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Abstract

:

With the surge of motor vehicle ownership and land intensification, plenty of large parking lots emerge as the times demand. Although it solves the problem of insufficient parking spaces, it intensifies the interaction between dynamic and static traffic. This paper presented an impact assessment method for the interaction of dynamic and static traffic flow in parking lots. Firstly, the average vehicle delay was selected as the evaluation index. The delay effect caused by the interaction of dynamic and static traffic flow was determined according to the driving path of vehicles. Then, the average vehicle delay models of arrival vehicles, departure vehicles, and road vehicles in the parking lot were established. Finally, for the parameters difficult to determine directly in the delay model, this paper proposed a method to calibrate the model parameters by using the simulation experimental data on the VISSIM platform. The results showed that the errors of the three models are within the controllable range, and the delay model parameters had high reliability and feasibility. The delay models can provide a quantitative basis for the parking lot management department to formulate regulation strategies and realize more refined information guidance and navigation in the parking lot.
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1. Introduction


With the surge of urban development density, the trend of land intensification is obvious, such as large commercial complexes, large hospitals, industrial parks, and other buildings and facilities came into being, giving birth to a large number of large parking lots. Although increasing the number of parking spaces in large parking lots can alleviate the shortage of parking spaces, it makes the arrival and departure of vehicles more concentrated. This leads to a more obvious impact on the dynamic and static traffic between the parking lot and the surrounding roads, which leads to a series of new problems of “parking difficulty”, such as the bottleneck between the entrance and exit of the parking lot and the connecting road. This is not only directly related to the accessibility of vehicles, but also leads to the problem of slow traffic or congestion on the connecting roads, which reduces the traffic efficiency of the surrounding road network. Based on the above analysis, the problem of traffic congestion at the junction of entrance and exit of large parking lots is outstanding. It is particularly important to make a good connection between static traffic and dynamic traffic at the entrance and exit of large parking lots. How to evaluate the influence of dynamic and static traffic at the entrance and exit of large parking lots needs further analysis and research.



At present, the impact analysis of dynamic and static traffic is mostly focused on signal intersections, expressways and urban roads. A method based on vehicle dynamics theory was proposed to calculate vehicle delay and queue length through floating vehicle survey data [1,2]. An impact assessment method based on queuing time to study traffic congestion at signalized intersections was studied, and the relationship between queuing time, queuing length and vehicle delay was discussed [3,4,5]. Nannan used the queue length and traffic efficiency index of the intersection to evaluate the safety of the interaction between traffic flows at the intersection [6,7,8,9]. In these studies, delay, queue length, parking times and density are mainly used as indicators of traffic impact analysis to identify and predict the congestion of traffic flow. The research contents are more inclined to the analysis of the impact on the dynamic traffic.



For the researches of parking lots, it is mostly through the construction of simulation environment to obtain the index results such as queue length, delay and speed, and then conduct impact analysis. Based on VISSIM, Xiaojun Yue and other scholars [10,11] compared the different design schemes of the parking lot and analyzed the impact between the dynamic and static traffic flow of the parking lot with the queue length as the evaluation index. Jiang Qiu selected sections with similar road conditions and traffic conditions as the research object, further studied the relationship between the traffic flow at the entrance and exit of the parking lot and the road running speed, and studied the interaction between the traffic flow at the entrance and exit of the parking lot and the road traffic [12,13]. At present, although there are many studies on the connection of parking lots, the interaction between vehicles entering and leaving the parking lot and road vehicles is still lacking. In addition, the relationship between traffic volumes and evaluation indexes is not directly revealed, which makes the models are complex and difficult to understand.



Considering the interaction between the entrance and exit channels of the parking lot and the connecting road, this paper proposed a dynamic and static traffic impact analysis method of the parking lot based on the vehicle delay model. As the vehicle delay can effectively reflect the congestion degree of dynamic traffic flow and the perception sensitivity of static traffic flow, this paper selected the average vehicle delay as the evaluation index of the impact between the traffic flows at the entrance and exit of large parking lots. According to the driving routes, vehicles were divided into arriving vehicles in the parking lot, departing vehicles in the parking lot and road vehicles. Then, the delay models of these three types of vehicles were established, respectively. Finally, the parameters of the model were calibrated on the VISSIM platform by using the simulation data.



The organizational structure of this study is as follows: Section 2 constructs the delay models of vehicles arriving in parking lots, vehicles leaving parking lots and road vehicles. Section 3 uses the VISSIM platform to complete the parameter calibration of the vehicle delay models. Section 4 verifies the accuracy and reliability of the vehicle delay model through case analysis. The conclusion is given in Section 5.




