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Abstract

:

Traffic congestion is a frequent problem on most urban roads. This may be due to incorrect configuration of traffic signals but planning analysis should also include a study of human behavior, which, often imprudent, contributes to traffic congestion. The aim of this paper is to analyze the influence of human factors and their reaction to the environment on the impact of traffic performance through waiting time. For this purpose, an agent-based simulation is developed to represent the autonomous and social behavior of road users. The waiting of vehicles at signals is modeled on the basis of a queuing system. Simulations and experiments are based on the analysis of the age of the people and the condition of the pavement. Results show that people’s age is the most important factor influencing their behavior on the road. It is also shown external factors that also affect driver response and thus signal impact, such as the condition of the pavement. Finally, traffic performance, measured by waiting time, depends strongly on the behavior of people facing signals, according to their characteristics and factors present in the environment.
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1. Introduction


Problems related to traffic management are among the most frequently discussed in countries all around the world. Such problems include traffic accidents and congestion [1]. Traffic congestion refers to long queues of vehicles waiting for the activation of a traffic signal or for other vehicles. This situation can cause environmental pollution by excessive expulsion of gases into the atmosphere, fuel consumption and noise pollution [2]. In addition to environmental damage, it causes a delay in the routine and work activities of drivers and pedestrians [1].



The occurrence of unfortunate traffic situations is often caused by imprudent human behavior [3]. Human performance is a determining factor in the traffic scenario [3]. Road users decide whether or not to obey the signals, the travel speed, and whether or not to commit infractions; therefore, the evaluation of traffic configurations must consider human behavior [4]. Characteristics such as age, gender, or driving experience have been shown to be determinants of a person’s behavior on the road [5,6]. In addition, other external elements can affect people’s decisions, including road pavement [7] and weather [8,9]. The effect of these external factors will vary according to the main characteristics of the person. Therefore, in addition to analyzing how the person behaves on the road, it is also necessary to evaluate their reaction to events such as driving on a bad road or the occurrence of rain or fog.



Because of the number of factors that influence the results of a configuration, and the economic and labor costs of a counterproductive placement, they should be simulated prior to installation [10]. A technique that has proven to be effective in the evaluation of traffic configurations is agent-based simulation [11]. Intelligent agents offer advantages in modeling human behavior because they are autonomous, reactive, proactive and socially skilled [4]. Through simulation, it is possible to obtain—with a degree of certainty—the performance of such a signal configuration once in operation.



There are many metrics to evaluate the performance of a configuration: the number of accidents, the number of violations, and the waiting time of the simulation. Since the number of accidents, violations and the volume of vehicles directly influences the time that each vehicle delays within the simulated traffic region, it was decided to use the waiting time as an evaluation metric in this paper [12]. Therefore, to represent waiting situations that are generated on the road, queuing systems are used [13], where vehicles and people are customers waiting for the signal activation service.



Although the literature reviewed models various characteristics of people and their influence on traffic, there is no association between the different factors that confluence on the road, which can be human, vehicle or external, based on the human response to each of these factors.



The approach in this paper is novel in addressing human factors in an agent-based simulation model of urban traffic. Note that with agents it is possible to model different behaviors for traffic users, so they do not act all uniformly, but some variations can be specified, such as drivers not always respecting norms and signals on the road, or certain disabilities for pedestrians. The external elements modeled are weather, pavement, the technical condition of the vehicle and animals on the road. The experiments are based on the age of the traffic users, and in addition, the age-dependent reaction to pavement conditions. Thus, the relationship between various types of factors on the road, both human and environmental, will be also shown. The main contribution of the paper is given by the integration between the characteristics of traffic users and the external elements to evaluate their behaviors and reactions. The model can be easily extended to include new characteristics and human behaviors that are considered of interest for the analysis of signal configurations.



