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Abstract:



In the last few years, numerous research efforts have been conducted to merge the Internet of Things (IoT) with smart city environments. The goal to make a city “smart” is arising as a possible solution to lessen the issues caused by the urban population growth and fast urbanization. Attention also has focused on the pedestrian crossings because they are one of the most dangerous places in the transport field. Information and Communications Technologies (ICT) can undoubtedly be an excellent support in developing infrastructures that can best manage pedestrian crossing. For this reason, this paper introduces a fuzzy logic-based solution able to manage dynamically the traffic lights’ phases in signalized pedestrian crossings. The proposed approach provides the possibility to change the phases of the traffic light taking into account the time of the day and the number of pedestrians about to cross the road. The paper presents a thorough description of the fuzzy logic controller configuration, an in-depth analysis of the application scenario and simulative assessments obtained through Vissim simulations.
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1. Introduction


The Internet of Things (IoT) idea has piqued much interest from the research and industry community in the last few years [1]. One of the main reasons for this hype towards the IoT is its supposed applicability to different domains [2], like smart environments [3], smart homes [4], Industry 4.0 [5] or e-health [6]. Nevertheless, there is an application domain of the IoT, i.e., smart cities [7,8], that is presumably standing out from the rest. A smart city is a mixed ecosystem distinguished by the exceptional administration of Information and Communications Technologies (ICT), with the aim to develop cities more appealing and more sustainable, i.e., unique areas for innovation and entrepreneurship [9,10]. The essential stakeholders involve application developers, service providers, citizens, government and public service providers, the research community and platform developers. Besides, it is clear that a smart city is composed of many ICT technologies, development platforms, solutions for maintenance and sustainability, apps for evolving citizens and technical, social, as well as economic key performance indicators. As a consequence, IoT schemes will represent a fundamental task in the deployment of large-scale heterogeneous infrastructures. IoT-based smart city applications can be classified by network type, flexibility, coverage, scalability, heterogeneity, repeatability and end-user involvements [11]. These applications can be arranged into personal and home, utilities, enterprises and mobile. For instance, mobile applications include Intelligent Transportation System (ITS) and logistics, traffic management, congestion control and waste management.



Numerous research efforts have been conducted to combine the IoT with smart city environments. For instance, the growth of communications grids and the development of innovative schemes for production systems are analyzed in [12]. The authors point out that smart cities have become the basis for urban competitiveness nowadays, and ICT undoubtedly plays a fundamental role. Several ICT solutions are investigated focusing on their influence on new social behaviors that mold the means of communication and the development of urban areas. The main aim of the authors is to judge the various technologies applied in smart cities by their usefulness and importance. The factors influencing citizens’ approval and adoption of ICT-based services for smart cities to enhance their quality of life are investigated in [13]. The obtained results show that if an ICT-based solution is of high quality, involves innovative ideas and ensures personal privacy, generally, the citizens tend to accept it and are willing to use it. The authors of [14] propose an edge-based platform as a useful IoT tool for the implementation of distributed applications for smart cities. The proposed solution can hide the heterogeneity of the associated physical devices and protocols. After validating their platform, the authors provide a set of design guidelines that could yield valuable advantages in developing services for smart cities, such as system extensibility, fault tolerance, integration of systems and system maintenance.



The goal to make a city “smart” is rising as a possible solution to lessen the issues caused by the urban population growth and fast urbanization. In fact, academic research has examined this phenomenon [15]. For instance, the authors of [16] suggest a framework to understand the idea of smart cities to reduce the gap in the literature about them considering the increasing use of this concept. In fact, they recognize several critical characteristics concerning smart cities, such as organization and management, governance, technology, people and communities, policy context, economy, built infrastructure and natural environment. These factors establish the basis of the proposed framework that can be employed to investigate how local governments are envisioning initiatives for future smart cities. On the contrary, the authors of [17] highlight that the use of big data has the potential to achieve notable results for smart cities, simultaneously with innovative services and products, higher competitiveness and economic progress. Nevertheless, the exploitation of big data in transport is at a significantly lower level compared to other areas such as retail and healthcare.



Although numerous studies exist about IoT and smart cities, the convergence of these two areas needs further academic efforts for the thriving of IoT-based smart cities. Nevertheless, the application fields of IoT-based solutions are plentiful. For this reason, it is beneficial to develop approaches that are proper and smart to handle one of the many issues that concern ITS. Among them, it is worth noting that of the pedestrian crossing.



