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Abstract

:

In order to study the heterogeneous traffic environment generated by connected automated vehicles (CAVs) and human-driven vehicles (HDVs), the car-following model and basic graph model of the mixed traffic flows of connected automated vehicles and human-driven vehicles are constructed. Considering driver response time and the communication delay of the connected automated vehicles control system, the three-parameter variation law of traffic flow is summarized to solve the traffic congestion problem in heterogeneous traffic environments. Firstly, the probability of six scenarios in queues of cooperative adaptive cruise control (CACC) vehicles, adaptive cruise control (ACC) vehicles, and human-driven vehicles in heterogeneous traffic environments is analyzed. The car-following model is defined, and the parameters are calibrated, and then a fundamental diagram model of traffic flow balance is derived. On this basis, considering driver response time and the communication delay of the linear controller, a car-following model considering multi-party delay is updated and established, and the heterogeneous traffic flow analysis of the two types of delays in the model is carried out. Finally, the microscopic simulation environment is constructed based on SUMO 1.17.0 (Simulation of Urban Mobility) software. The results show that when the permeability (the proportion of connected automated vehicles in a traffic stream) exceeds 0.6, CAVs account for the main part in the heterogeneous traffic, which has a positive impact on the maximum flow and the optimal density and can effectively improve the maximum capacity of the road. The simulation results show that the updated car-following model is reasonable and accurate in dealing with driver response time and V2V communication delay.
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1. Introduction


As the field of autonomous driving and wireless communication technology matures, more and more attention has been paid to the research and development of connected automated vehicles [1,2,3,4]. Relevant research [1] shows that in the next 5 years around 10% of vehicles on the road will be CAVs, and in the next 30 years the proportion will rise to 75%. Therefore, for a long time in the future, there will be a coexistence of human-driven vehicles and connected automated vehicles. Therefore, it is of great significance to study heterogeneous traffic flow characteristics.



The research on the car-following model and the fundamental diagram of connected automated vehicles started earlier, and most of them studied the car-following characteristics of mixed traffic flow with different CACC vehicle proportions based on simulation methods [5]. Article [6] established the car-following models of HDV, connected vehicles (ACC vehicles), and automatic vehicles (CACC vehicles), and then obtained the fundamental diagram heterogeneous traffic flow under different ratios of automatic vehicles to connected vehicles through simulation. Because the functional degradation of connected automated vehicles is a significant factor affecting the traffic capacity, some of the literature considers the functional degradation of connected automated vehicles [7,8,9] and the derive fundamental diagram of connected automated vehicles after degradation. Article [10] found that when the permeability is less than 40%, it is difficult to significantly alleviate traffic congestion. When the permeability is greater than 60%, the traffic flow capacity and stability can be greatly improved. However, the CACC car-following model used in the above simulation is an early model proposed by the PATH Laboratory in Berkeley, California [11], which had not been verified by real vehicle tests [12].



Driver response time is analyzed from the perspective of human factors. The influencing factors are mainly divided into two aspects: driver characteristics and secondary task driving behavior. (1) In terms of driver characteristics, different driver characteristics (gender, experience, age and emotion, etc.) will affect the way they operate the vehicle [13]. In [14], it is shown that the driver’s psycho-physiological characteristics are the factors that affect driver response time. (2) In terms of secondary task driving behavior, the researchers in [15] found that the execution of secondary task driving behavior would reduce driver response time to the front vehicle, while attention to the road was more concentrated.



In terms of V2V communication, ACC vehicles use on-board millimeter-wave radar sensors to sense the relative speed and relative distance of the preceding vehicle, which can control the car-following vehicles in the queue and enables them to drive automatically. Compared with ACC vehicles, CACC vehicles not only use millimeter-wave radars, but also use inter-vehicle communication technology to transmit more abundant vehicle dynamic information between platoon vehicles to improve the sensitivity of car-following vehicles to the dynamics of upstream and downstream vehicles, achieve shorter vehicle spacing and better system stability, achieve the purpose of improving traffic safety and efficiency, and save fuel consumption [16,17,18,19,20]. Research shows that vehicle driving in queue mode can effectively improve road traffic efficiency, vehicle fuel economy and driving safety. Vehicle platoon technology includes four basic elements: vehicle dynamics model, vehicle spacing strategy, network topology, and controller [21]. Typical network topologies include predecessor-following (PF), predecessor leader-following (PLF), and bidirectional (BD).



