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Abstract

:

The present article contains a microsimulation analysis of the impact of the number of pedestrians on pedestrian crossings controlled by traffic lights. To analyze the level of freedom of movement using the HCM 2010 method based on the level of service (LOS) implemented in the PTV VISSIM tool, a simulation of two interconnected intersections is performed. These crossings differ in the number of inlets as well as in the intensity of vehicles at each of the inlets. The microsimulation model was based on real data on the intensity of vehicles from an intelligent traffic control system as well as real traffic light programs. Eleven different variants of the same initial conditions were tested in which the number of pedestrians at pedestrian crossings was increased every 50 and the time of the right turn and the LOS of the right turn were compared. The result shows the impact of the number of pedestrians on the assessment of LOS traffic conditions at the entire intersection. The results consider the ranges in which the number of pedestrians has a significant impact and change the assessment of the entire intersection to the next worse level of freedom of movement. The article shows how it can be a mistake to overlook adding the exact number of pedestrians at traffic light intersections with PTV Viswalk in the microsimulation model.
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1. Introduction


In today’s road traffic research, it is essential to prepare a traffic simulation before introducing changes to the traffic organization [1,2,3]. The appropriate modeling of the examined road network or intersection section can solve many ambiguities and show the most optimal solution to many transport problems. One possibility is to use microsimulation models to study the capacity of intersections with traffic lights. Intersections that are not equipped with any intelligent solutions to adapt the length of the green light to changing traffic conditions are referred to as fixed time [4]. Depending on the advancement of the signal controller, this intersection may support more than one fixed-time program during the day, and it depends on the time of day. For example, it can be a classic division into the morning, afternoon, and peak-to-peak signal programs. Many microsimulations analyze fail to consider the influence of pedestrians moving around the intersection. Assuming only that the pedestrian moves during the green signal intended for him/her; however, this approach does not always present a realistic picture of the situation at the intersection. Traffic light rules vary from country to country [5]. There are places where pedestrian traffic is so important that a completely non-collision phase of the green signal is distinguished for them. This solution is very advantageous from the point of view of pedestrian traffic safety [6]; however, it causes a considerable loss of time in the signal program [7]. The first reason is to distinguish a separate traffic phase and the second reason is to provide appropriate safety buffers before and after the green signal in the form of an intergreen time [8]. To optimize the loss of time with the connection of pedestrian safety in some countries, such as the Poland [9], it is permitted to set the pedestrian phase with a colliding group, but with allowed simultaneous traffic. An example is a filter arrow (conditional right-turn arrow in right-hand traffic) in a collision with the pedestrian crossing on the right and straight from the stop line for vehicles. Another permitted solution is the simultaneous phase of a general green signal and a phase for pedestrians to the right or left of the vehicle stop line. The impact of pedestrians on the traffic conditions at the intersection is significant and depends on the intensity of the inflow of pedestrians as well as the speed of their movement or, in general, the number of pedestrians using the pedestrian crossing [6]. In the above-described situations, pedestrians crossing the road prevent the maximum possible number of vehicles from passing the green light.



The present article aims to examine the significance of the model of the number of pedestrians at crossings with traffic lights in a microsimulation modeling on the example of the PTV Vissim [10,11,12] tool together with PTV Viswalk [13,14] in the analysis of the capacity of intersections.




2. Materials and Methods


The model was developed with the use of real traffic data obtained either from the road traffic monitoring system or observations. Depending on the measurement area, road traffic was measured manually or automatically using sensors located at the intersection inlets—induction loops [15]. Measurement induction loops are a component of the TRISTAR intelligent traffic control system (see [16]). The model was made and then calibrated using PTV Vissim software, which is a typical method to model road traffic on a micro-scale, and it uses the Wiedemann model, [17] with the leader’s driving model.