The rest of the paper is structured as follows. Section 2 contains a review of the literature, presenting studies with similar purposes and justifying research decisions based on the state of the art. In Section 3, the simulation model is presented, with the description of agents and their relationships. In addition, the generalities of the queuing system that represents the signal waiting times and the background of the simulation software are presented. Then, Section 4 describes the experiments performed and the results obtained. Section 5 discusses the results and compares them with previous research. Finally, Section 6 presents the conclusions and future work of this research.




2. Related Works


Several simulation models have been recently developed for the traffic phenomenon [11]. In [14], an agent-based simulation model is developed to evaluate the behavior of pedestrians crossing in front of automated vehicles, considering their personal characteristics. A study of the characteristics of drivers that can lead to driving errors resulting in accidents is presented in [15]. In a similar approach, in [16] drivers are profiled in order to know their potential behavior based on their characteristics. In [17], a microscopic traffic simulation, including vehicles and pedestrians, is proposed to evaluate in a virtual environment the behaviors of real traffic.



The characteristics of pedestrians and drivers that are considered in the literature are: age [14,15,17,18], driving experience [15,16,19], reaction to events [16,17], gender [15], education level [15], social interaction [20] and mental model [16]. From the literature reviewed it can be estimated that the main human factors to be taken into account are age and driving experience [21].



Furthermore, in addition to simulation models, many frameworks have been developed that simulate traffic with an agent-based architecture including human factors [11]. MATISSE 3.0 [22] allows simulation of the interactions between vehicles and various traffic controllers. This framework represents autonomous and non-autonomous vehicles; for non-autonomous vehicles, there is a driver-agent that controls the speed and circle-of-influence of the vehicle and maintains a certain level of distraction. SUMO is a traffic simulation framework widely used for the representation of road behavior [23]. Agent-based functionality has been incorporated to simulate human behavior such as the selection of the best routes [24], the deviation of traffic due to natural phenomenon [25] or to obtain the impact of human actions on road safety [26]. MatSim framework allows the representation of intermodal transport, which indicates how to get from one point to another in different types of transport. The simulations include human factors such as age, employment status, education level, or possession of public transport tickets [18]. New functionalities and features are systematically added to Matsim to make it more realistic and powerful [18].



Among the proposals, different behaviors are evaluated: waiting time [27,28,29,30], travel time [31], signal timing [32,33], vehicle-pedestrian relation [14] or traffic safety [15,16,20]. Most of the proposals that analyze the waiting time, use queuing theory to represent it. The use of queuing theory in traffic representation offers advantages because there is an exact equivalence between the components of a queuing system and the traffic elements, it allows modeling the entry and exit of vehicles in a traffic network, and the model is flexible to add other traffic performance measures such as accidents and violations in addition to the basic queuing performance measures [14,15].




3. Materials and Methods


The presented model is an agent-based simulation to represent traffic actors and their relationships. Within the agents that compose the model, elements of the environment and human factors will be presented. As part of this simulation, a queuing system is integrated to represent the waiting time of the agents with the signals.



3.1. Agent-Based Simulation Model


The objective of the simulation is to leverage the autonomous and proactive nature of intelligent agents to mimic the actions of road users. The following list briefly describes the factors modeled in the simulation that potentially influence the agents:




	
Pavement condition: Pavement deterioration, the presence of potholes and accumulated precipitation generate increasing capacity restrictions and increase congestion [7]. Wet roads also become dangerous even if they do not have potholes, as rain may cause vehicles to slide and thus collide.



	
Ambient sensation: Rain, humidity and fog affect the driver’s visibility conditions, and windshields blur internally and make it difficult to detect vehicles and people on the road. Pneumatic tires lose adherence and the wheel slip on the water with little contact with the pavement [34]. The extreme heat also makes drivers feel uncomfortable.



	
Animals on the road: There are numerous homeless animals that are run over or injured by vehicles. For drivers, it is also a danger because when trying to save these animals, they realize abrupt and hurried turns that can end in a collapse or an accident [35].