Through a literature review, the analysis of traffic flow state in a heterogeneous traffic environment is mainly based on the comparison of three parameters of traffic flow under different permeabilities of connected automated vehicles. Through the traditional car-following model and fundamental diagram model, the basic correlation of flow-speed-density is proposed. Scholars have made some achievements in the analysis of traffic flow state in heterogeneous traffic environments, but there are still the following problems:




	
Most of the existing studies use different models to describe the car-following behavior characteristics of different vehicles. Due to the large differences between the models, it will affect the human-driven vehicles in reality. At the same time, the proportion of ACC vehicles degraded from CACC vehicles in the car-following environment has not been divided and explained in detail.



	
The existing research on the characteristics of heterogeneous traffic flow is not comprehensive enough. At the same time, the characteristics of heterogeneous traffic flow are not deeply studied from the aspects of driver response time and V2V communication delay. At the same time, the rationality and accuracy of the improved car-following model for studying the two are not determined.








The rest of the paper is organized as follows. Section 2 considers the occurrence probability of HDV/CACC/ACC in car-following platoons in different situations and describes the car-following behavior of different vehicles. Considering the degradation of connected automated vehicles, different parameters are used to characterize different vehicles, and fundamental diagram in heterogeneous traffic environment is obtained. Section 3 combines the driver response time and the communication delay of the vehicle linear controller system to update the car-following models and fundamental diagrams. Section 4 uses SUMO software to simulate. Section 5 presents the conclusion and suggestions for future work.




2. Car-Following Model in Heterogeneous Traffic Environment


2.1. Analysis of Vehicle Composition in Heterogeneous Traffic Environment


In the heterogeneous traffic environment, CACC, ACC, and HDV are mixed. If CAV permeability is  p , the HDV proportion is   1 − p  . When CAVs follow HDVs, the rear vehicles cannot communicate with the front vehicles and information cannot be shared in real time, which make CACC vehicles degenerate into ACC vehicles. It can be seen that the proportion of ACC vehicles in heterogeneous traffic environment is   p  (  1 − p  )   , and the proportion of CACC vehicles is   p − p  (  1 − p  )  =  p 2   . Due to the random distribution of vehicle positions, and that the vehicle type is an independent event, there should be nine scenarios of different combinations in principle, but there are no three scenarios of CACC following HDV, ACC following CACC, and ACC following ACC. Therefore, there are six following scenarios, as shown in Table 1.



	
Scenario 1: HDV vehicle following HDV vehicle.






As shown in Figure 1, both the front and rear cars are human-driven vehicles. The rear driver can only understand the change of the front car state through his own physiological perception. The delay is the driver response time, which takes longer than the perception of the on-board equipment. The probability of this car-following mode is    (  1 − p  )   (  1 − p  )  = 1 − 2 p +  p 2   .



	2.

	
Scenario 2: HDV vehicle following CACC vehicle.







As shown in Figure 1, the front vehicle is a CACC vehicle and the rear HDV vehicle. The way the rear vehicle obtains the front vehicle needs to go through physiological reaction such as driver perception, recognition, and judgment, so the response time is longer. In this scenario, the probability is    p 2   (  1 − p  )  =  p 2  −  p 3   .



	3.

	
Scenario 3: ACC vehicle following HDV vehicle.







When the CAV follows the HDV vehicle, the front vehicle is the HDV vehicle and the rear vehicle is CAV, the rear vehicle cannot form a car-to-car communication with the front vehicle and the vehicle information cannot be shared in real time, so the CACC vehicle degenerates into the ACC vehicle. As shown in Figure 1, the following mode is in principle the sum of the proportion of CACC and ACC vehicles following HDV vehicles, that is,    (  p  (  1 − p  )  +  p 2   )   (  1 − p  )  = p −  p 2   .



	4.

	
Scenario 4: CACC vehicle following CACC vehicle.







In this case, the rear vehicle and the front vehicle are connected automated vehicles, and the rear vehicle can obtain the position, speed, and acceleration of the front vehicle through vehicle-to-vehicle communication. In this case, the delay of the rear vehicle is the delay in the vehicle-to-vehicle communication process because the vehicle-to-vehicle communication can realize the real-time communication and synchronous driving of the two vehicles. As shown in Figure 1, the car-following mode is in principle the sum of the proportion of CACC and ACC vehicles following CACC vehicles, that is    p 2  ×  p 2  +  p 2  × p  (  1 − p  )  =  p 3   .