A pedestrian crossing (British English) or crosswalk (American English) is a part of the road painting and is designated for pedestrians to cross a road. Crosswalks are usually outlined to retain pedestrians together where motorists can see them and wherever they can pass most safely over the flow of vehicular traffic. Marked pedestrian crossings are usually located at intersections at grade, but may also be at other positions on bustling roads that, otherwise, would be too risky to cross without a support due to vehicle numbers, speed or road widths. Crosswalks are also usually situated where a considerable number of pedestrians is striving to cross, for instance near shopping areas, or where exposed road users (such as school children) frequently cross. It is clear that specific rules are needed for the use of the pedestrian crossings to ensure safety. For instance, in some areas, the pedestrian must be more than halfway across the crosswalk before the driver proceeds. Signalized pedestrian crossings are employed to divide traffic types, i.e., pedestrians or road vehicles, that use the road junction. On the contrary, un-signalized crossings habitually support pedestrians and usually prioritize them.



The pedestrian crossings are one of the most dangerous places in the transport field. In fact, most of the traffic accidents happen there. In urban areas, especially in inner cities, pedestrians crossing the road unquestionably affect the traffic flows. For this reason, several approaches have been developed for the detection of traffic and pedestrian flows at traffic lights [18,19,20]. Generally, for several reasons, the priority should be assigned to pedestrians. However, as highlighted in [21], the inclination to give pedestrians a high priority in crosswalks influences the road traffic capacity considerably. The authors have examined several distances between pedestrian crossings to determine their assessment; a non-constant inter-crosswalk spacing is also considered. The analysis carried out in [22] shows that more and more pedestrians use mobile phones in their daily activities. This action is a real distraction for pedestrians when they are going to cross the street, especially at un-signalized intersections. The authors of [23] show that, in the class of unsafe road users, the pedestrians are identified as those with the most significant chance to be influenced by severe or fatal casualties in road accidents. Nevertheless, there are several factors to be analyzed. First of all is the randomness of users’ behavior. Moreover, sometimes, the inadequate attention of traffic light operation settings implies that the pedestrians are involved in road accidents, in particular in isolated signalized junctions. As a consequence, there is a clear need for new and intelligent systems to play a fundamental role in the improvement of pedestrian safety.



ICT-based solutions can undoubtedly be an excellent support in developing infrastructure that can best manage pedestrian crossing. For instance, a method for crosswalk marking detection by using laser-based applications for intelligent vehicles systems, as well as pedestrian security, is proposed in [24]. The approach introduced by the authors aims to recognize crosswalks and is based on the road marking material and the pattern produced by the reflection of the laser beam from the road surface. The obtained results prove a satisfying performance for real-time application since the average processing time is relatively low for the crosswalk marking detection. The authors of [25] present a robust method for crosswalk detection and location, based on Maximally-Stable Extremal Regions (MSER) and extended Random Sample Consensus (ERANSAC), in traffic surveillance scenes. Compared to several existing detection techniques, the proposed method can efficiently derive crosswalk areas under the various illumination conditions. In this way, it is possible to bypass the selection of thresholds according to the current environmental situation, and as a consequence, the system flexibility and robustness are significantly increased. On the contrary, other authors have concentrated on signalized crosswalks. For instance, an algorithm for the detection of traffic lights and crosswalks, which globally compose a framework, is proposed in [26]. The solution introduced by the authors is developed to run also in embedded devices with small computational resources in real time. The framework is based on image detection, and the achieved results show that the accuracy of the algorithms is relatively high, although inaccurate results can easily be produced based on the quality of the detected images. The authors of [27] present a high-resolution data system able to gather the location, speed and turn movement of each vehicle as it enters an intersection, together with the signal phase and pedestrian and bicycle movements. The proposed system is based on video monitoring. The authors highlight that the use of a high-resolution data system can be a valuable support for intersection performance and for improving mobility and safety. However, it is necessary to point out that their solution requires powerful hardware and quite high computational performance. A new pedestrian twice crossing pattern, capable of realigning the vehicle signal sequence, is introduced in [28] with the aim to fully employ the temporal-spatial resource of a road intersection, helping thus pedestrians’ crossing, providing them more time. The obtained results, regarding the average travel time, average delay and intersection capacity, of the road junctions that apply different signal sequences and pedestrian crossing patterns show promising performance compared to other solutions.