2. Establishment of Vehicle Delay Model


2.1. Overview of Delay Indicators


There are many evaluation indicators describing traffic impact [14], such as queue length, delay, and traffic capacity. Vehicle delay can not only reflect the congestion severity, fuel consumption, and travel time loss of dynamic traffic flow but also measure the rationality and reliability of traffic channelization design. At the same time, drivers are most sensitive to the change of time when queuing in congestion. In addition, vehicle delay is widely used in traffic congestion evaluation, intersection signal control, and route guidance. Considering that delay is quite significant for dynamic traffic and static traffic, this paper selected the average vehicle delay as the evaluation index of dynamic and static traffic impact analysis of parking lot.



Vehicle delay refers to the difference between the actual travel time of the vehicle and the travel time under the ideal state [15]. Generally, it includes fixed delay, operation delay, parking delay, and queuing delay.




2.2. Establishment of Delay Model


To better study the relationship between dynamic and static traffic at the entrance and exit of parking lots, this paper made some assumptions and tests on the delay model to reduce the influence of accidental factors.



(1) Vehicles can pass smoothly after passing through the downstream intersection without queuing. Therefore, it will not affect the operation of road vehicles in this section.



(2) The entry lane of vehicles at the exit of the parking lot is the first lane closest to the entrance and exit, and there will be no driving behaviors of crossing the traffic flow.



(3) When the vehicles arriving at the parking lot queue at the entrance gate, the queuing vehicles will not spread to the road and cause delay to the road. At the same time, the vehicles can find the berth smoothly after passing the gate, and there will be no queue in the parking lot.



(4) There will be no pedestrians passing through the road near the entrance and exit of the parking lot, no parking behaviors of vehicles loading and unloading passengers, and no arrival and parking behavior of buses. It is to highlight the interference of vehicles at the entrance and exit of the parking lot to road vehicles.



(5) The entrance and exit gates of the parking lot are single-channel services.



The dynamic and static traffic flow of the parking lot is divided into arrival vehicles, departure vehicles, and road vehicles according to the vehicle driving path. Based on the above assumptions, vehicle delay models are established respectively.



2.2.1. Delay Model of Arriving Vehicle


The driving process of vehicles arriving at the parking lot is as follows. First, the vehicle waits for an acceptable gap from the second lane to decelerate into the entrance channel or decelerates from the first lane to enter the entrance channel, and then the vehicle decelerates in front of the gate and stops, waiting for the rod to be lifted and accelerated through. The delay of arriving vehicles is shown in Figure 1.



It can be seen from the above driving process that the delay of arriving vehicles mainly includes the following.



(1) Fixed delay    d  a f    . It is the acceleration and deceleration delays caused by the geometric size of the entrance channel and the channelization method at the connection between the entrance and the connecting road.



(2) Delay of entrance gates    d  a g    . It is the acceleration, deceleration, and queue delay when passing through the parking lot gate. Because the entrance and exit of the parking lot is a single channel queuing system, the M/M/1 queuing model is adopted. According to the model [16], it can be deduced that the time of vehicles in the queuing system is the average delay time of vehicles, as shown in Equation (1).


   d  a g   =  1   μ a  −  q a    × 3600  



(1)




where    d a    is the average delay of vehicles arriving at the parking lot, and    q a    is the number of vehicles arriving at the parking lot, and    μ a    is the service rate of the entrance gate.



(3) Delay of second lane vehicles entering the parking lot    d  a 2 c    . It is the acceleration and deceleration delay and queuing delay caused by vehicles in the second lane (starting from the right) passing through the first lane (close to the entrance channel) to enter the entrance channel.



The first lane is regarded as the main road and the second lane is regarded as the secondary road. Only when the headway of the vehicles on the main road is greater than the critical gap, the vehicles on the secondary road are allowed to enter the conflict area.



Based on the above assumptions, Harders [17] gave a formula for calculating the average delay of secondary road vehicles. Since the capacity of the second lane is affected by the width of the first lane, the geometric characteristics of the entrance, and other factors, it is necessary to correct the capacity of vehicles in the second lane when crossing the first lane. Finally, the average delay of vehicles in the second lane when entering the parking lot can be obtained. As shown in Equation (2).


   d  a 2 c   = 3600 ×   1 −  e  − ( ( (  q  r 1   +  q  a 1   )  t  a 2 c   +  q  a 2    t  a 2 f   ) / 3600 )     3600 ×  η  a 2 c   ×  1   t  a 2 f      e  − ( (  q  r 1   +  q  a 1   )  t  a 2 c   / 3600 )   −  q  a 2      



(2)




where    d  a 2 c     is the average delay of vehicles entering the parking lot in the second lane, and    q  a 1     is the number of vehicles entering the parking lot in the first lane, and    q  a 2     is the number of vehicles entering the parking lot in the second lane, and    q  r 1     is the traffic volume of the first lane, and    t  a 2 c     is the critical gap for arriving vehicles in the second lane, and    t  a 2 f     is the following time of the arriving vehicle in the second lane, and    η  a 2 c     is the correction factor for the capacity of vehicles in the second lane when crossing the first lane.