	5.

	
Scenario 5: CACC vehicle following ACC vehicle.







As shown in Figure 1, the front connected automated vehicle is degraded to an ACC vehicle by the influence of its front vehicle, and the rear vehicle can still carry out vehicle-to-vehicle communication to obtain information such as the position, speed, and acceleration of the front vehicle. This scenario can realize real-time communication and synchronous driving of the two vehicles. In this scenario, the car-following mode is, in principle, the sum of the proportion of CACC and ACC vehicles following ACC vehicles, that is,    p 2  × p  (  1 − p  )  + p  (  1 − p  )  × p  (  1 − p  )  =  p 2  −  p 3   .



	6.

	
Scenario 6: HDV vehicle following ACC vehicle.







As shown in Figure 1, the connected automated vehicle is degraded to an ACC vehicle under the influence of the front vehicle, and the HDV vehicle in the rear parking space cannot perform V2V communication. After a physiological reaction such as driver perception, recognition, and judgment, the delay is longer. The proportion of car-following mode in this scenario is   p  (  1 − p  )   (  1 − p  )  = p − 2  p 2  +  p 3   .




2.2. HDV/ACC/CACC Car-Following Model


	
HDV car-following model






For human-driven vehicles, the widely used intelligent driver model (IDM) is selected. IDM was proposed by Treiber et al. Reference [22], from 2000, has been widely used in the theory and simulation research of HDV car-following models. In this paper, the IDM model is used to simulate the car-following behavior of human-driven vehicles in heterogeneous traffic environments. At this time, the acceleration      v ¯   n   ( t )    is:


     v ¯   n   (   ν n   ( t )  ,  h n   ( t )  , Δ  ν n   ( t )   )  = a [ 1 −   (    ν n   ( t )     ν 0    )  4  −  (     s 0  +  ν n   ( t )  T −    ν n   ( t )  Δ  ν n   ( t )    2   ( a b )    1 2         h n   ( t )  −  L V     ) 2   ]   



(1)




where    ν n   ( t )    represents the speed of vehicle  n  at time  t .   Δ  ν n   ( t )    represents the speed difference between the vehicle    (  n − 1  )    and the vehicle  n  at time  t ;    h n   ( t )    represents the headway of vehicle  n  at time  t ;  a  represents the maximum acceleration parameter of the vehicle, taking   1    m  /  s 2   ; the free flow speed is   33.3    m  / s  ;    s 0    represents the minimum safe parking spacing,   2    m   ;  T  represents the safe headway,   1.5    s   ;  b  represents comfortable deceleration,   2    m  /  s 2   ;    L V    is   5    m    long.



	2.

	
ACC car-following model







The PATH laboratory of the University of California, Berkeley, implanted the commercial ACC system into four real vehicles to obtain the trajectory data of the real ACC vehicle, and calibrated the ACC car-following model under the constant inter-vehicle time–distance strategy. The consistency of the calibrated ACC car-following model with the real ACC vehicle in terms of car-following dynamic characteristics [12] is verified. The acceleration      v ¯   n   ( t )    of the ACC car-following model is as follows:


     v ¯   n   (   ν n   ( t )  ,  h n   ( t )  , Δ  ν n   ( t )   )  =  k 1   (   h n   ( t )  −  L V  −  s 0  −  t a   ν n   ( t )   )  +  k 2  Δ  ν n   ( t )   



(2)




where    t a    represents the ACC vehicle’ expected workshop time interval parameter, which is   1.1   s  ;    k 1    represents the control coefficient of the spacing error, and the calibration result is   0.23    s  − 2    .    k 2    represents the speed difference control coefficient, and the calibration result is   0.07      s    − 1    .



	3.

	
CACC car-following model







Four real vehicles were implanted into the CACC control system in the PATH laboratory. In order to obtain the trajectory data, the parameters of the CACC control system were calibrated [12,23]. Therefore, the CACC car-following model is as follows:


   {       v n   (  t + Δ t  )  =  v n   ( t )  +  k p   e n   ( t )  +  k d    e ˙  n   ( t )         e n   ( t )  =  h n   ( t )  −  L V  −  s 0  −  t c   v n   ( t )         



(3)




where    v n   (  t + Δ t  )    represents the speed of vehicle n at time    (  t + Δ t  )   ;   Δ t   represents the control step length of the CACC system,   0.01   s  ;    e n   ( t )    represents the error between the actual headway of vehicle  n  at time  t  and the expected headway;     e ˙  n   ( t )    represents the differential of    e n   ( t )    with time   t  ;    t c    represents the expected workshop distance parameter of the CACC vehicle,   0.6   s  ;    k p    represents the control coefficient of CACC vehicle spacing error, and the calibration result is 0.45.    k d    represents the differential control coefficient of CACC vehicle spacing error, and the calibration result is 0.25.