	
Lane overtaking: This phenomenon occurs when a vehicle, either by driver’s rush, provocation or recklessness, tries to pass in front of the vehicle preceding it on the road. This maneuver, if performed incorrectly, can cause accidents [36].



	
Vehicle characteristics: The color, size and technical condition of the vehicle influence the driver’s actions on the road. In addition, damage or breakage on the road would cause an exceptional waiting situation, until the vehicle is fixed or trailed [37].



	
Person characteristics: Age, gender, disabilities, years of driving experience, mood, stress, sobriety and driving comfort of a person determine their decisions on the road [3,38].








For every execution of the simulation, all these factors will be present, varying only in the obtaining of reports, where statistics of those selected for evaluation will be shown. By including all these factors the state space of the simulation increases. For this reason, the values associated with each factor are treated in a discretized form, which minimizes the number of possible combinations. However, it is necessary to evaluate them because this combination of factors was not found in the literature reviewed. The presented simulation supports the representation of all the described factors in maps with a finite number of intersections.



The simulation represents each actor in traffic as an agent. Road users and the above-mentioned time-varying factors are modeled. In the simulation, there are static agents, which are part of the environment and provide information to other agents for their operation, such as the map and the queuing model. Other agents also belong to the environment but have variable behavior in the simulation, such as the pavement, the weather and the traffic lights. Finally, there are the agents that model the people including the vehicle, the driver and the pedestrians.



A description of how each non-static agent performs is given below:




	
Traffic light agent: Traffic lights work as simple reactive agents. They wait until a light has timed out and then activate the next light. There will be a traffic light phase for each access road to the traffic light, and each phase will have a set of available exit roads [4]. Traffic lights are the most hierarchical signals in the simulation.



	
Driver agent: Drivers are created randomly based on values for age, gender, experience on the road (years of driving experience), mood and a level of distraction, which may influence the behavior of the driving vehicle. The age and experience can determine their corresponding "Risk Level", which is used to establish the violation and accident probabilities of those drivers [39].



	
Vehicle agent: The vehicles trace their trajectory from their arrival to the destination using Dijkstra’s algorithm [40]. These agents can collide, commit infractions and overtake other vehicle agents based on probabilities. They are driven by drivers, and the characteristics of these, combined with their color, size and technical conditions determine the probability of the events associated with them [39].



	
Pedestrian agent: Pedestrians follow an established route when they are created. They may be generated from a vehicle and may have simple disabilities such as visual, motor or hearing impairments. Pedestrians have energy that is depleted as they walk. They can be chatting or talking while they walk [39].



	
Pavement agent: The behavior is based on improving or worsening its ability to circulate vehicles. Before starting the simulation, an initial state is configured, which may change during the simulation. When drivers are about to drive on a road, the first step is to check its condition and then modify their speed to protect the vehicle from damage and breakage [7].



	
Weather agent: The environmental conditions considered for the simulation are temperature, humidity, time of day and precipitation. The update of the observed variables is displayed by the environment at each step of the simulation and the vehicles are notified accordingly to moderate their speed considering the environmental state at each moment [7].








To represent the simulation model, the agents, their tasks, responsibilities and purposes, diagrams of the agent-oriented methodology, built with the INGENIAS software, IDK 2.7 [41,42], are used. Figure 1 shows a static view of the agents and their respective responsibilities and purposes. A dynamic view of the agent-based model is shown in Figure 2. The static view places all agents within the model with their purposes and responsibilities. The dynamic view relates these agents, showing, in addition, all the tasks of the simulation with their responsible and participants.



In addition to the described agents, there are other entities that represent the remaining signals on the road -shown in order of importance on the road-: Stop, Yield and Speed Control signals. These do not have any associated behavior, they are only placed on the road at the beginning of the simulation and the users must respond to them. The location of the signals is obtained from OpenStreetMap [43] or placed by the expert in charge of the simulation.



Vehicles should only obey one signal at a time, as there is only one signal at each corner of the simulated map. To place a new signal on a corner that already has one, it can only be superior in type, eliminating the previous signal.