Therefore, the average delay of arriving vehicles in the parking lot is shown in Equation (3).


   d a  =      d  a f   +  d  a g   +    q  a 2      q a    ×  d  a 2 c   , n ≥ 2      d  a f   +  d  a g   , n = 1      



(3)




where    d a    is the average delay of vehicles arriving at the parking lot, and    d  a f     is the fixed delay of vehicles arriving at the parking lot, and    d  a g     is the average delay of arriving vehicles passing through the entrance gate, and    d  a 2 c     is the average delay of vehicles entering the parking lot in the second lane, and    q a    is the number of vehicles arriving at the parking lot, and    q  a 2     is the number of vehicles entering the parking lot in the second lane, and  n  is the number of lanes.




2.2.2. Delay Model of Leaving Vehicle


The driving process of vehicles leaving the parking lot is as follows. The vehicle decelerates or stops in front of the gate, waits for the pole to be lifted and accelerates through, then seeks acceptable clearance and decelerates into the road, and finally accelerates away. The delay caused by leaving the vehicle is shown in Figure 2.



It can be seen from the above driving process that the vehicles leaving the parking lot are also affected by the fixed delay    d  l f    , the delay of the exit gate    d  l g    , and the delay of leaving the vehicles and driving into the road    d  l c    .



(1) Delay of the exit gate    d  l g     [16].


   d  l g   =  1   μ l  −  q l    × 3600  



(4)




where    d  l g     is the average delay of leaving vehicles passing through the exit gate, and    μ l    is the service rate of the export gate, and    q l    is the number of vehicles leaving the parking lot.



(2) Delay of vehicles leaving the parking lot to enter the first lane of the road    d  l c    .



The first lane is regarded as the main road, and the exit channel of the parking lot is regarded as the secondary road. Based on the delay formula [17], the capacity of vehicles leaving the parking lot to drive into the first lane is corrected. Finally, the average delay of vehicles leaving the parking lot and driving into the first lane of the road is obtained, as shown in Equation (5).


   d  l c   = 3600 ×   1 −  e  − ( (  q  r 1    t  l c   +  q l   t  l f   ) / 3600 )     3600 ×  η  l c   ×  1   t  l f      e  − (  q  r 1    t  l c   / 3600 )   −  q l     



(5)




where    d  l c     is the average delay of vehicles leaving the parking lot and driving into the first lane of the road, and    q l    is the number of vehicles leaving the parking lot, and    q  r 1     is the traffic volume of the first lane, and    t  l c     is the critical gap between the parking lot and the first lane of the road, and    t  l f     is the following time of vehicles leaving the parking lot, and    η  l c     is the capacity correction factor for vehicles leaving the parking lot and driving into the first lane.



Therefore, the average delay of vehicles leaving the parking lot is shown in Equation (6).


   d l  =  d  l f   +  d  l g   +  d  l c    



(6)




where    d l    is the average delay of vehicles leaving the parking lot, and    d  l f     is the fixed delay of vehicles leaving the parking lot, and    d  l g     is the average delay of leaving vehicles passing through the exit gate, and    d  l c     is the average delay of leaving the vehicle into the first lane of the road.




2.2.3. Delay Model of Road Vehicle


In practice, road vehicles, vehicles leaving the parking lot, and vehicles arriving at the parking lot do not fully follow the principle of main road priority, and road vehicles will also be delayed.



The delay of road vehicles can be analyzed according to the number of lanes. The number of lanes refers to the total number of lanes conforming to the right-in and right-out organization mode at the entrance and exit of the parking lot.



Through the field investigation of parking lots with more than 300 parking spaces and more than two entrances and exits in Nanjing. The results showed that the entrance and exit connecting roads of the parking lot are mainly two lanes, three lanes, and four lanes on the same side. Because the first and the second lane close to the entrance and exit are often selected for vehicles arriving and leaving the parking lot, the third and the fourth lanes on the same side have less impact on dynamic and static traffic [18,19,20,21]. Therefore, this paper mainly studied the roads with two and three lanes on the same side.



In the case of three lanes on the same side, vehicles in the second lane can continue to pass through the third lane by changing lanes, so only vehicles in the first lane will delay. The delays in the first lane are as follows.