2.3. Fundamental Diagram Analysis under Heterogeneous Traffic Environment


The traffic flow in a heterogeneous environment is composed of HDVs, CACC, and ACC vehicles. It can be seen from Section 2.1 that the proportion of various vehicles in heterogeneous traffic flow is:


   {       p c  =  p 2         p a  = p −  p 2         p h  = 1 − p        



(4)




where    p c    represents the proportion of CACC vehicles in a heterogeneous traffic environment;    p a    represents the proportion of ACC vehicles in a heterogeneous traffic environment;    p h    represents the proportion of HDVs in a heterogeneous traffic environment.



It is assumed that the vehicle travels uniformly at an equilibrium speed,    v e   . In the process of deriving the traffic flow density  ρ  in a heterogeneous environment, it is necessary to obtain the road length  L  covered by the heterogeneous traffic flow. Assuming that the total number of vehicles on the road is  N , the sum of the headway of various vehicles on the road can be obtained:


  L = N  p h   h h  + N  p c   h c  + N  p a   h a   



(5)




where    h h    represents the headway of HDV;    h c    represents the headway of CACC vehicle;    h a    represents the headway of ACC vehicle. Therefore,


  ρ =  N L   



(6)







By the Formulas (5) and (6), the following can be obtained:


  ρ =  N  N  p h   h h  + N  p c   h c  + N  p a   h a    =  1   p h   h h  +  p c   h c  +  p a   h a     



(7)







Combined with Formulas (1)–(3) and (7), the basic formula of flow-density in heterogeneous traffic environments can be expressed as:


   {      ρ =    (   (  1 − p  )   (     s 0  + T  v e      1 −    (     v e     v 0     )   4    +  L v     )  + p  (  1 − p  )   (   t a   v e  +  s 0  +  L v   )  +  p 2   (   t c   v e  +  s 0  +  L v   )   )    − 1         q = ρ  v e         



(8)




where  q  represents the traffic flow in heterogeneous traffic environments.



According to Formula (8), the heterogeneous traffic environment is determined by the permeability  p  of different CAVs in a mixed traffic flow. Combined with the change of equilibrium speed    v 0    (  0 ≤  v 0  ≤ 33.3   m / s  ), the change of three parameters of traffic flow is calculated every 20% from 0 to 100%. A traffic flow fundamental diagram in heterogeneous environment is obtained when    v 0  = 33.3   m / s  . From Figure 2, it can be seen that with the increase in CAV proportion, the traffic capacity in a heterogeneous traffic environment increases gradually, indicating that the connected automated vehicle has a positive impact on road traffic capacity. It can be seen from Table 2 that when the CAV permeability is 100%, the optimal density is   37.07    veh  / km   and traffic flow is   4430    veh  / h  , which is twice the flow when the CAV permeability is 0.



The maximum traffic capacity and critical density of the road are different under different permeability of connected automated vehicles. The road has higher maximum traffic capacity under high permeability, which indicates that the connected automated vehicles can improve the maximum traffic capacity of the road. However, when the permeability of connected automated vehicles is   0 < p < 0.6  , the maximum traffic capacity of the road increases with the increase in permeability but the growth rate is slow; when the permeability of connected automated vehicles is greater than 0.6, the maximum capacity of the road is greatly improved with the increase in permeability. The reason is that when the traffic flow changes from single human-driven vehicles to a mixed driving environment of connected automated vehicles and human-driven vehicles, CACC vehicles degenerate into ACC vehicles. In addition, in the process of car-following degradation, ACC vehicles generated by degradation will increase the instability of traffic flow. The fundamental diagram parameters of traffic flow under different permeability in heterogeneous traffic environment are shown in Table 2. The maximum capacity increases by 33.43% when the permeability is 0–60%, and the growth rate is slow. When   p = 80 %  , the growth rate was significantly accelerated to 2993.80   veh / h  . It is found that when the permeability is lower than 0.6, human-driven vehicles and ACC vehicles account for the main part of the traffic flow, so the maximum traffic capacity of the road increases slowly. When the permeability exceeds 0.6, CAVs account for the main part of traffic flow, and headway is low, which effectively improves the maximum capacity of the road.