This paper introduces a fuzzy logic-based solution for coping with the dynamic management of traffic lights’ phases in signalized pedestrian crossings. In the smart solution introduced in this paper, the traffic light is dynamically regulated, by a Fuzzy Logic Controller (FLC). In fact, the employment of rule-based FLCs helps the development of multi-criteria control procedures. Fuzzy logic is capable of performing real-time decisions, even with incomplete knowledge. More in detail, in recent years, various fuzzy-based strategies have been proposed to enhance the administration of traffic light junctions [29,30,31]. Since fuzzy logic schemes can naturally handle the linguistic rules, they are mainly suitable in different contexts, such as the dynamic management of traffic lights. Besides, fuzzy systems can be employed by mixing different parameters and rules, which may provide an optimal result. For instance, the use of smart setting and tuning techniques for FLCs can improve several ITS-based solutions for smart cities. As a consequence, the FLCs, based on linguistic rules instead of rigid reasoning, can be the appropriate choice to represent a mechanism for the dynamic control of traffic light phases in pedestrian crossings. The proposed fuzzy-based solution provides the possibility to adjust the phases of the traffic light taking into account the time of the day and the number of pedestrians about to cross the road. In fact, the time of green can be extended, compared to that established statically, to enable a better disposal of the pedestrians accumulation.



This paper is organized as follows. The examination of the scenario analyzed in this paper, i.e., the traffic light junction that involves a pedestrian crossing, is carried out in Section 2. The proposed fuzzy-based system model is introduced in Section 3, where the configuration of the suggested smart FLC is presented. Section 4 assesses the performance obtained in simulation scenarios, and finally, Section 5 ends the paper.




2. The Analyzed Scenario


The proposed smart solution is applied on a signalized road intersection located in the urban area of Enna, an Italian town (Figure 1). In particular, the investigated scenario is associated with a four-arm intersection. It is composed of the main road (namely Viale Diaz), represented in Figure 1, with Arms 1 and 3, both two-way and one-lane roads, and a secondary one (namely Via Libertá), indicated in Figure 1 with Arms 2 and 4. In this case, Arm 2 is a two-lane one-way road, while the Arm 4 a two-way road with one lane in each direction. Several business activities are located around this area, such as bars and offices, overlooking Arms 2 and 3, while on the left side of the corner between Arms 1 and 4, there is a primary school (“De Amicis”). Other businesses, such as banks, wine bars and restaurants, are closed to the intersection, causing pedestrian movements.


Figure 1. The analyzed signalized road intersection located in the urban area of Enna.
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The peak of traffic flows, concerning vehicles and pedestrians, is associated with the entrance and exit times of business activities, mainly referring to schools and offices. Figure 2 shows the trend of traffic and pedestrian peak flows during a weekday. For instance, it is possible to note that the increase in vehicles is the highest on Tuesdays due to the open market (i.e., the 5th, 9th and 12th monitoring days).


Figure 2. The peak of traffic flows: (a) vehicles; (b) pedestrians.
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It is valuable to estimate the percentage of vehicles and pedestrians that are involved in the various arms. Data shown in Table 1 are based on about 1000 veh/h, where each percentage of vehicles is related to the maneuvers on the investigated road intersection (Figure 3). The same analysis can be carried out regarding the pedestrians. In fact, the values in Table 2 refer to about 250 pedestrians/hour distributed in the two directions for each arm, considering the pedestrian flows during the peak hours (Figure 4).


Figure 3. Maneuvers on the investigated road intersection: blue = crossing; red = diverging; yellow = merging.
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Figure 4. Pedestrian flows during the peak hours.
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Table 1. Vehicle percentage in the various arms.







	

	
Arm 1

	
Arm 2

	
Arm 3

	
Arm 4






	
Arm 1

	
0%

	
0%

	
40%

	
60%




	
Arm 2

	
60%

	
0%

	
14%

	
26%




	
Arm 3

	
60%

	
0%

	
0%

	
40%




	
Arm 4

	
30%

	
0%

	
70%

	
0%










Table 2. Pedestrian percentage in the various arms.







	

	
Arm 1

	
Arm 2

	
Arm 3

	
Arm 4






	
Arm 1

	
0%

	
20%

	
50%

	
30%




	
Arm 2

	
30%

	
0%

	
20%

	
50%




	
Arm 3

	
50%

	
30%

	
0%

	
20%




	
Arm 4

	
30%

	
0%

	
50%

	
20%










It is useful to note that in real case studies [23], it emerged that 10–13% of pedestrians do not take into account the red interval time of traffic lights. Furthermore, the variability of traffic light settings could produce an increased risk for pedestrians who are crossing on average with a reduced time to collision. The age groups that are subject to the higher risk are 15–30, and females behave more aggressively than males. Considering also other findings on the implication of Red Light Running (RLR) proneness when adaptive traffic light operations are employed [32], it is clear that while the daily variability of traffic light settings improves the disposal of vehicles, on the other hand, it has a detrimental effect on pedestrian safety.