(1) Delay in the first lane affected by vehicles leaving the parking lot    d  r 1 c    .


   d  r 1 c   = 3600 ×   1 −  e  − ( (  q l   t  r 1 c c   +  q  r 1 c    t  r 1 c f   ) / 3600 )     3600 ×  η  r 1 c   ×  1   t  r 1 f      e  − (  q l   t  r 1 c c   / 3600 )   −  q  r 1      



(7)




where    d  r 1 c     is the average delay of vehicles in the first lane affected by vehicles leaving the parking lot, and    q l    is the number of vehicles leaving the parking lot, and    q  r 1 c     is the number of vehicles in the first lane affected by vehicles leaving the parking lot, and    t  r 1 f     is the following time of road vehicles in the first lane, and    t  r 1 c c     is the critical gap between the entry and exit conflict zone of vehicles in the first lane, and    t  r 1 c f     is the following time of vehicles in the first lane entering and exiting the conflict zone, and    η  r 1 c     is the capacity correction factor for the first lane entering and exiting the conflict zone.



(2) Delay in the first lane affected by passage vehicles of the second lane    d  r 1 r    


   d  r 1 r   = 3600 ×   1 −  e  − ( (  q  a 2    t  r 1 r c   +  q  r 1 r    t  r 1 r f   ) / 3600 )     3600 ×  η  r 1 r   ×  1   t  r 1 f      e  − (  q  a 2    t  r 1 r c   / 3600 )   −  q  r 1      



(8)




where    d  r 1 r     is the average delay of vehicles in the first lane affected by the passage vehicles of the second lane, and    q  r 1     is the traffic volume of the first lane, and    q  r 1 r     is the number of vehicles in the first lane affected by vehicles in the second lane, and    q  a 2     is the number of vehicles entering the parking lot in the second lane, and    t  r 1 r c     is the critical gap between the vehicles in the first lane and the conflict zone passed by the vehicles in the second lane, and    t  r 1 r f     is the following time when the vehicle in the first lane enters the conflict zone passed by the vehicle in the second lane, and    t  r 1 f     is the following time of road vehicles in the first lane, and    η  r 1 r     is the capacity correction factor of the conflict zone between the first lane and the second lane.



The delay caused by road vehicles in three lanes on the same side was shown in Figure 3.



In the case of two lanes on the same side, the vehicles in the first lane are still affected by the vehicles leaving the parking lot and the vehicles passing through the second lane. However, vehicles in the second lane cannot change lanes, so they need to queue up for vehicles in front of the same lane to enter the parking lot, which will lead to queue delays. The queuing delay of the second lane    d  r 2 r     is about equal to the average delay of the second lane vehicles entering the parking lot, as shown in Equation (9).


   d  r 2 r   = 3600 ×   1 −  e  − ( ( (  q  r 1   +  q  a 1   )  t  a 2 c   +  q  a 2    t  a 2 f   ) / 3600 )     3600 ×  η  a 2 c   ×  1   t  a 2 f      e  − ( (  q  r 1   +  q  a 1   )  t  a 2 c   / 3600 )   −  q  a 2      



(9)




where    q  r 1     is the traffic volume of the first lane, and    q  a 1     is the number of vehicles entering the parking lot in the first lane, and    q  a 2     is the number of vehicles entering the parking lot in the second lane, and    t  a 2 f     is the following time of vehicles arriving in the second lane, and    t  a 2 c     is the critical clearance of vehicles arriving in the second lanes, and    η  a 2 c     is the capacity correction factor for vehicles in the second lane crossing the first lane.



Therefore, the average delay of road vehicles is shown in Equation (10).


   d r  =        q  r 1      q r    (  d  r 1 c   +  d  r 1 r   ) , n ≥ 3        q  r 1      q r    (  d  r 1 c   +  d  r 1 r   ) +    q  r 2      q r     d  r 2 r   , n = 2      



(10)




where    d r    is the average delay of road vehicles, and    d  r 1 c     is the average delay of vehicles in the first lane affected by vehicles leaving the parking lot, and    d  r 1 r     is the average delay of vehicles in the first lane passing through the second lane, and    d  r 2 r     is the queue delay of vehicles in the second lane waiting for vehicles in front to find an acceptable gap to enter the parking lot, and    q r    is the total traffic volume of the road, and    q  r 1     is the traffic volume of the first lane, and    q  r 2     is the traffic volume of the second lane, and  n  is the number of lanes.



The notations and descriptions of all formulas were systematically listed in Table A3 in Appendix C.






3. Parameter Calibration of Vehicle Delay Model


The direct determination of the parameters in the above delay model is a very complex task because it is affected by many factors, most of which are uncertain and inaccurate. At present, mainstream delay models such as the Webster model [22], the Miller model [7], the HCM 2000 model [23] mainly calibrate parameters indirectly through the data collected by traditional detectors. However, the data collected by the traditional detector has the disadvantages of poor reliability and low comprehensiveness, and it is not real-time, resulting in a large gap between the results and the actual situation. Moreover, it cannot handle many variables and interactions defined in the model in this paper. However, the simulation experiment has strong repeatability and can realize the simulation of large samples and multiple scenes. By setting the simulation environment, the simulation effect can be very close to the real situation. Therefore, this paper proposed to use the simulation experimental data calibration method to determine the parameters of the delay model, and finally got the vehicle delay value.