From the previous descriptions, the following basic rules of the simulation model can be obtained. All rules are based on probabilities posted by traffic staff:




	
Vehicles proceed according to the status of the traffic light and other signals.



	
Vehicles may commit infractions.



	
Vehicles may overtake lanes.



	
Vehicles avoid obstacles.



	
Vehicles may break down while driving.



	
Vehicles behave according to the characteristics of their driver.



	
Vehicles behave according to the characteristics of the environment.



	
Vehicles behave according to the characteristics of the pavement.



	
There is a probability for pedestrians to stop and talk to other pedestrians.



	
There is a probability for pedestrians to black out due to lack of energy.



	
Disabled pedestrians will only cross the street at corners and with assistance.



	
There is a probability for vehicles to drop off passengers.



	
There is a probability for vehicles to pick up passengers.









3.2. Mathematical Model of Simulation Using Queuing System


The waiting time of vehicles at signals is modeled using queuing theory, where the customers are the vehicles, and the service provided is the activation of the signal to allow them to pass [44].



A queuing system is denoted by   ( A | B | C : D | E | F )   representation. Table 1 shows the representation of the queuing systems used in our model, which is based on the analysis at [28].



Service distribution has two possible values as there are two types of stations: traffic lights and stop signs. Stop signs have exponential distribution [28], so the model for these stations will be   ( M / M / s )  . Traffic lights follow a general distribution [45] and the model will be   ( M / G / s )  .



Table 2 shows the list of groups and parameters used by the model. It is also presented where each data set is obtained for the evaluation of the simulation and queuing systems [44]. The results that are generated by the simulation are random, while those set by the analyst are based on his knowledge of the traffic in the area. All model parameters are configurable so that it is usable by traffic staff. They have the responsibility to set some parameters and will also have the possibility to edit the ones obtained from the providers.



Figure 3 illustrates how the relationship between the parameters behaves from a bottom up view of the parameters.



Human, vehicle and external parameters and factors compose the modifiers that affect vehicle and pedestrian travel speed. This speed serves as a determinant for the waiting time of the system, which is also affected by the waiting time for a crosswalk. The pedestrian waiting time also depends on the number of violations committed. Speed influences, whether driving or walking, through the following equation:


   V v  =  [    V e  +  V s   2  + V a  r  C F −  S p    ]  × V a  r   G p  −  K p    × V a  r   U s  −  E v  −  X p     



(1)




where,



  V e   is the defined standard speed, -it has a different value for pedestrians and vehicles-,



  V s   is the maximum allowable speed for vehicles,



  V a  r  C F −  S p      is the variation according to climate and gender,



  V a  r   G p  −  K p      is the variation according to age and area knowledge, and



  V a  r   U s  −  E v  −  X p      is the variation according to the pavement, years of driving and condition of the vehicle.



In the case of pedestrians, for Equation (1),   V s   has value 0 and   V a  r   U s  −  E v  −  X p      has value 1. Each variation is calculated with the following equations:


  V a  r  C F −  S p    = 0.01 ×   ( C F − 70 )  2  +  ( 1.5 −  S p  )   



(2)






  V a  r   G p  −  K p    =  35  G p   ×  3  K p    



(3)






  V a  r   U s  −  E v  −  X p    =  3   U s  +  E v  +  X p     



(4)







Several of the parameters mentioned in the model description are used in these equations.   C F   represents the comfort experienced by people facing the weather, obtained from the multiplication of   I T H   (Temperature-Humidity Index) and the millimeters of rainfall. The   S p  ,   G p   and   K p   are the sex, age and area knowledge of the person, respectively.   T h e  U s    is the condition of the pavement,   E v   the condition of the vehicle and   X p   the driver’s years of experience.



The total waiting time of the simulation will be calculated by the following Equation (5):


  W =  W t  +  W s  + P A  



(5)




where   W t   is the waiting time at traffic lights,   W s   is the waiting time at other signals and   P A   is the waiting time due to pedestrian and animal crossing.



