexible than STCA, STCA-S is more flexible than STCA-I, STCA-M is more flexible than STCA-S. The proposed model (STCA-L) in this paper provides the most flexible lane-changing rules for the multi-lane environment. Enable the vehicle to pass through possible lane changes and maintain the vehicle's speed. From Figs. 3a and 3b, we observe that when the two-lane is expanded to the three-lane, the average speed of the STCA and STCA-I models has a large gap with STCA-S, STCA-M, and STCA-L in the vehicle density range [0.15, 0.35] pcu/km. This shows that the three-lane STCA-S, STCA-M, and STCA-L models have considered both forward and backward vehicles simultaneously. This collaborative control method based on global considerations can provide more lane-changing possibilities. When the vehicle density exceeds 0.4 pcu/km, the average speed value corresponding to different models, STCA-L cannot obtain speed maintenance, which shows that the average flow of the road section is effective but limited by the coordinated control method. The increase in the absolute number of vehicles will cause the control method to fail.

In Fig. 4, as the average vehicle speed changes within the vehicle density range [0, 0.1] pcu/km, the average flow of the five-lanes model is the same due to the similarity of the absolute number of vehicles (i.e., the lane can be changed smoothly without changing lanes or without guidance and deceleration under free-flow conditions). However, with the further increase of vehicle density, the demand for lane changing has increased significantly. Whether the lane can be effectively changed has a direct impact on the average flow value. The flow increases with the increase of vehicle density by changing lanes, but different lane changing rules give the road different flow characteristics: when the vehicle density rises to 0.175 pcu/km, the STCA model average flow reaches its maximum. The STCA-I model provides more lane changes to enable maximum traffic flow than the STCA model. Although the STCA-S model can further increase the average flow through more flexible lane changing rules, there is still an inflection point when the vehicle density is 0.2 pcu/km. The STCA-L model explores the possibility of changing lanes and maintains the vehicle speed at a relatively high vehicle density, thereby obtaining a better average flow. Compared with the other four-lane model, the STCA-L model can reach the maximum flow when the vehicle density is 0.25 pcu/km. By observing Fig. 4, we could find that the vehicle density range from [0.15, 0.275] pcu/km, through effective lane change, the vehicle speed can be maintained in a more extensive density range, and the vehicle speed of road sections, especially high-speed vehicles, can improve the higher use efficiency of the road section. In order to more accurately characterize the differences between the models, the specific data are compared, as shown in Tables 1 and 2.
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The data in Table 1 shows that the average speed value decreases with the increase of the vehicle density value, and the data in Table 2 shows that the average flow value increases rapidly as the vehicle density value increases. After reaching the maximum value, it decreases from steep to gentle, which conforms to the fundamental law of the three elements of traffic flow. We analyzed the specific data of the 4 lanes model in lanes 2, 3, 4, and 5 and found that: the area of maximum flow is within the range of [0.175, 0.250] pcu/km, the maximum flow of STCA and STCA-I under 2 lanes is at the vehicle density value of 0.175 pcu/km, which is 0.399 vehicles/s and 0.462 vehicles/s, respectively. The results are consistent with the numerical simulations in the literature [23]. The STCA-I model reflects the law of vehicle lane changing through the dynamic safety distance based on STCA, and the average traffic has a greater increase compared with STCA. The vehicle density of the STCA-S model reaches the maximum flow rate at 0.2 pcu/km, which is 0.522 vehicle/s. This shows that the cooperative lane change method of the model can increase the lane change frequency to ensure safe lane change while increasing road utilization. When the vehicle density is set to 0.225 pcu/km, the maximum average flow of the STCA-M model is 0.560 vehicles/s, which is 21.2% higher than the average flow of the STCA-I model and 7.27% higher than the STCA-S model. The maximum average flow of the STCA-L model under 2 lanes is 0.607 vehicles/s, which is 16.28% higher than STCA-S and 8.39% higher than the STCA-M model. The STCA-L model under 3 lanes is compared with STCA-S based on the maximum average flow by 16.03%, and compared with STCA-M by 8.00%. Under 4 lanes, the maximum average flow of the STCA-L model is increased by 16.12% compared with STCA-S and 7.38% compared with STCA-M. With the STCA-L model under 5 lanes, the maximum average flow is increased by 17.56% compared with STCA-S and 9.84% compared with STCA-M. Through the comparison of the Three-lane models, it is found that both the average speed and the average flow rate are increasing slightly. Because the STCA-L model considers the two-way lanes on both sides, it is more dominant in the average speed to achieve synergistic lane change without slowing down. The average flow under different lane numbers is effectively improved with the increased road capacity by incorporating collaborative lane changing and dynamic safety distance. In comparison to the STCA, STCA-I, STCA-S, and STCA-M models, this is a significant way to alleviate the growing burden on urban roads generated by the gradual growth of car ownership in the future with the expansion of the road and increase in the number of lanes.