Due to the complete driving behavior model and fine facility description of the VISSIM platform, it can better restore the characteristics of facilities and make the simulation effect closer to reality. At the same time, several interfaces are provided for secondary development. Therefore, VISSIM was selected as the parameter calibration platform of the delay model in this paper. The vehicle delay is obtained by inputting traffic volume and other data, and the calibration of model parameters would be completed.



The specific steps of the simulation experiment data calibration method are as follows.



Step 1: Obtain the basic data required for simulation scene modeling. It mainly includes road data, entrance, and exit channel data, and driving path ratio data.



(1) Road data. It includes the number of lanes connecting the road, lane width, lane design speed, and section length.



(2) Parking ramp/ Entrance and exit channel data. It includes the geometric dimension data of the entrance and exit channel, the angle between the entrance and exit and the connecting road, the position of the gate in the entrance and exit channel, the average time for vehicles to pass through the gate, the average time for vehicles to leave through the gate, the speed for vehicles to pass through the entrance without road vehicle interference and the speed for vehicles to leave through the exit.



(3) Travel proportion data. It includes the proportion of entering the parking lot from different lanes and the proportion of driving into different lanes from the parking lot during peak hours.



Step 2: Build a simulation scene. Build the road network scene in the simulation software, and set the attributes of road section parameters, entrances and exits, deceleration zone, and so on.



Step 3: Correct the parameters of the simulation software. The headway [24] is used to correct the parameters of the car following the model in VISSIM, making the simulation animation closer to the real traffic operation and increasing the authenticity and reliability of the simulation. The basic principle of parameter correction is to input different parameter combinations to minimize the difference between the headway distribution of simulation output and that of field investigation. Because PSO (Particle Swarm Optimization) has the advantages of memory, no crossover and mutation operation, and fast convergence speed, PSO was used for correction in this paper.



Step 4: Set the detector. Set up travel time detectors for road vehicles, arrival vehicles, and departure vehicles in the parking lot.



Step 5: Calculate the average delay of the simulation vehicle. Input the traffic volume combinations of various types of vehicles and run the simulation experiment and monitor the delay of each vehicle. Firstly, calculate the average delay of all traffic volume combinations under a random seed. And then calculate the average delay of all traffic volume combinations under all random seeds, which is the required average delay of final simulated vehicles.



Step 6: Batch simulation. This paper used VISSIM’s COM interface for secondary development through external programming to realize batch simulation and reduce repetitive and cumbersome work.



Step 7: Calibrate the delay model parameters. The mathematical analysis software is used to calibrate the delay model parameters. The parameter calibration can be characterized by R-square [25]. The value range of R-square is [0,1]. The closer it is to 1, the better the calibration effect. It is generally considered that R-square is greater than 0.9, and the calibration value is accepted.




4. Analysis of Simulation Experiment


4.1. Establishment of Simulation Model


Jingfeng parking lot in Nanjing mainly serves the parking demand of Jingfeng commercial plaza. There are three floors in the parking lot, namely B1, B2, and B3. Its total number of berths is 1800. The interaction between dynamic and static traffic is quite intense.



There are two entrances and exits in the parking lot. The entrance and exit on the east side are connected to the branch with two lanes on the same side. It belongs to the entrance and exit of the atypical parking lot. The road connecting the west entrance and exit is three lanes on the same side, and the entrance and exit are 155 m away from the downstream T-shaped intersection. There are few conflict points at the intersection, and there is no traffic control, and the traffic capacity of the road is high. It can be concluded that the entrance and exit of the West parking lot are suitable for dynamic and static traffic impact analysis. Therefore, this paper selected the west entrance as the research object.



(1) Obtain the basic data required for simulation scene modeling



After pre-investigation, it was found that the peak time is 17:00–19:00. The video survey method and manual survey method were used to obtain the data such as the entrance, the geometric size of the road and the proportion of vehicles entering the parking lot in each lane, so as to provide data support for the simulation scene.



The traffic flow entering the parking lot and the traffic flow of the branch road were counted at an interval of 15 min. The statistical results were shown in Table A1 in Appendix A. It can be seen that the proportion of vehicles arriving at the parking lot to the number of road vehicles fluctuates around 20%;



Similarly, conduct a traffic volume survey on the connecting road of the west exit. The statistical results were shown in Table A2 in Appendix B. The results showed that the path ratio from the second lane to the parking lot was 1:1. In addition, only a few vehicles entered from the third lane, which was negligible compared with the number of vehicles entering from the other two lanes.