For example, the tool has been used in studies on the operational efficiency of two types of improved Displaced Left-Turn (DLT) Intersections [18,19]. Additionally, it has proven to be a useful tool to obtain the most favorable solution to the problem in the case of the dependence of the infrastructure of one intersection on the next (see [20]). However, there is a need to calibrate model elements, such as maximum and desired acceleration functions in the PTV Vissim for trucks, [10,21,22,23], as pointed out in [24], since it remains a significant factor in this study area [25,26]. The figure below (Figure 1) shows the base model building framework in PTV Vissim as a case study.



The following data are required to create a model in PTV Vissim [11,12,22,27]—the geometry of the network–data on the geometry of intersections and interstitial sections is easiest to enter into the PTV Vissim tool based on a previously loaded situational plan or with the use of a map connected to the program (Bing). The map base can be any graphic or vector file (in *dwg or *dxf format).



	
Road sections in the tool are built with straight lines and curves, thanks to which the user has full freedom in shaping the geometry of the road network. When drawing successive sections and connectors, the number and width of the lanes should be known, the distance of the stop line from the edge of the transverse road, the length of the separated lanes for turning, and the width of the dividing lines, and the radii of horizontal curves;



	
Vehicle traffic intensity—in the PTV Vissim program, the values are aggregated to the total loads of vehicles at intersections or the edges of the network. Then, the generic structure of vehicles moving on the network should be defined. This structure is expressed as a percentage share of individual types of vehicles. Traffic intensity may vary depending on the adopted hourly time intervals;



	
Routes: it is necessary to define the directional structure of vehicles in a place where the driver has more than one possibility to decide the route—they are intersection inlets. The definition of the route consists of defining the decision points and possible to choose from in these points of the routes, as well as giving directions a percentage share in the stream. This requires the conversion of the proportions of the share of individual relations from a given inlet. The use of routes is only valid when the static route option is used, not the dynamic assignment;



	
Conflict areas [28]—when building a model, you should also remember to produce priority rules or define the collision field spoke [29];



	
Priority rules have the same task as conflict areas. However, they present more freedom in modeling the time and distance between conflicting relationships. In the model, the application of priority rules occurs at the central island intersection. Signal programs are introduced based on programming built into the controller software. To make the model, we need real data, such as the assignment of signal groups to the streams and the traffic light program, and wintergreen time matrices. The model uses the existing fixed-time signal programs distinguishing between the time of day and the occurrence of the morning peak, afternoon peak, or peak-to-peak;



	
Public transport—timetables of buses and trolleybuses running on the modeled section of the network were introduced in the model. Additionally, the Edge and Waiting Area platforms for travelers were also added at each stop. The departure times of the buses from the stop are close to the real one;



	
Pedestrians—since the conditional right-turn signal is used in the traffic lights at intersections made in the model, it is necessary to add pedestrians at the crossings. If pedestrians do not appear in the model, the results of the crossing capacity would be too good. A conditional right turn would not be disturbed in any case. Pedestrian traffic and the necessary infrastructure to move—pavements—in the form of areas, were added to the entire modeled section of the network, reflecting the existing state. Part of the pedestrian simulation is obtained by the PTV Viswalk tool [30,31].






All PTV Vissim microsimulation models must be calibrated at the end (see for example [32]). A model made in this way was calibrated using the GEH statistic. The GEH statistic is an empirical formula that allows for a greater deviation from the measurement for low values and less for high values. The name is not an acronym but comes from the first letters of the method author’s first name and surname. The GEH statistic is the relation between the vehicle intensities that are checked to those obtained from the model. After the calibration, the model obtained a result lower than 5 for the indicator.


  G E H =     2    (   M i  −  C i   )   2     M i  +  C i       [ − ]   



(1)




where:




	
M—is the hourly traffic volume from the traffic model (vehicles/hour);



	
C—is the real-world hourly traffic count (vehicles/hour).