According to Table 2, it provides that with the increase in the number of lanes, the growth trend of average flow is gradually decreasing. The growth rate is less than the growth rate of the physical space, i.e., when the 2 lanes are expanded to the 3 lanes, the physical space is expanded by 50%, and the growth rate of the average flow is 15.65%. Similarly, if the three-lanes are expanded to 4 lanes, the physical space is expanded by 33.33%, and the average flow growth rate is 5.67%, and when the 4 lanes are expanded to 5 lanes, the physical space is expanded by 25%, and the average flow growth rate is 3.77%. Through the comparison of specific data, the growth rate of the average traffic is continuously decreasing. It shows that the exponential growth of physical space cannot bring about a corresponding increase in average flow. Therefore, an appropriate increase in the number of lanes can effectively increase the average flow, while an unlimited increase in the number of lanes cannot increase the average flow more significantly.

4.2 Time-Space Diagram Analysis

We are considering the basic graph curves of the 5 models in the traffic flow pictures. In the experiment, the traffic density at locations with significant differences in average flow is 0.225 pcu/km. The space-time diagrams of lanes 2, 3, 4, and 5, respectively, are plotted as shown in Table 3.
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The vehicle density for all the models in Tables 2 and 3 is set to 0.225 pcu/km. The average flow value of the STCA model and the STCA-I model is not the maximum value of the model at the entering area where there is a possibility of a traffic jam. We observe from the STCA model time-space diagrams of the STCA and STCA-I models reduce the possibility of lane changing due to the safety distance requirement. This method reduces the available road resources. The lane change rate will drop rapidly as the number of vehicles increases. It can be seen that the formation of patches due to traffic jams in the STCA model has accumulated over time without obvious dissipation, especially in the 4 and 5 lanes, i.e., the model does not play a good role in regulating vehicles in a multi-lane environment. Although the STCA-I model has fewer patches than the STCA model, it is still because the above 2 models used passive lane-changing simulations and lack active lane-changing guidance. The jammed patches in the time-space map dissipate slowly, which form a backward transmission. The STCA-L, STCA-S and STCA-M have used active lane-changing guidance and speed guidance under the same vehicle density conditions. It can be found that there are fewer jammed patches as compared with the previous two models STCA and STCA-I. In particular, compare the number and dissipation process of patches in the 4 and 5 lanes of the STCA-L model, the model with active lane change guidance can quickly drive the patches to dissipate. Although the four-lane jam tends to transfer to the upstream, after several iterations, the jam dissipated. For the area with the slower speed in 5 lanes, there is no upstream propagation effect. This is because a more reasonable threat evaluation is set for lane-changing behavior, which reduces the error rate of the driver's subjective judgment about the safety distance and increases the success rate of lane-changing. At the same time, the introduction of speed guidance based on jam points can make the road driving of the vehicle predictable under the condition of active guidance. The increase in synchronous vehicle speeds further reduces the dissipating time of the jam point and reduces the deceleration and start-stop behavior of upstream vehicles due to the jam point. We can see from the STCA-L model in the space-time diagram of different lane numbers, and the vehicles gradually become synchronized under this model's lane-changing guidance. It shows that under the conditions of vehicle-road cooperative information interaction, effective guidance on the speed of lane-changing vehicles can change road vehicles and improve road usage efficiency and methods.