A complete description of the mathematical model associated with the waiting time can be found in [44] and in Supplementary Material (https://github.com/amoreno98/simulation-model-data (accessed on 25 February 2022)).




3.3. Simulation Software Tool


The simulation is executed in simulation software developed by the authors. It contemplates the whole process from the capture of the map data to the analysis of the results obtained by the simulation. Figure 4 shows the diagram of the tool’s activities (https://github.com/amoreno98/simulation-model-data/blob/main/simulation.rar (accessed on 25 February 2022)).



The general idea of this software is to provide a support tool for traffic authorities, where they can configure the traffic conditions they want to simulate. After each simulation, a report is generated with data of interest, such as the number of accidents, number of violations, and number of vehicles simulated, among other results. The simulation can be executed as many times as required until a satisfactory result is obtained, which can be installed in real time on the road. A complete description of each phase of the software can be found at [4].





4. Simulation Case Study


To illustrate and evaluate the agent-based simulation model, an experiment with four instances (agent configurations) has been performed. Each instance has been executed with 50 simulations corresponding to 6 h of traffic each (Each second of simulation is equivalent to 72 s of traffic. The 6-h executions required 5 min each). The objective is to show the influence of variation of the human factors on the model. For this purpose, we focus on two elements that influence human behavior: the age of pedestrians and drivers and their reactions to pavement conditions. Age was selected because it is the most important factor found in the literature review. In addition, the reaction to the pavement is evaluated because it is a key issue in the configuration of signals in Cuba due to the condition of the streets.



The influence of these two factors on violations committed, traffic speed and the resulting waiting time at the traffic intersection will be shown. Moreover, previous state-of-the-art scenarios that only include pedestrians or drivers exclusively are modeled. The results are compared to show the influence of both factors simultaneously.



4.1. Instances Description


Figure 5 shows the street and signal distribution for the four instances analyzed, which are taken from real streets in the town of Plaza, Havana, Cuba. The instances were chosen because of the variability in the distribution of the existing signals.



Each instance is evaluated with four different age configurations. Figure 6 shows the percentage relation of the number of people in the simulation for each age range. The first distribution contains a uniform proportion of each age group. The next configurations consist of a majority presence of young people, adults and elderly people, respectively.



Similarly, every instance evaluates four configurations corresponding to the pavement condition. Figure 7 shows the percentage relation of the number of streets in the simulation for each pavement condition. In this case, a first uniform distribution is also conceived. The following represent the majority presence of streets in good, regular and bad condition, respectively.




4.2. Experiments Conducted


The first analysis performed corresponds to the violations committed during the simulation. Figure 8 shows the results for each instance, aggregated across repetitions, separating driver and pedestrian violations.



The simulation includes violations related to signal disobedience, improper passing, unauthorized parking for drivers, or improper crossings for pedestrians. For novice drivers—less than two years of driving—they can be caused by ignorance of traffic regulations. For experienced drivers, the main cause is recklessness and excessive confidence on the road.



Road users between 0 and 15 years old and only interact as pedestrians since they do not have a driving license. For this reason, only pedestrian infractions are included in this group.



Note that the age groups with more violations committed are from 16 to 60 years old. In most cases, there are more violations by drivers of vehicles. This is due to the fact that they have a privileged position on the road, while pedestrians, who are more vulnerable, take care of their safety and obey signals to a greater extent.



Instance 3 does not follow the same behavior as any of the other instances. Here, the highest number of violations were committed in the 46–60 age group. These violations were mostly improper overtaking by drivers and improper crossing by pedestrians. This is due to the fact of 75% of the simulated agents were familiar with the area where they were driving. This element mainly affects this age group, which is the one experiencing the most confidence on the road and committing violations for this reason. This result is unexpected for the experiment since knowledge of the area was not included in the analysis.