(2) Construct the VISSIM simulation scene of the Jingfeng parking lot



Input the road network scene, the attributes of the road section, entrances and exits, deceleration zone and other parameters in VISSIM simulation software.



(3) Correct the parameters of the VISSIM simulation software



This paper used the headway index [24] to correct the parameters of the car-following model, so that the simulation experiment was closer to the actual situation. The iterative process was shown in Figure 4. After 11 iterations, the objective function suddenly decreased and then tended to be flat, indicating that the value of the objective function at this time gradually approaches the optimal solution after updated calculation and met the convergence conditions. The final objective function value is 0.1467 s. The average headway obtained from the experiment was 5.2652 s. Since the measured headway was 5.4119 s, the relative error can be calculated as 2.71%. The error is within the control range, which means that the optimal solution was obtained.



Therefore, the three parameters of the car-following model in VISSIM were modified. The average parking distance was changed to 1.8654m. The additional part of the safety distance was changed to 1.5643. The multiple of safety distance was changed to 2.5795.



(4) Set parameter information such as conflict area, stop signal, signal lamp and travel time detector.



The built simulation environment is shown in Figure 5.



(5) Run the simulation model and conduct batch simulation



Input the traffic volume of different combinations according to the traffic volume of investigation and statistics. Enter the number of vehicles from 200 to 2100 vehicles/h in the road traffic volume, and increase the traffic flow with an interval of 100 vehicles/h. It was a total of 20 traffic flows. Input 30 to 315 veh/h for vehicles leaving, and increase the traffic flow with an interval of 15veh/h. It was a total of 20 traffic flows. Therefore, there are 400 input combinations. There were 10 random seeds, and a total of 4000 simulation experiments were required. Finally, run the program for batch simulation.



The average delay of the simulated vehicle was calculated by using the simulation data. Then the simulated vehicle delay and the number of vehicles of each type were substituted into the established vehicle average delay model. Then use the fitting toolbox [26] in MATLAB to calibrate the unknown parameters in the model.




4.2. Analysis of Simulation Results


(1) Arriving vehicles



After fitting, the parameter calibration results of the average delay model of arriving vehicles in the parking lot were shown in Table 1.



The R-square of the model was 0.9379. It is generally believed that when R-square is greater than 0.9, the fitting effect is good [26]. Therefore, this paper accepted the parameter calibration results. Substitute the parameter calibration results into Equation (3) to obtain Equation (11), and then the average delay model of arriving vehicles at the west entrance of Jingfeng parking lot during peak hours can be obtained.


   d  1 a   = 3.61 +  1  472.1 − 0.2 ×  q a    × 3600 +  1 2  × ( 3600 ×   1 −  e  − ( (  1 3  × 4.84 ×  q a  +  1  10   × 5.36 ×  q a  ) / 3600 )     3600 × 0.92 ×  1  5.36   ×  e  − (  1 3  × 4.84 ×  q a  / 3600 )   −  1  10   ×  q a    )  



(11)







(2) Leaving vehicles



After fitting, the parameter calibration results of the average delay model of leaving vehicles in the parking lot were shown in Table 2.



The R-square of the model is 0.9478, indicating that the fitting effect was good. Therefore, this paper accepted the parameter calibration results. Substitute the parameter calibration results into Equation (6) to obtain Equation (12), and then the average delay model of vehicles leaving the west entrance of Jingfeng parking lot during peak hours.


   d  1 l   = 3.687 +  1  360.3 −  q  1 l     × 3600 + 3600 ×   1 −  e  − ( (  7  30   × 5.89 ×  q a  + 4.46 ×  q  1 l   ) / 3600 )     3600 × 0.94 ×  1  4.46   ×  e  − (  7  30   × 5.89 ×  q a  / 3600 )   −  q  1 l      



(12)







(3) Road vehicles



After fitting, the parameter calibration results of the average delay model of road vehicles were shown in Table 3.



The R-square of the model is 0.9457, indicating that the fitting effect was good. Therefore, this paper accepted the parameter calibration results. Substitute the parameter calibration results into Equation (11) to obtain Equation (13), and then the average delay model of road vehicles near the west entrance of Jingfeng parking lot during peak hours can be obtained.


   d  1 r   =  7  24   × ( 3600 ×   1 −  e  − ( (  1  10   × 4.7 ×  q a  +  7  30   × 4.39 ×  q a  ) / 3600 )     3600 × 0.94 ×  1  4.39   ×  e  − (  1  10   × 4.7 ×  q a  / 3600 )   −  7  30   ×  q a    + 3600 ×   1 −  e  − ( ( 4.42 ×  q  1 l   +  7  30   × 4.51 ×  q a  ) / 3600 )     3600 × 0.95 ×  1  4.51   ×  e  − ( 4.42 ×  q  1 l   / 3600 )   −  7  30    q a    )  



(13)








4.3. Analysis of Simulation Results


To test the accuracy of the model and parameter calibration, this paper investigated the traffic conditions at the west entrance and exit of the Jingfeng parking lot on a new day and obtained the number of vehicles of various types and the actual delay time.