4.3 Vehicle Density and Lane Changing Frequency

Fig. 5 shows the channel shift frequency of various evolving models ranging from 0.1 to 0.7 pcu/km vehicle density values in 2, 3, 4, and 5 lanes road settings.
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Figure 5: Comparison diagram of multi-lane lane changing frequency of 5 models

We compare the lane change frequency of the 5 models and found that: In the low-density interval of the vehicle, i.e., [0, 0.1] pcu/km range. Because of the low vehicle density and adequate free space, vehicles need fewer lane changes and can adapt to their driving at their own speed. Even if lane-changing is needed, the safe lane-changing distance is adequate for the vehicle to change lanes safely. Therefore, there is not much difference between the 5 models in the low vehicle density range. With the further increase of the vehicle density, the lane-changing situation gradually makes a difference. We analyzed the vehicle density at [0.1, 0.25] pcu/km range. As density grew, blocked vehicles became more prevalent, and the demand for vehicle lane changes steadily increased, as did the frequency of lane changes. In the density interval of [0.25, 0.4] pcu/km, except for the STCA-L model, the lane-changing frequency corresponding to the other models begins to decrease. The STCA-L lane changing rules are flexible, and the lane changing rate can still be maintained in this interval. However, when the vehicle density reaches 0.5 pcu/km, the lane-changing frequency decreases rapidly. It is difficult to quantify the benefit of coordinated lane changes due to the compression of the physical space of the road. In Fig. 5, except for the STCA model's lane-changing frequency curve, the changing trend of the lane-changing frequency and the numerical value of the other 4 models are less different.
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By comparing the results shown in Table 4 and Fig. 5, we determined that the vehicle density corresponding to the STCA-L model's maximum lane changing frequency is 0.275 pcu/km in 3 and 4 lanes and 0.300 pcu/km in 5 lanes. As the number of lanes increases, the maximum value of lane-changing frequency shifts to a higher density interval. However, once the vehicle density exceeds 0.400 pcu/km, road congestion is inevitable, and the model's adjustment impact is lost. STCA-I and STCA-S have reflected the same trend of change. The vehicle density corresponding to each model's maximum lane change frequency is the same as the average flow corresponding value. The STCA model's slightly lower lane change frequency is due to its overly stringent criteria for inter-vehicle spacing. The lane changing frequency trend corresponding to the STCA model is consistent with STCA-S, STCA-M, and STCA-L, but it only represents the actual lane changing frequency in the current environment. STCA-S introduces the concept of vehicle-road coordination with the frequency of lane changes increased to a certain extent. STCA-L takes the overall consideration of the road section according to the threat of surrounding vehicles combined with the information of jammed road section and provides the safe lane changing conditions for vehicles as far as possible. Therefore, lane changing frequency corresponding to the maximum lane changing the frequency of STCA-I model, STCA-S model and STCA-M model increases by 20.18%, 11.73% and 5.63%, respectively the 2 lanes. Under the 3 lanes, an increase by 21.68%, 9.04% and 4.02%, respectively. Similarly, under 4 lanes, it increased by 18.68%, 8.28% and 5.39%, and 17.07%, 7.88%, and 5.06% under 5 lanes. For the STCA-L model, the lane-changing frequency of the 3 lanes model is 16.90% higher than that of 2 lanes model, 4 lanes model is 4.20% higher than that of 3, and 5 lanes model is 2.69% higher than that of 4 lanes model. If 4 lanes are extended to 5, then the maximum lane frequency growth rates change for the STCA-I, STCA-S, and STCA-L models are 4.52%, 3.05%, and 2.63%, respectively, with the STCA-L model having a lower maximum lane change frequency growth rate.

The growth rate of lanes is constantly decreasing, and it is much lower than the growth rate of lanes. When 4 lanes are expanded to 5 lanes, the growth rates of STCA-I, STCA-S and STCA-L models maximum lane change frequency are 4.52%, 3.05% and 2.63%, respectively, and the STCA-L model has a lower overall lane change frequency growth rate than the STCA-I and STCA-S models. The above analysis shows that the lane changing model based on driving guidance proposed in this paper can further explore the possibility of vehicle lane changing and improve road use efficiency. Increased lanes reduce the physical space available for lane changes and allow for further lane changes. Lanes are possible, but the rise in lane-changing frequency indicates that infinitely widening lanes cannot significantly increase lane-changing frequency.