It is also observed, although to a lesser extent, that for the older age group, the number of violations increases again, mainly due to the deteriorating health of the elderly. Visual or motor problems may cause violations even if the individual did not intend to disobey.



Speeding can also be found as part of the violations. The second analysis corresponds to the average speeds of pedestrians and drivers according to age and pavement condition. Figure 9 shows pedestrian speeds, average across repetitions, for each of the instances. Age distributions with a majority of young, adults, and elderly people are used to analyze speed behavior in relation to the increase in the average age of the simulation. In this case, pavement condition is not considered because pedestrians travel on sidewalks.



Simulation speed with a majority of elderly people is considerably lower in all cases than the speed for the prevalence of young people. In general, young people walk faster; the elderly, due to motor problems, move very slowly and the adults maintain an average speed that varies according to their mental situation, such as discomfort, stress, grief, etc. It is remarkable that in Instance 4 this generality is not followed because the adult distribution is very similar to one of the young people. This is due to the fact that in the simulated area, despite the presence of several signs, there are walking areas such as parks and roads with little traffic, so pedestrians should not moderate their speed.



In Instances 2 and 3, the speed of the elderly decreases to a lesser degree because in the area of 23rd St., being very busy and dangerous, there are no pedestrians over 75 years of age, who are the ones who move more slowly, and therefore the average speed increases in the absence of them.



In addition to the factors examined for pedestrian speed, the condition of the pavement can also influence the behavior of people. For this purpose, the speed of vehicles is analyzed. The analysis of vehicle speed is shown in Figure 10.



There is a general tendency to decrease speed as pavement conditions worsen. This is because driving at high speeds on roads in poor condition can cause technical damage to vehicles. In most instances, there is a considerable speed decrease in the distribution of adults, since people between 30 and 60 years of age are generally the owners of the vehicles and those who are more careful with them.



Similar to the analysis of pedestrians, it is observed that as people’s age increases, their speed on the road, whether walking or driving, decreases. The speed of Instance 1 is observed to be considerably higher than the others, and this was also the instance with the highest number of violations in the ages of 16 and 30 years, so speeding is related to violations of speed limits.



There is an unexpected contrast between pedestrian (Figure 9) and vehicle (Figure 10) speed for each instance. Instance 1 had the lowest pedestrian speed and is shown as the one with the highest vehicle speed, while Instance 4 has the opposite. For crowded areas with higher vehicle speeds, pedestrians are more cautious and this is reflected in these results.



Finally, the last traffic performance measure analyzed is the waiting time experienced by vehicles during the simulation, as the principal metric to measure the congestion in the traffic. Figure 11 shows the comparison of the waiting times. Results from uniform pavement distribution are used, for measuring the impact of age on this aspect.



The scenario proposed in this paper is shown in Figure 11a. There is an inversely proportional relation between vehicle speed (Figure 10) and waiting time (Figure 11). In this graph, it can be observed for Instance 4, which had the lowest vehicle speed and the highest waiting time; while in Instance 1 the opposite occurs highest vehicle speed and lowest waiting time.



In terms of age, the longest waiting time is obtained for adults, who show greater caution compared to young people and better health status compared to the elderly. This caution translates into obedience to signals and therefore longer waiting times at them. The young and the elderly always look lower because of disobedience, distraction or physical impediments, they wait less at the signals or for other vehicles. In the particular case of young people, traveling at a very high speed decreases the possibility of being stopped by a signal.



Instance 1 behaves in a particular pattern, where the waiting time increases and the elderly exceeds the other age distributions. This is due to the presence of 5 consecutive signals for the plus traveled line—L St. to take Linea St.—in that instance, which affects the elderly who spend some time reacting to the signals, delaying the acceleration and inevitably will have to stop at the next signal.



After executing the simulation with the factors included in this research, we adapted it to imitate other models presented. The drivers-only scenario, Figure 11b, may correspond to models such as [15,16], where only driver characteristics are evaluated; while the pedestrian-only scenario, Figure 11c, would simulate models such as [14], which only consider pedestrian characteristics. Compared with state-of-the-art scenarios it is evident that pedestrian behavior has a lower influence than driver behavior, since in the simulations with only pedestrians, the waiting times for both age distributions are similar. When there are only drivers, the general trend seen in Figure 11a is maintained.