In the modeled example, an important role was played by the analysis of the capacity of the intersection using the Highway Capacity Manual 2010 (HCM 2010) method [33,34,35,36]. This method is based on the initial saturation intensity of 1900 contractual vehicles per hour of green light as a representation of the ideal lane, which has the adopted width of 3.6 m, without interferences, such as turning left vehicles, stopping vehicles, and pedestrians or parking vehicles. The output value is then corrected by factors corresponding to the following factors: lane width, the share of truck traffic, road gradient, parking vehicles, buses at stops, location, lane use in the lane group, left-turning vehicles, right-turning vehicles, pedestrians, and cyclists. Traffic conditions are defined on the scale of capacity utilization and time losses by designating the level of freedom of movement from A to F, where A is the best value [36,37].



In the PTV VISSIM tool, it is possible to use node evaluation; you can record data from nodes of microscopic and mesoscopic simulations in the Vissim network. Node evaluation is especially used to determine specific data from intersections without first having to define all sections manually to determine the data. One such assessment is the level of service (LOS). “Level of service (transport quality): The levels of transport quality A to F for movements and edges, a density value (vehicle units/mile/lane). It is based on the result attribute vehicle delay (average). The current value range of vehicle delay depends on the level of service scheme type of the signalized or non-signalized nodes. The LOS in Vissim is comparable to the LOS defined in the American Highway Capacity Manual of 2010” [38]. According to the official source [38], levels of service are divided into 6 levels. The first, “A”, is equivalent to the most efficient vehicle flow and corresponds to a journey delay of fewer than 10 s or no delay for traffic lights. The second level, “B”, is the delay time from 10 to 20 s. The third level, “C”, is the delay time from 20 to 35 s. The fourth level, “D”, is the delay time from 35 to 55 s. The fifth level, “E”, is the delay time from 55 to 80 s. The sixth level, “F”, is the delay time longer than 80 s. To perform the analysis, as a case study of the impact of pedestrians on the signalized junctions in the city network, a model was implemented that reflected the existing state on the example of the part of the network in Gdynia, Poland. The modeled area is mainly characterized by the traffic of cars and HGVs (heavy goods vehicles); public transport vehicles, such as buses; and pedestrians. Bike users were omitted in case we could not obtain enough data about them. An example of a transport network based close to the port area is the city of Gdynia [15,39,40]. Road sections included in the model were a highway (Estakada Kwiatkowskiego) with two junctions (J1 and J2). The map below shows the scope of the modeled section of the municipal transport network of Gdynia city.



The analyzed crossings in the microsimulation are described and illustrated below:




	
J1—four inlets, controlled junction with filter traffic lights (see Figure 2);



	
J2—T junction, controlled junction with filter traffic lights (see Figure 3).








The intersections were selected due to the differences in size, the number of inlets, and road traffic. However, both had the common feature of allowing the simultaneous admission of pedestrians and vehicles in the configuration described above as interfering with simultaneous traffic. In the modeled road network, the most important data at intersections subject to microsimulation analysis were:




	
The intensity of vehicles at the entrance to the intersection (vehicles per hour)—these data may differ depending on the modeled variant—not all vehicles are able to pass in the hourly measuring distance;



	
The intensity of right-turning vehicles at the inlet (vehicles per hour)—these data may differ depending on the modeled variant—not all vehicles are able to pass in the hourly measuring distance;



	
Duration of the entire cycle (seconds);



	
Duration of green light for a particular phase (seconds);



	
Duration of green light for right filter arrow(seconds);



	
Duration of green light for pedestrians (seconds).








The comparison of the data to the model has been presented collectively in Table 1 along with the division into inlets at each of the examined intersections.



For statistical reference, the graph below (Figure 4) shows that vehicle traffic is not burdened by pedestrian traffic at intersections (variant 1). The graph shows the driving time needed to turn right compared to the total length of green light appearing in one cycle, which is 110 s for both intersections, and to the number of vehicles turning right in an hour.