4.4 Analysis of Induced Speed Compliance Rate

Based on the current usage of navigation software, it can be predicted that at the initial stage of vehicle-road collaborative information sharing, the vehicle operation guidance will also be completed by the driver. Whether the driver can comply with the driving guidance information will affect traffic flow in the road section. Therefore, in this section, we will discuss the effectiveness of the model under different compliance rates. In this paper, the relationship between average speed, flow and vehicle density is analyzed according to different compliance conditions. STCA-L lane change guide speed compliance rate value, pc=0.1,0.3,0.5,0.7,0.9,0.95. The reason for setting the full compliance rate at 0.95 is that even with total compliance driving instructions, there is still a risk of failing to comply with lane changing instructions due to vehicle malfunction, making it difficult to comply with driving instructions 100% in the case of complete driverless driving. Suppose there is a 0.05 non-compliance with the set rule. Figs. 6–9 compare the average vehicle speed and flow obtained with various enforcement rates and vehicle densities under various lane numbers.
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Figure 6: Basic diagram of 2 lanes speed and flow under different induced vehicle speed compliance rates
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Figure 7: Basic diagram of 3 lanes speed and flow under different induced vehicle speed compliance rates
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Figure 8: Basic diagram of 4 lanes speed and flow under different induced vehicle speed compliance rates
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Figure 9: Basic diagram of 5 lanes speed and flow under different induced vehicle speed compliance rates

Figs. 6–9 show that when the compliance rate is 0.95, all vehicles can be controlled by lane changing and speed according to the guidance, and the optimal average flow can be obtained. Referring to Table 2, when the vehicle density is 0.225 pcu/km, the average flow reaches the maximum value of 0.607 veh/s. When the compliance rate decreases, the corresponding average flow value decreases together. When the compliance rate is less than 0.7, the vehicle density value corresponding to the maximum average flow of STCA-L is the same as STCA-M and STCA-S, and the corresponding traffic flow change trend is similar. Where the compliance rate is less than 0.6, the impact on average flow is not as strong as with the STCA-M model. When the compliance rate is 0.45, it is the same as the maximum average flow of STCA-I. When the compliance rate is less than 0.3, the lane-changing advantage of STCA-L cannot be reflected, and even the utilization effect of the road becomes worse due to the excessively free vehicle control mode.

Let critically analyze Figs. 6–9b and Table 5. The maximum average flow rate for a given number of lanes is approximately 0.225 pcu/km. If the vehicle density is greater than 0.5 pcu/km, then the change in the compliance rate of the STCA-L model did not result in a significant change in the average traffic under high vehicle density road conditions. The change of compliance rate of the STCA-L model does not lead to an effective change in the average traffic flow under high vehicle density road conditions.
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In the road dominated by jammed flow, there are fewer control modes that can provide the vehicles with free choice, i.e., the vehicles are required to comply with lane changing rules objectively. Therefore, in the environment of high vehicle density, the STCA-L model presented in this paper can gain a slight advantage in the average flow value. Through the above analysis, the STCA-L model can better regulate traffic flow under various compliance rates. Compared with the other 4 models, our proposed model is more suitable for future urban vehicle-road coordination roads.

5  Conclusion

In this paper, an improved STCA multi-lane lane-changing model based on driving guidance is introduced. We evaluate vehicles’ operating status and mutual impact in a multi-lane environment using the interactive information content of vehicles and roads generated by vehicle-road collaboration. This paper focuses on the establishment of lane change guidance and speed induction functions for driving vehicles’ in local areas of disturbance and builds the STCA-L cooperative lane change model by integrating the NS-S model and the STCA-S update mode. Finally, numerical simulation is performed using the actual multi-lane traffic conditions.