The waiting time on the road can also be due to several waiting factors. Figure 12 shows a distribution of this average waiting time for each of the instances. The main waiting factor is traffic lights, with over half of the time spent in most instances. Then, the time spent waiting at other signals and by pedestrians is similar. These last factors are not less present in the simulations, but the drivers of vehicles consider them of less importance and do not obey the corresponding waiting time.





5. Discussion and Analysis of the Contribution with Respect to the State of the Art


The agent-based simulation allows the representation of traffic based on the analysis of a wide set of factors: human and vehicle characteristics, weather, pavement and animals on the road. In addition, it represents the situations of waiting at signals and obstructions on the road as a queuing system. The model can obtain its parameters from external systems or be configured by the traffic analyst interacting with the simulation tool.



Previous research has developed other simulation models to represent traffic. An advantage of the proposed model over some of this research is the use of agent-based simulation. Due to the complexity of modeling social behaviors, this type of simulation offers better results due to the autonomous, proactive and social nature of the agents. Although, there are other agent-based models for traffic modeling [32,33,46], they do not include simultaneously the actions of drivers and pedestrians.



Among the models studied are interactions of parameters that influence traffic, but are always oriented to a particular type of parameter. For instance, in [3] they studied the human factors that have a greater influence on traffic accidents and showed that the most influential is driver distraction, although they may include other factors such as age, gender, and familiarity with the road. These factors are all considered in our model.



In [34] the simulations performed to demonstrate the impact that weather conditions have on the behavior of the vehicular flow. They also incorporate some behaviors of the vehicles as part of the simulation and the interactions between them. These behaviors are also included in the model presented. On the other hand, the authors of [7] present an integration between several external parameters such as pavement and weather. The importance of these and their influence on traffic is demonstrated. However, it is not possible to have a realistic approach to the road if human behavior is not observed.



Finally, in addition to the parameters included in the simulation model, we have developed a detailed system based on queuing theory, which represents, in the form of a mathematical model, the traffic performance and quantifies the interactions and influences of the incorporated factors. This is considered an advantage with respect to the simulation models previously developed since in addition to determining the influence of the factors, it allows quantitatively establishing comparisons and priorities among them.



The limitations of this research are the fact that it has been only applied to experimentation with instances belonging to Cuba since the simulation model is based on Cuban traffic laws. In future versions of the simulation tool, the parameters associated with the laws should be configurable in order to eliminate this limitation. On the other hand, future studies should experiment with larger instances, which could include a wider region of the map or entire cities.




6. Conclusions and Future Work


Simulation models to analyze traffic dynamics have been widely used to optimize their performance. Our approach combines the flexibility that provides agent-based modeling with the formalism of queuing theory in order to determine the influence of the human factor on traffic. The vehicular flow performance is obtained from the evaluation of the model using a queuing system, which is able to give sense to the time consumed by the vehicles in their transit along the road.



This is illustrated in this paper with a case study to analyze the influence of certain aspects such as the age of drivers and pedestrians, proving to be an influential factor in their decisions. In addition, pavement is used as an additional factor, demonstrating that traffic performance is also influenced by environmental factors. The results show that the increase in the age of people on the road slows traffic flow, decreases the number of violations, and generally increases waiting time. In addition, with age also comes an increase in drivers’ caution on poorly maintained roads.



On the other hand, results were also obtained that were not expected within the design of the experiments and are therefore valuable. The influence of the human factor “knowledge of the area”, was shown in the analysis of the number of violations, where people with zone expertise are overconfident and commit more infractions. From the experiments, an inverse proportionality relationship between waiting time and vehicle speed was obtained, and also between the average speed of vehicles and pedestrians. These relationships are valuable because they allow for predicting the behavior of one of the factors with prior knowledge of the other.