The number of vehicles observed was substituted into the delay model (Equations (11)–(13)), then the average delay of vehicles was calculated, and the error was analyzed with the measured data to test the effect of the model. The calculation results were shown in Table 4.



It can be seen from the above table that the relative error of the delay of arriving vehicles is 5.49%, and the relative error of the delay time of leaving vehicles is 4.45%, which means the errors are within the control range. It can be concluded that the delay model of arriving and leaving vehicles has high accuracy, practicability, and reliability. For the delay model of road vehicles, although the relative error is large, the absolute error of the two is small, and the absolute error is 0.57 s. Therefore, it can also be determined that the model can better calculate the average delay of road vehicles.





5. Conclusions


Plenty of large parking lots can solve the problem of insufficient parking spaces, but it intensifies the interaction between dynamic and static traffic. This paper proposed a dynamic and static traffic impact analysis method of the parking lot. Firstly, the average vehicle delay was selected as the evaluation index. The average vehicle delay models of arrival vehicles, departure vehicles and road vehicles were established. Then, for the parameters difficult to determine directly, this paper proposed a method to calibrate the model parameters by using the simulation experimental data on the VISSIM platform. Finally, the delay model is verified by the Jingfeng parking lot.



The delay models proposed in this paper reveal a direct relation between traffic volume and vehicle delay. The delay of dynamic and static traffic flow in the parking lot calculated by models can provide a reference for predicting whether there is congestion between the parking lot and the connecting road, which is beneficial for the management department to guide and navigate in advance and improves the operational efficiency of the parking lots and connecting roads.



There were still limitations in this paper. For example, this paper selected the typical scene of the entrance and exit of the parking lot to build the vehicle delay models. In the future, the dynamic and static traffic impact under atypical scenarios can be further studied and can be compared with the research in typical scenarios.
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Table A1. Proportion of vehicles arriving at the parking lot to the number of road vehicles.






Table A1. Proportion of vehicles arriving at the parking lot to the number of road vehicles.





	Time
	Vehicles Arriving at the Parking Lot
	Road Vehicles
	Proportion





	17:00–17:15
	55
	276
	19.93%



	17:15–17:30
	58
	289
	20.07%



	17:30–17:45
	65
	323
	20.12%



	17:45–18:00
	62
	312
	19.87%



	18:00–18:15
	46
	228
	20.18%



	18:30–18:45
	40
	201
	19.90%



	18:45–19:00
	43
	216
	19.91%



	Total
	414
	2069
	20.01%
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Table A2. Proportional data of driving path.






Table A2. Proportional data of driving path.





	Time
	Total Leaving Vehicles
	Vehicles Entering the Rightmost Lane (Vehicles)
	Vehicles Entering Other Lanes (Vehicles)





	17:00–17:15
	37
	36
	1



	17:15–17:30
	38
	38
	0



	17:30–17:45
	40
	39
	1



	17:45–18:00
	42
	40
	2



	18:00–18:15
	36
	36
	0



	18:15–18:30
	33
	32
	1



	18:30–18:45
	34
	33
	1



	18:45–19:00
	38
	38
	0



	Total
	298
	292
	6
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Table A3. Notations table.






Table A3. Notations table.





	Symbol
	Description
	Unit





	    d a    
	The average delay of vehicles arriving at the parking lot
	s



	    d  a f     
	The acceleration and deceleration delays caused by the geometric size of the entrance channel and the channelization method at the connection between the entrance and the connecting road.
	s



	    d  a g     
	The acceleration, deceleration, and queue delay when passing through the parking lot gate
	s



	    d  a 2 c     
	The average delay of vehicles entering the parking lot in the second lane
	s



	    d l    
	The average delay of vehicles leaving the parking lot
	s



	    d  l g     
	The average delay of leaving vehicles passing through the exit gate
	s



	    d  l c     
	The average delay of vehicles leaving the parking lot and driving into the first lane of the road
	s



	    d  l f     
	The fixed delay of vehicles leaving the parking lot
	s



	    d r    
	The average delay of road vehicles
	s



	    d  r 1 c     
	The average delay of vehicles in the first lane affected by vehicles leaving the parking lot
	s



	    d  r 1 r     
	The average delay of vehicles in the first lane affected by the passage vehicles of the second lane
	s



	    d  r 2 r     
	The queue delay of vehicles in the second lane waiting for vehicles in front to find an acceptable gap to enter the parking lot
	s