Several experiments are executed to compared STCA, STCA-I, STCA-S, STCA-M, STCA-L models performance efficiency. According to the average flow value, the model presented in this paper increases the number of vehicles on the road and improves traffic flow over a broader range of vehicle densities. Compared with the STCA-S model under 2, 3, 4, and 5 lanes, the average flow value increases to 16.28%, 16.03%, 16.12%, and 17.56%, respectively. Similarly, compared with the STCA-M model under 2, 3, 4, and 5 lanes, the average flow value increases to 8.39%, 8.00%, 7.38%, and 9.84%, respectively. The time-space diagram analysis proved that the model in this paper has a good driving guidance function, effectively reducing the “start-stop” of the vehicle, and the synchronization phase is increased. It can be seen from the lane change rate curve that the lane change rules in this paper are more flexible and can give more lane changing opportunities under the premise of safety. Finally, the STCA-L coordinated lane change model is compared and analyzed under different lane numbers. It can be seen that the infinite widening of lanes does not bring more traffic, indicating that the model's adjustment to the road does not depend on the increase of the physical space of the road. However, at the same time, the proposed method in this paper gives the assumption of information interaction under the vehicle-road system, with the compliance rate having a greater impact on the guidance effect of the model. In addition, the increase in the amount of instantaneous information is suitable for human driving conditions. In future work, we shall study the instantaneous information that can suit the human driving condition.
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Table 1: Comparison of dittferent lanes mean speed-density data

Traffic STCA model (Different lanes)

STCA-I model (Different lanes)

STCA-S model (Different

STCA-M model (Different

STCA-L model (Different

density (cell/s) (cell/s) lanes) (cell/s) lanes) (cell/s) lanes) (cell/s)
(pcu/km)
2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5

0.050 3.390 3.390 3.370 3387 3.430 3.390 3390 3.399 3419 3.399 3398 3.400 3417 3420 3417 3420 3430 3426 3.430 3.431
0.100 3.160 3.300 3.370 3.380 3.300 3.370 3.381 3.383 3.330 3.360 3.370 3.398 3.390 3.392 3400 3.408 3410 3420 3.418 3.420
0.150 2.530 2.890 2940 3.040 2.990 3.160 3.180 3.207 3.190 3.290 3.310 3.340 3.250 3.330 3.370 3.376 3.310 3.383 3.395 3.405
0.175 2280 2.330 2.660 2.520 2.640 2.860 2.960 3.010 2930 3.179 3.219 3.262 3.080 3.266 3.296 3.318 3.230 3.350 3.360 3.376
0.200 1.950 2.000 2.060 2.070 2.280 2.360 2.520 2.520 2.610 2.990 3.090 3.150 2.760 3.110 3.230 3.260 3.020 3.220 3.290 3.340
0.225 1.690 1.750 1.780 1.730 1.950 1.993 2.021 2.070 2.690 2.690 2.840 2910 2490 2.890 3.070 3.100 2.700 3.070 3.180 3.250
0.250 1470 1529 1.501 1.520 1.620 1.720 1.740 1.786 2.410 2410 2.530 2.590 2.190 2.590 2.750 2.803 2.370 2.810 2.970 3.080
0.300 1.136  1.210 1.192 1.219 1200 1.350 1.370 1.397 1.790 1.790 1.880 1.950 1.490 1.930 2.030 2.140 1.700 2.070 2.240 2.370
0.350 0910 0.986 0.960 0.990 0950 1.076 1.068 1.096 1.270 1270 1.350 1.410 1.070 1.390 1.420 1.500 1.210 1.481 1.561 1.628
0.400 0.739 0.805 0.787 0.800 0.770 0.860 0.850 0.883 0.980 0.980 1.020 1.041 0.822 1.022 1.066 1.089 0.890 1.125 1.154 1.209
0.500 0.500 0.670 0.547 0.543 0.510 0.590 0.596 0.603 0.640 0.640 0.660 0.664 0.534 0.651 0.663 0.678 0.683 0.690 0.692 0.707
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Table 3: Comparison of lane changing spatial and temporal diagrams of four cellular automata with

multiple lanes
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Table 4: Lane change frequency comparison table of a multi-lane model