The variability of vehicle and pedestrian flows is related to the activities that take place in the areas around the traffic light junction throughout the day. In fact, some flows exceed 250 ped/h and 1000 veh/h in peak hours, while there are values of about 1/3 in other hours of the day. This variability is most noticed during the weekend. Therefore, to optimize the management of pedestrian/vehicle flows, the traffic light junction requires the implementation of a dynamic control infrastructure that can optimally handle the times of the traffic lights taking into account the number of pedestrians that are going to cross the road. Another peculiarity to consider is the time of day. In fact, as mentioned earlier, in some hours of the day, there may be copious flows of pedestrians and vehicles, while in others, the size decreases considerably. Consequently, the dynamic monitoring infrastructure of the traffic light cycle must also take into account whether it is at a critical time when evaluating the number of pedestrians and vehicles. The goal is to allow not only a modulation of flows consistent with the analyzed context (Figure 1), but also an increment of safety for pedestrians and motorists.



It is clear that to achieve these goals, an ICT infrastructure is needed. It must be able to detect the number of pedestrians and to handle the traffic lights’ cycles dynamically. The approach proposed in this paper, based on a fuzzy logic controller, is presented in the following section.




3. The Proposed Fuzzy Logic Controller


A generalized representation of the fuzzy-based solution proposed in this work is depicted in Figure 5, which shows the inputs and the output of the FLC. It is helpful to note that the proposed FLC is applied to manage dynamically the phases of traffic lights located in pedestrian crossings, allowing the best disposal of pedestrians according to the time of day. The structure of the proposed FLC (Figure 5) is considerably simple because it allows not only a straightforward implementation on real devices, but notably, low computing needs. The smart system proposed in this paper requires small data transfers, as the data to be controlled by the FLC are the number of pedestrians waiting to cross the road and the time slot. Consequently, there is a lower computing need [29]. On the contrary, other techniques based on composite fuzzy controllers (such as Petri net or Type-2 fuzzy), other systems that use multiple controllers in parallel or other methods that are based on numerous parameters as input to the controller require higher computing needs. These advantages of the proposed FLC are presumed to be useful regarding lower data processing times and lower control actuation times.


Figure 5. Proposed Fuzzy Logic Controller (FLC) Architecture.
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As shown in Figure 5, an input parameter is represented by the number of pedestrians, standing in front of the traffic lights, who are preparing to cross the road. Several solutions can be utilized to identify and count groups of people, whether stationary or on the move. In the scenario analyzed in this paper, the group of people is represented by standing pedestrians waiting for the green of the traffic light. For this reason, to provide an input value to the FLC, in this paper, the pedestrians are counted through the technique proposed in [33], which is based on the use of cameras. It is based on a novel projection method to evaluate the area that represents each blob in real-world coordinates. This approach has been chosen because it decreases issues due to objects that are not similar to human height. Moreover, the contrasts between the projected area of people at various distances from the camera are also taken into account. Another original feature of the solution presented in [33], compared to other standard techniques, is the management of groups as single objects rather than treating individuals separately. However, this system has been extended in this work, with the aim of making it able to deal with stationary people in a scene, by including a different type of background segmentation, which is not based on motion.



From an implementation point of view, the approach proposed in [33] requires the use of a single camera to count groups of people in a reference area. At the intersection of Enna taken into account in this paper, eight cameras would be needed to calculate the groups of people in all pedestrian crossings. Regarding the computational power, the approach proposed in [33] does not require many hardware resources. The authors only state that it is appropriate to use a calibrated camera, i.e., able to adapt its characteristics to the conditions of the recording area. The cost of a video camera of this type ranges between about 100 € and 3000 € according to the features. As a result, it is possible to estimate the installation cost of the entire infrastructure proposed in this paper. The price could range between about 2000 € and 25,000 €.



Following the description of the proposed FLC scheme, it is relevant to concentrate on the fuzzy inference system that determines the phases of the traffic lights and, primarily, concisely specifying the membership functions applied in this paper. The proposed fuzzy logic controller employs three membership functions (Low, Medium, High)for the pedestrians number (input) and phases of the traffic light (output). These functions fuzzify the crisp inputs, while their range for pedestrians number (input) fluctuates from 0–200. On the contrary, for the phases of the traffic light (output), the values are related to the configuration of the traffic light regarding the green, yellow and red times.