	    q a    
	The number of vehicles arriving at the parking lot
	veh/h



	    q  a 1     
	The number of vehicles entering the parking lot in the first lane
	veh/h



	    q  a 2     
	The number of vehicles entering the parking lot in the second lane
	veh/h



	    q r    
	The total traffic volume of the road
	veh/h



	    q  r 1     
	The traffic volume of the first lane
	veh/h



	    q  r 2     
	The traffic volume of the second lane
	veh/h



	    q l    
	The number of vehicles leaving the parking lot
	veh/h



	    q  r 1 c     
	The number of vehicles in the first lane affected by vehicles leaving the parking lot
	veh/h



	    q  r 1 r     
	The number of vehicles in the first lane affected by vehicles in the second lane
	veh/h



	    t  l c     
	The critical gap between the parking lot and the first lane of the road
	s



	    t  l f     
	the following time of vehicles leaving the parking lot
	s



	    t  r 1 f     
	The following time of road vehicles in the first lane
	s



	    t  a 2 c     
	The critical gap for arriving vehicles in the second lane
	s



	    t  a 2 f     
	the following time of the arriving vehicle in the second lane
	s



	    t  r 1 c c     
	The critical gap between the entry and exit conflict zone of vehicles in the first lane
	s



	    t  r 1 c f     
	The following time of vehicles in the first lane entering and exiting the conflict zone
	s



	    t  r 1 r c     
	The critical gap between the vehicles in the first lane and the conflict zone passed by the vehicles in the second lane
	s



	    t  r 1 r f     
	The following time when the vehicle in the first lane enters the conflict zone passed by the vehicle in the second lane
	s



	    η  r 1 c     
	The capacity correction factor for the first lane entering and exiting the conflict zone
	-



	    η  l c     
	the capacity correction factor for vehicles leaving the parking lot and driving into the first lane
	-



	    η  a 2 c     
	The correction factor for the capacity of vehicles in the second lane when crossing the first lane
	-



	    η  r 1 r     
	The capacity correction factor of the conflict zone between the first lane and the second lane
	-



	    μ a    
	The service rate of the entrance gate.
	s−1



	    μ l    
	The service rate of the export gate
	s−1



	  n  
	The number of lanes
	-
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Figure 1. Delay of Arriving Vehicles. 
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Figure 2. Delay of Leaving Vehicles. 
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Figure 3. Delay of Road Vehicles in Three Lanes on the Same Side. 






Figure 3. Delay of Road Vehicles in Three Lanes on the Same Side.



[image: Applsci 11 09771 g003]







[image: Applsci 11 09771 g004 550] 





Figure 4. Iterative process and error value. 
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Figure 5. Final simulation environment of West entrance. 
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Table 1. Calibration Results of Delay Model Parameters of Arriving Vehicles.
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Calibration Results






	
    d  1 a f     

	
3.61

	
    μ  1 a     

	
472.1

	
    t  1 a 2 c     

	
4.84




	
    t  1 a 2 f     

	
5.36

	
    η  1 a 2 c     

	
0.92

	

	




	
Integrity evaluation of model fitting




	
SSE

	
132.14

	
-

	
-

	
R-square

	
0.9379
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Table 2. Calibration Results of Delay Model Parameters of Leaving Vehicles.
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Calibration Results






	
    d  1 l f     

	
3.69

	
    μ  1 l     

	
360.3

	
    t  1 l c     

	
5.89




	
    t  1 l f     

	
4.46

	
    η  1 l c     

	
0.94

	
-

	
-




	
Integrity Evaluation of Model Fitting




	
SSE

	
192.7

	
-

	
-

	
R-square

	
0.9478
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Table 3. Calibration Results of Delay Model Parameters of Road Vehicles.
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Calibration Results






	
    t  1 r 1 c     

	
4.42

	
    t  1 r 1 f     

	
4.51

	
    η  1 r 1 c     

	
0.95




	
    t  1 r 1 r c     

	
4.70

	
    t  1 r 1 r f     

	
4.39

	
    η  1 r 1 r     

	
0.94




	
Integrity Evaluation of Model Fitting




	
SSE

	
39.8

	
-

	
-

	
R-square

	
0.9457
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Table 4. Evaluation of Delay Model.






Table 4. Evaluation of Delay Model.





	Vehicle Type
	Total

Vehicles (veh/h)
	Measured

Average Travel Time (s)
	Theoretical Travel Time (s)
	Measured

Average Delay (s)
	Average Delay Calculated by Model (s)
	Relative Error





	Arriving vehicles
	238
	44.37
	20.4
	23.97
	22.72
	5.49%



	Leaving

vehicles
	156
	55.31
	27.6
	27.71
	26.52
	4.45%



	Road

vehicles
	945
	26.87
	24
	2.87
	2.30
	24.78%
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