Traffic STCA model (Different lanes) STCA-I model (Different lanes) STCA-S model (Different STCA-M model (Different STCA-L model (Different
density (freq/s) (freq/s) lanes) (freq/s) lanes) (freq/s) lanes) (freq/s)
(pcu/km)

2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5
0.050 0.0090 0.0066 0.0065 0.0067 0.0100 0.0100 0.0112 0.0117 0.0110 0.0110 0.0114 0.0118 0.0121 0.0121 0.0124 0.0129 0.0135 0.0128 0.0139 0.0138
0.100 0.0100 0.0126 0.0123 0.0129 0.0260 0.0273 0.0278 0.0287 0.0280 0.0300 0.0318 0.0323 0.0299 0.0316 0.0321 0.0333 0.0317 0.0340 0.0350 0.0358
0.150 0.0077 0.0130 0.0135 0.0141 0.0350 0.0373 0.0397 0.0413 0.0369 0.0413 0.0428 0.0441 0.0389 0.0434 0.0444 0.0456 0.0407 0.0449 0.0462 0.0471
0.175 0.0069 0.0123 0.0126 0.0131 0.0340 0.0386 0.0413 0.0432 0.0376 0.0436 0.0452 0.0466 0.0399 0.0454 0.0464 0.0475 0.0418 0.0468 0.0483 0.0495
0.200 0.0060 0.0109 0.0111 0.0119 0.0300 0.0390 0.0422 0.0440 0.0371 0.0446 0.0467 0.0480 0.0402 0.0465 0.0477 0.0489 0.0424 0.0481 0.0500 0.0511
0.225 0.0052 0.0092 0.0092 0.0098 0.0260 0.0379 0.0419 0.0442 0.0350 0.0450 0.0473 0.0486 0.0394 0.0475 0.0487 0.0498 0.0426 0.0491 0.0509 0.0522
0.250 0.0046 0.0079 0.0078 0.0083 0.0230 0.0359 0.0398 0.0431 0.0309 0.0453 0.0476 0.0491 0.0369 0.0478 0.0491 0.0502 0.0417 0.0495 0.0514 0.0529
0.275 0.0046 0.0067 0.0066 0.0070 0.0200 0.0331 0.0373 0.0407 0.0270 0.0449 0.0474 0.0430 0.0338 0.0471 0.0487 0.0506 0.0395 0.0498 0.0519 0.0532
0.300 0.0046 0.0060 0.0061 0.0063 0.0176 0.0296 0.0331 0.0363 0.0237 0.0437 0.0467 0.0490 0.0289 0.0466 0.0486 0.0502 0.0349 0.0492 0.0516 0.0533
0.350 0.0046 0.0047 0.0048 0.0049 0.0139 0.0219 0.0237 0.0253 0.0180 0.0376 0.0421 0.0458 0.0211 0.0418 0.0482 0.0483 0.0264 0.0455 0.0492 0.0512
0.400 0.0046 0.0039 0.0040 0.0043 0.0110 0.0160 0.0167 0.0172 0.0136 0.0276 0.0304 0.0349 0.0161 0.0328 0.0388 0.0426 0.0201 0.0381 0.0431 0.0461
0.500 0.0046 0.0027 0.0027 0.0028 0.0071 0.0094 0.0095 0.0097 0.0083 0.0113 0.0119 0.0122 0.0093 0.0133 0.0143 0.0152 0.0106 0.0157 0.0173 0.0181
0.600 0.0046 0.0022 0.0022 0.0023 0.0050 0.0063 0.0065 0.0063 0.0060 0.0069 0.0071 0.0070 0.0068 0.0073 0.0074 0.0074 0.0073 0.0077 0.0077 0.0079
0.700 0.0046 0.0021 0.0021 0.0022 0.0035 0.0043 0.0044 0.0045 0.0043 0.0049 0.0051 0.0052 0.0052 0.0054 0.0055 0.0056 0.0057 0.0052 0.0054 0.0054
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Table 2: Comparison ot two-lane mean tlow-density data

Traffic STCA model (Different lanes)

STCA-I model (Different lanes)