The variable in the model is the intensity of pedestrians crossing the crossing in the range from 0 to 500 pedestrians per hour in a step ratio of 50 pedestrians per hour. In total, 11 variants of the same simulation were performed, from V1 (where the number of pedestrians was 0 per hour) to V11 (where the number of pedestrians was 500 per h). The modeled network is the morning rush (7:00–9:00 a.m.) in the following sequence: 30 min of filling the network with vehicles, then 60 min of the proper measurement period, and another 30 min to silence the network. The tested intensity of both pedestrians and vehicles is related to the parameters of the resulting LOS.




3. Results


After 11 simulations were performed, in which the pedestrian traffic intensity was increased by another 50 pedestrians per hour, starting from the value of 0 pedestrians per hour, the intensity analysis was performed at each intersection entry. At the inlet, the number of right-turning vehicles was distinguished and compared to each variant. Due to the increasing number of pedestrians at the crossing, not all vehicles were able to cross the crossing at the same time interval due to the high volume of pedestrian traffic. The graphs below for both analyzed intersections show changes in the traffic intensity of left-turning vehicles compared to the time of a left turn. This analysis allowed for the determination of the first conclusions regarding the impact of the number of pedestrians on the possibility of leaving the intersection of right-turning vehicles.



In the case of intersection No. 1 at inlet N only in variant 9, where the number of pedestrians was assigned to 400 pedestrians per hour, it exceeded the number of vehicles wanting to turn right; the number of vehicles in the measurement interval was reduced and the travel time was extended



In the case of intersection No. 1 at inlet E already in variant 5, where the number of pedestrians was 200 pedestrians per hour, the time of maneuvering to the right began to increase, and in variant 6, the number of vehicles in the measurement interval began to decrease.



In the case of intersection No. 1 at inlet W, the first changes could already be observed in variant 3; therefore, with the number of 100 pedestrians per h, both the travel time increased and the number of vehicles in the measurement period decreased. Note that this was the only inlet that did not have a right filter arrow in the signal program.



In the case of intersection No. 1 at inlet S, the number of vehicles did not change in any of the analyzed variants, and the time of driving to the right increased slightly from variant 1, where the number of pedestrians was only 50 pedestrians per hour.



In the case of intersection No. 2 at inlet N, the number of right-turning vehicles decreased only in variant 8 with 350 pedestrians per hour, and the travel time was extended in variant 7 with 300 pedestrians per hour.



In the case of intersection No. 2 at inlet W, the number of pedestrians in the following variants did not affect the number of vehicles in the measuring section and the travel time of right-turning vehicles increased with each successive variant, starting from variant 2; however, the increase was insignificant.



Summing up the measurement results, it should be noted that the fewer the vehicles that turn right, the less the number of pedestrians affects the travel time and leave the intersection. In the analyzed case, the limit number of right-turning vehicles was 350 vehicles per hour, where up to this value, the influence of pedestrians was slight or extended the travel time in the case of the 8th variant, where the number of pedestrians was 350 pedestrians per hour.



Comparing the number of right-turning vehicles to the LOS assessment of a given right-turning relationship at individual inlets by conducting 11 simulations, the following results were obtained. For the N inlet of intersection 1, despite the increasing number of pedestrians, the LOS analysis did not change and was constantly at level 2 corresponding to B in the HCM2010 scale method. At inlet E, the LOS analysis for this inlet changed from the second variant to level C, and then from the fourth variant to level D. The maximum value achieved was from variant 5, i.e., 200 pedestrians per hour, and reached the worst possible value of F. In the case of W, the base LOS value as C and increased to E for variants 2 and 3, and then from variant 4 it already reached the worst possible F level. In the case of the S inlet, the LOS analysis showed an increase to level C from the 3rd simulation variant in the place where pedestrians reached the value of 100 pedestrians per hour. The analyses of individual inlets and variants are shown in Figure 5.