3. Traffic Flow State Analysis Considering Multi-Delay Factors


3.1. Considering Driver Response Time Car-Following Model Update


From the perspective of driver characteristics, the influencing factors of driver response time are decomposed step by step:




	
Driver’s physiological attributes such as gender and age;



	
Considering that driving experience is the knowledge accumulation of the driver’s long-term driving conditions, the driving age, driving mileage, and driving frequency are selected as the main evaluation indexes to measure the knowledge accumulation;



	
The improved driving load assessment method in Reference [24] is used to quantify the driving load of each subject as an indicator of driving load;



	
The driver’s expectation is divided into speed expectation, distance expectation, and comfort expectation to reflect the driver’s driving style and driving expectation.








Referring to the value of the driver response time    τ h    in Reference [24], the range is selected as 0.3~1.3  s . In this paper, the data of the real vehicle experiment personnel conform to the normal distribution, and the location of the mean is 0.75. The improved HDV car-following model is obtained from Formula (1):


     v ¯   n   (   ν n   ( t )  ,  h n   ( t )  , Δ  ν n   ( t )   )  = a [ 1 −   (    ν n   ( t )     ν 0    )  4  −  (     s 0  +  ν n   ( t )   (  T +  τ h   )  −    ν n   ( t )  Δ  ν n   ( t )    2   ( a b )    1 2         h n   ( t )  −  L V     ) 2   ]   



(9)








3.2. Considering CACC and ACC Vehicles’ Communication Delay Time Car-Following Model Update


This section focuses on the linear feedback control in the CACC controller. The advantage of linear control is that the controller has a simple structure, stable operation, and less calculation. By [25], it is found that when the communication delay reaches the delay boundary of the linear controller 0.4  s , the linear controller begins to be unstable. Therefore, the linear controller delay    τ c    is set to 0~0.4  s . The improved CACC car-following model is obtained from Formula (3):


     v ¯   n   (   v n   ( t )  ,  h n   ( t )  , Δ  v n   ( t )   )  =    k p   (   h n   ( t )  −  L v  −  s 0  −  v a   ( t )  ×  (   τ c  +  t c   )   )  +  k d  Δ  v n   ( t )    Δ t +  k d   t c     



(10)







Similar to the CACC degraded ACC vehicle, the communication delay is expressed by    τ a   . The improved ACC car-following model is obtained from Formula (2):


     v ¯   n   (   ν n   ( t )  ,  h n   ( t )  , Δ  ν n   ( t )   )  =  k 1   (   h n   ( t )  −  L V  −  s 0  −  (   t a  +  τ a   )   ν n   ( t )   )  +  k 2  Δ  ν n   ( t )   



(11)







From Formulas (9)–(11), a heterogeneous traffic environment car-following model based on driving response time and communication delay can be obtained:


   {      ρ =    (   (  1 − p  )   (     s 0  +  (  T +  τ h   )   v e      1 −    (     v e     v 0     )   4    +  L v     )  + p  (  1 − p  )   [   (   t a  +  τ a   )   v e  +  s 0  +  L v   ]  +  p 2   [   (   t c  +  τ a   )   v e  +  s 0  +  L v   ]   )    − 1         q = ρ  v e         



(12)








3.3. Traffic State Analysis


Using the updated car-following model, the traffic flow fundamental diagram considering driver response time and vehicle-to-vehicle communication delay in heterogeneous traffic environment was obtained. As shown in Figure 3, the fundamental diagram without CAV communication delay is shown in the diagram only when the driver’s fastest response time (   τ h  = 0.3   s  ) is considered under a different CAV permeability, which can be compared with the following to show the maximum flow and optimal density.



It can be seen from Figure 4 and Figure 5 that with the increase in driver response time or communication delay of CACC linear controller, the maximum capacity under a different CAV permeability is decreasing. When permeability drops to 40%, the maximum flow of CACC vehicles changes little with the increase in communication delay. With the increasing permeability of CAVs, the impact of vehicle-to-vehicle communication technology on heterogeneous traffic flow is more obvious. In the future, the impact of communication delay on headway can be compared under different connected automated vehicles’ communication control systems.