Finally, an expected result is verified: the distribution of waiting time confirmed that the main waiting element is the traffic lights, which is why it is necessary to insist on an adequate configuration of their timing.



As part of the forthcoming work, experiments will be applied to other factors present in the simulation, such as gender, distractions on the road or the technical condition of the vehicles. The analysis of the degree of influence of each factor will provide further conclusions and it will be possible to arrive at rules for the configuration process.



After evaluating all the factors already included, the simulation model will be extended to new behaviors, such as alcohol consumption, stress or more severe disabilities. The inclusion of new factors can be used to analyze different types of configurations that contribute to better traffic performance, as well as to evaluate the simulation with other existing metrics. Another important feature to further work is the size of the instances so that the simulation allows us to have a more general view of human behavior in regions or entire cities.



The results obtained and the new work proposals will help in the conception of a complete traffic control tool. A tool that reproduces the presented simulation model will support signal configuration by evaluating real signaling plans. Therefore, the appropriate configuration for the data provided to the model can be obtained.
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Figure 1. Static view of the agents present in the model: responsibilities and purposes. 
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Figure 2. Dynamic view of the agents present in the model: relationships between agents, model tasks, responsible persons and participants. 
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Figure 3. Leveled representation of model parameters and their relationships. 
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Figure 4. Activities Diagram of Simulation Software. 
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Figure 5. Experiment instances: (a) Linea St. & 12th St. (b) 23th St. & 12th St. (c) 23th St. & L St. (d) Linea St. & L St. 
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Figure 6. Simulated age distributions based on the number of people in each age group. 
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Figure 7. Simulated pavement condition distributions according to the street properties in each instance. 
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Figure 8. Average of total violations committed by instance and user type. 
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Figure 9. Pedestrian average speed by age. 
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Figure 10. Vehicle average speed by age and pavement conditions. 
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Figure 11. Average waiting time by scenarios: (a) Drivers and pedestrian. (b) Drivers only. (c) Pedestrian only. 
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Figure 12. Waiting time distribution by signal cause. 
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Table 1. Components of a queuing system and their representation in traffic.
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	Notation
	Description
	Values





	A
	Arrival distribution
	Markovian (M)



	B
	Service distribution
	Markovian (M)/General (G)



	C
	Number of servers
	Lanes of the streets



	D
	Service discipline
	FCFS (First Come, First Serve)



	E
	Maximum number of customers
	Infinite



	F
	Customers source
	Streets of the map
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Table 2. Model parameters used by the queuing system to compute the waiting time at each service station.






Table 2. Model parameters used by the queuing system to compute the waiting time at each service station.





	
Parameter Group

	
Parameter Name

	
Parameters Provider






	
Queuing Model

	
Average arrival rate

	
Authors Measurements 1




	
Average service rate




	
Variance of service time




	
Utilization factor




	
Map

	
Street Type

	
OpenStreetMap 2




	
Surface condition




	
Width




	
Maximum Allowed Speed




	
Vehicles

	
Type

	
Set by traffic analyst




	
Technical condition




	
Vehicle length




	
People

	
Age

	
Generated by simulator




	
Sex




	
Knowledge of the area




	
Years of experience




	
Weather

	
Temperature

	
OpenWeatherMap 3




	
Humidity




	
Rain




	
Probabilities

	
Red Light Violation

	
Set by traffic analyst




	
Stop Violation




	
Obstacles




	
Traffic

	
Minimum traffic light cycle

	
Set by traffic analyst




	
Maximum traffic light cycle




	
Standard speed of people




	
Speeds by   T v   and   T s  




	
Distance between vehicles








1 https://github.com/amoreno98/simulation-model-data/tree/main/Measurements (accessed on 25 February 2022); 2 https://openstreetmap.org/ (accessed on 28 February 2022); 3 https://openweathermap.org/ (accessed on 28 February 2022).
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