In the case of the Junction 2 analysis, the deterioration of the LOS analysis was gradual. Both at inlets N and W, these inlets began in variant 1 with LOS at level A. Then, in the case of inlet N, the worst possible F level for a right torsion was from variant 7 where the number of pedestrians was 300 per h. In the case of the W inlet, as the number of pedestrians at the LOS inlets increased, it grew from A until it reached E at the time of variant 11, where the number of pedestrians reached the maximum analyzed value of 500 pedestrians per hour. The analyses of individual inlets and variants are shown in Figure 6.



The final stage of the analysis was to compare the entire intersection and traffic conditions in the LOS analysis. The intensities of all vehicles at the intersection were assigned to the comparison in comparison to the LOS analysis also of the entire intersection. As the final result of the capacity study, the efficient operation of the entire intersection was not only aimed at individual inlets or torsion relationships. In the case of intersection 1, the level of freedom of movement LOS increased only from variant 5 (200 pedestrians/hour) and reached the value of D up to variant 10 (450 pedestrians/hour). In the case of a smaller intersection in terms of the number of flights and the intensity of vehicles, intersection 2, the level of freedom of movement was gradually reduced. From variants 4 to 7, the level of freedom of movement was B, from 8 to 9—C, and from 10 to 11—D. The graphical comparison is presented in Figure 7.



The final comparison shows that, depending on the constant factors at the intersection, such as the duration of green signals for individual signal groups, as well as the intensity of vehicles at the inlets, the impact of pedestrians walking on pedestrian crossings is significant. Ignoring the addition of the counted number of pedestrians is a big mistake in making microsimulation models.




4. Discussion


When performing microsimulation analyses commissioned by private or public clients, it is necessary not to ignore the number of pedestrians at the intersection. To obtain reliable results regarding, e.g., capacity and the assessment of traffic conditions, it is necessary to include pedestrians.



If the signaling programs allow for two signal groups that collide with each other, the number of pedestrians has a direct impact on the obtained measurement results.



From the eleven simulation variants performed on a micro-scale, the more vehicles on a given route, the more significant the impact of pedestrians. The longer the duration of the green signal for vehicles, the greater the chance of achieving better traffic conditions. The failure to use the filter arrow also contributes to the deterioration of the traffic conditions that can be obtained. Only in the case where pedestrians do not completely collide with vehicles is it possible to bypass pedestrians in microsimulation models.



The analyzed two different intersections show how different results can be obtained for different numbers of pedestrians and different initial conditions added to the microsimulation network. Even the number of 150 pedestrians per hour can significantly impact the assessment of traffic conditions at the analyzed intersection.



An important dominant factor in micro-modeling is the location of the intersection. For example, a nearby public transport stop may have a considerable impact on pedestrian traffic across pedestrian crossings. In the event of the arrival or departure of a large number of buses at a given time, pedestrian traffic may be uneven during the measurement period. Well-programmed and coordinated traffic lights are the basis for a well-functioning city and improving the lives of residents and road users.
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Figure 1. PTV Vissim framework. 
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Figure 2. Junction 1 (J1) and signal program—the name of the streets: Morska–Kwiatkowskiego. 
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Figure 3. Junction 2 (J2) and signal program—the name of the streets: Hutnicza–Kwiatkowskiego. 
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Figure 4. Base data from variant 1. 
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Figure 5. LOS analysis of Junction 1 right turns—comparison. 
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Figure 6. LOS analysis on Junction 2 right turns—comparison. 






Figure 6. LOS analysis on Junction 2 right turns—comparison.



[image: Sustainability 14 08945 g006]







[image: Sustainability 14 08945 g007 550] 





Figure 7. LOS comparison. 
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Table 1. Comparison of the duration of the green light at the inlets where a right turn is possible.






Table 1. Comparison of the duration of the green light at the inlets where a right turn is possible.














	
	J1 N
	J1 S
	J1 W
	J1 E
	J2 N
	J2 W





	Duration of green light for a particular phase (s)
	27
	14
	55
	32
	31
	38



	Duration of green light for right filter arrow (s)
	56
	50
	-
	64
	64
	48



	SUM: green light + right filter arrow (s)
	83
	64
	55
	96
	95
	86
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