4. Model Illustration


4.1. Simulation Environment Settings


In this section, a simulation experiment is designed to verify the fundamental diagram model of this paper. Specifically, a mixed traffic flow simulation environment is constructed in the SUMO software, and traffic flow, density, and speed data are collected by the software. Among them, the simulation section is designed as a decagonal loop connected by ten single lanes with a length of 1 km, as shown in Figure 6.



The simulation does not consider the vehicle lane-changing behavior. The updated car-following model is reflected in SUMO by the change of HDV/ACC/CACC safety headway, and the remaining car-following model parameters use the parameters in Formulas (1)–(3). The maximum speed of the road section is set to 33.3   m / s  . At the same time, in order to obtain the flow-density scatter point when the density is large, the deceleration interference is performed on the specified road section when the simulation runs to a certain time, and the vehicle speed on the road section is reduced to 1   m / s  . Data detection is performed on each road section (10 in total). The detection frequency is set to 2 min, and the flow is calculated from the obtained data. SUMO simulation parameter setting reference Table 3.




4.2. Analysis of Simulation Results


Through the data collected in the simulation experiment, the relationship between traffic flow and density under CAV permeability   p = 60 %   is obtained (   τ a  = 0.4   s ,  τ c  = 0   s  ), as shown in Figure 7. Furthermore, the relationship between traffic flow and density (   τ a  = 0.4   s ,  τ h  = 0.3   s  ) considering the communication delay of CACC vehicle linear controller in the permeability   p = 60 %   is shown in Figure 8.



The data points obtained by the SUMO simulation are basically distributed around the theoretical curve, which proves the validity and correctness of the fundamental diagram model. From the simulation scatter distribution of Figure 7 and Figure 8, it can be seen that with the increase in response time and communication delay, the maximum flow obtained by simulation gradually decreases and the flow-density scatter diagram obtained after the traffic flow that reaches the equilibrium state is on both sides of the corresponding theoretical curve. This is highly consistent with the theoretical curve (abnormal points are mainly generated when the traffic flow is in a non-equilibrium state and speed limit), which proves the rationality and accuracy of using the theoretical model to deal with the delay.





5. Conclusions


In this paper, the proportion of vehicles in six different scenarios of car-following fleet in a heterogeneous traffic environment was analyzed. Then the car-following models of HDV, CACC, and ACC vehicles are analyzed. On this basis, fundamental diagram model of heterogeneous traffic flow is derived, and then the car-following model is updated by considering the driver response time and V2V communication delay. Finally, the simulation experiment is designed in SUMO to verify model effectiveness in dealing with driver response time and V2V communication delay. The following conclusions can be drawn from the analysis:




	
When the permeability of CAVs is greater than 0.6, it has a positive impact on the maximum flow of traffic flow in a heterogeneous environment. With the increase in the proportion of connected automated vehicles, the maximum flow and optimal density of mixed traffic flow gradually increase, which can effectively improve road capacity and help solve traffic congestion.



	
Driver response time and vehicle-to-vehicle communication delay have a negative impact on the maximum flow of a heterogeneous traffic flow. As the delay increases, the maximum flow and optimal density of a heterogeneous traffic flow gradually decrease. However, when the permeability is lower than 0.4, the impact on CAVs is small.



	
Based on the data collected from the simulation experiment, the flow-density scatter plot obtained after the traffic flow reaches the equilibrium state is on both sides of the corresponding theoretical curve, which is highly consistent with the theoretical curve. It proves the rationality and accuracy of using the updated car-following model to deal with driver response time and vehicle-to-vehicle communication delay.