STCA-S model (Different

STCA-M model (Different

STCA-L model (Different

density (vehicle/s) (vehicle/s) lanes) (vehicle/s) lanes) (vehicle/s) lanes) (vehicle/s)
(pcu/km)
2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5 2 3 4 5

0.050 0.170 0.170 0.170 0.169 0.172 0.170 0.170 0.170 0.171 0.170 0.170 0.170 0.170 0.171 0.171 0.170 0.172 0.171 0.172 0.172
0.100 0.316 0.330 0.337 0.338 0.330 0.337 0.338 0.338 0.333 0.336 0.337 0.340 0.330 0.339 0.340 0.341 0.341 0.342 0.342 0.342
0.150 0.379 0.433 0441 0456 0448 0474 0477 0481 0478 0493 0496 0.501 0.486 0.499 0.505 0.506 0.496 0.507 0.509 0.511
0.175 0399 0.408 0.465 0441 0462 0500 0.518 0.527 0.513 0.556 0.563 0.571 0.539 0.571 0.577 0.581 0.565 0.586 0.588 0.591
0.200 0.390 0.400 0.422 0414 0456 0472 0.504 0.504 0.522 0.598 0.618 0.630 0.552 0.622 0.646 0.652 0.604 0.644 0.658 0.668
0.225 0.380 0.394 0.385 0.389 0.439 0.448 0455 0466 0.502 0.605 0.639 0.655 0.560 0.650 0.691 0.697 0.607 0.691 0.715 0.731
0.250 0.368 0.382 0.375 0.380 0.405 0.430 0.435 0446 0455 0.602 0.632 0.647 0.546 0.647 0.687 0.701 0.592 0.702 0.742 0.770
0.300 0.341 0.363 0.358 0.366 0.405 0.405 0411 0419 0.390 0.537 0.564 0.585 0.447 0.579 0.609 0.642 0.510 0.621 0.672 0.711
0.350 0319 0.345 0.336 0.346 0377 0.377 0.374 0384 0351 0.444 0472 0493 0.375 0.486 0497 0.525 0.423 0.518 0.546 0.570
0.400 0296 0.322 0.315 0.320 0.344 0.344 0.340 0.353 0.318 0.392 0408 0416 0.329 0.409 0426 0436 0.356 0450 0462 0.484
0.500 0.250 0.335 0.273 0.271 0.295 0.295 0.298 0.301 0.263 0.320 0.330 0.332 0.267 0.325 0.331 0.339 0.341 0.345 0.346 0.353
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Table 5: Comparison table of the average speed and flow of different lanes for an optimal compliance

rate

Model STCA-L (p.=0.95)

The number 2 lanes 3 lanes 4 lanes 5 lanes
of lanes

Density Speed  Flow Speed  Flow Speed  Flow Speed  Flow
(pcu/km) (cell/s)  (vehicle/s) (cell/s) (vehicle/s) (cell/s) (vehicle/s) (cell/s) (vehicle/s)
0.050 3428  0.171 3430 0.171 3434 0.172 3.337  0.167
0.100 3.403  0.340 3.440  0.344 3.460  0.346 3.370  0.337
0.150 3314  0.497 3.403  0.497 3410 0497 3.440  0.516
0.175 3.088  0.540 3392 0.594 3.399  0.595 3.410  0.597
0.200 2.850  0.570 3.324  0.665 3.324  0.665 3.395  0.679
0.225 2.577  0.579 3.150  0.709 3.240  0.729 3.314  0.746
0.250 2278  0.569 2.870  0.717 3.044  0.761 3.150  0.787
0.275 1.964  0.540 2.530  0.696 2.679  0.737 2.797  0.769
0.300 1.660  0.498 2.150  0.645 2287  0.686 2403  0.721
0.350 1.221  0.427 1.550  0.542 1.610  0.563 1.700  0.595
0.400 0.940 0.376 1.170  0.468 1.190  0.476 1.240  0.496
0.500 0.632  0.316 0.710  0.355 0.710  0.355 0.730  0.365
0.600 0.435  0.261 0475  0.285 0.491 0.295 0.498  0.299

0.700 0.306  0.214 0.332  0.232 0.341  0.239 0.349  0.244
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