In this paper, the flow-speed-density variation law of multi-delay traffic flow is considered, and the accuracy of the fundamental diagram model is improved by using the updated car-following model. However, only the linear communication controller system is considered in the process of the vehicle-to-vehicle communication of CAVs. Therefore, the communication delay compensation method proposed by model predictive control (MPC) can be used to study the vehicle stability under different controller conditions and broaden the research depth.
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Figure 1. Six following scenarios of HDVs and CAVs in the traffic stream. 
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Figure 2. Traffic flow fundamental diagram of heterogeneous traffic environment (   v 0  = 33.3   m / s  ). (a) flow-density; (b) flow-speed; (c) density-speed. 
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Figure 3. Updated car-following model fundamental diagram. (a) flow-density; (b) flow-speed; (c) density-speed. 
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Figure 4. The flow-speed diagram considering the driver response time and the communication delay of V2V communication linear controller (a)   p = 80 %  , driver response change flow-speed diagram; (b)   p = 80 %  , communication delay flow-speed diagram; (c)   p = 60 %  , driver response change flow-speed diagram; (d)   p = 60 %  , communication delay flow-speed diagram; (e)   p = 40 %  , driver response change flow-speed diagram; (f)   p = 40 %  , communication delay flow-speed diagram; (g)   p = 20 %  , driver response change flow-speed diagram; (h)   p = 20 %  , communication delay flow-speed diagram. 
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Figure 5. The density-speed diagram considering the driver response time and the communication delay of V2V communication linear controller (a)   p = 80 %  , driver response change density-speed diagram; (b)   p = 80 %  , communication delay density-speed diagram; (c)   p = 60 %  , driver response change density -speed diagram; (d)   p = 60 %  , communication delay density-speed diagram; (e)   p = 40 %  , driver response change density-speed diagram; (f)   p = 40 %  , communication delay density-speed diagram; (g)   p = 20 %  , driver response change density -speed diagram; (h)   p = 20 %  , communication delay density-speed diagram. 






Figure 5. The density-speed diagram considering the driver response time and the communication delay of V2V communication linear controller (a)   p = 80 %  , driver response change density-speed diagram; (b)   p = 80 %  , communication delay density-speed diagram; (c)   p = 60 %  , driver response change density -speed diagram; (d)   p = 60 %  , communication delay density-speed diagram; (e)   p = 40 %  , driver response change density-speed diagram; (f)   p = 40 %  , communication delay density-speed diagram; (g)   p = 20 %  , driver response change density -speed diagram; (h)   p = 20 %  , communication delay density-speed diagram.



[image: Sustainability 15 08459 g005a][image: Sustainability 15 08459 g005b]







[image: Sustainability 15 08459 g006 550] 





Figure 6. Simulation road network settings. 
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Figure 7. The simulation results considering the driver response time change (  p = 60 %  ) .  (a)    τ h  = 0.3   s  ; (b)    τ h  = 0.5   s  ; (c)    τ h  = 0.7   s  ; (d)    τ h  = 0.9   s  ; (e)    τ h  = 1.1   s  ; (f)    τ h  = 1.3   s  . 
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Figure 8. Simulation results considering the change of communication delay of V2V communication linear controller (  p = 60 %  ) .  (a)    τ c  = 0   s  ; (b)    τ c  = 0.1   s  ; (c)    τ c  = 0.2   s  ; (d)    τ c  = 0.3   s  ; (e)    τ c  = 0.4   s  . 
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Table 1. Heterogeneous traffic environment vehicle composition.
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	Scenario
	Front Car
	Rear Car
	Probability





	1
	HDV
	HDV
	   1 − 2 p +  p 2    



	2
	CACC
	HDV
	    p 2  −  p 3    



	3
	HDV
	ACC
	   p −  p 2    



	4
	CACC
	CACC
	    p 3    



	5
	ACC
	CACC
	    p 2  −  p 3    



	6
	ACC
	HDV
	   p − 2  p 2  +  p 3    
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Table 2. Fundamental graph parameters under different permeabilities in heterogeneous traffic environments.
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	Permeability
	    Maximum   Traffic   Capacity    q  m a x    (   veh  /  h   )     
	Critical Density

    ρ c   (   veh  /  km   )    
	    Percentage   Increase   in    q  m a x      
	    Percentage   Increase   in    ρ c     





	   p = 0   
	1841.59
	27.04
	-
	-



	   p = 20 %   
	1960.41
	27.66
	6.45%
	2.29%



	   p = 40 %   
	2150.60
	28.88
	16.78%
	6.81%



	   p = 60 %   
	2457.25
	30.98
	33.43%
	14.57%



	   p = 80 %   
	2993.80
	34.11
	62.57%
	25.92%



	   p = 100 %   
	4430.00
	37.07
	140.55%
	37.09%
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Table 3. SUMO simulation parameter setting.






Table 3. SUMO simulation parameter setting.





	Parameter Name
	Parameter Value





	Lane length
	10  ×  1 km



	Vehicle length
	5 m



	HDV headway
	1.5 s



	ACC headway
	1.1 s



	CACC headway
	0.6 s



	Maximum vehicle speed
	33.3 m/s (120 km/h)



	Total simulation time
	18,000 s



	Simulation time step
	0.1 s



	Vehicle input
	3600 veh/h



	Detector frequency
	120 s
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