The triangular membership functions of the pedestrians number are represented in Figure 6, where the degree of membership is realized by normalized values [[image: ]]. Regarding the time of day, it is not possible to obtain a continuous numerical range as for the the pedestrian number. In fact, there may be hours where the traffic light junction is more crowded concerning vehicles and pedestrians, while in others, the situation may be somewhat more regular and almost linear. For this reason, considering the signalized road intersection located in the urban area of Enna, introduced in Section 2, the following time intervals, represented through the symbol ÷, have been labeled as “Critical”:

	
07:00 a.m. ÷ 09:00 a.m.;



	
01:00 p.m. ÷ 02:00 p.m.;



	
05:00 p.m. ÷ 06:00 p.m.





i.e., for instance, the first interval extends between 07:00 a.m. and 09:00 a.m. On the contrary, the other hours of the day have been identified as “Not Critical”.


Figure 6. Membership functions of the pedestrian number.
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The traffic-light cycle considered in the proposed approach is related to two phases along the two roads (Figure 1). The set for the overall traffic light cycle can be 84 s (i.e., 30 for green, 49 for red and 5 for yellow) or 94 s (i.e., 25 for green, 64 for red and 5 for yellow). This cycle of 84 or 94 s is related only to the traffic light and does not represent an input/output parameter of the FLC. The output of the FLC defines the variation of this set by increasing or decreasing green and red times. Concerning the phases of traffic lights for pedestrians, the values of green, yellow and red times, updated dynamically based on the membership function (Low, Medium, High ), are shown in Table 3. In detail, for instance, considering the 84-s cycle, the standard values of green, yellow and red times (i.e., Low membership function) are 30, 5 and 49 s. When the value of the membership function falls in the Medium range, then the green time will have an increase of about 33%, while in the High range, the improvement is about 66%. Consequently, the red time is reduced. The same mechanism is implemented for the 94-s cycle.



Table 3. Variation of the traffic light set.







	
Membership Function

	
Green Time (s)

	
Yellow Time (s)

	
Red Time (s)






	
84 s cycle




	
Low

	
30

	
5

	
49




	
Medium

	
40 (i.e., about +33%)

	
5

	
39




	
High

	
50 (i.e., about +66%)

	
5

	
29




	
94 s cycle




	
Low

	
20

	
5

	
64




	
Medium

	
45 (i.e., about +125%)

	
5

	
44




	
High

	
55 (i.e., about +170%)

	
5

	
34










As depicted in Table 4, the output value of the FLC is specified through six fuzzy rules based on the IF-THEN statement of traditional programming languages. For instance, considering Rule 1, if Time of the day is Critical and Pedestrians number is Low, the Traffic light phase will be Medium. As is recognized, in an inference mechanism, the outputs are fuzzy variables. For this reason, the fuzzy logic controller needs to convert its internal fuzzy output variables into crisp values, by the defuzzification method, so that the actual system can handle them. For instance, taking into account the cycle of the traffic light (84 or 94 s), if the output of the defuzzification process (i.e., a numerical value and not a linguistic variable) falls in the Mediumrange, the direct result of Rule 1 (Table 4), previously analyzed, is related to the values shown in Table 3. In this case, the values of green, yellow and red times will be 40, 5 and 39 s for the 84 s cycle, while they will be 45, 5 and 44 for the 94-s cycle.



Table 4. Inference rules.







	
Rule

	
Time of the Day

	
Pedestrians Number

	
Traffic Light Phase






	
1

	
Critical

	
Low

	
Medium




	
2

	
Critical

	
Medium

	
Medium




	
3

	
Critical

	
High

	
High




	
4

	
Not Critical

	
Low

	
Low




	
5

	
Not Critical

	
Medium

	
Medium




	
6

	
Not Critical

	
High

	
High











4. Performance Evaluation


4.1. Simulation Model


The traffic light junction has been implemented through the use of Vissim micro-simulation software [34], which is based on the car model defined by Wiedemann [35]. In the first phase, the geometric road diagram has been implemented by inserting strings and nodes that are part of a transport graph. In general, the nodes of a road network are identified by the intersection of the roads constituting the system to be analyzed. The analysis of supply/demand has further been implemented by considering the Origin/Destination (O/D) attributes with particular reference to the percentages of maneuvers made from one node to another. The graph nodes match at the origin or destination of the displacement. Of them, the source/destination centroids corresponding to the beginning/end maneuver for each intersection arm have been highlighted. In the case of pedestrian flow, they correspond to the beginning/end of crossing for each arm of the urban road intersection. The arcs of the graph are characterized by a principal direction, corresponding to Direction 1–3, and a secondary one, corresponding to Lines 2–4, as noted above.



Any network can be described as a matrix with rows as the set of origins and the columns as the set of destinations. The number of rows and columns would match the number of nodes in the network. Conventionally, the horizontal rows of a matrix are recognized as a set of origin nodes, and the vertical columns of the matrix are specified as a set of destination nodes. Every cell entry in the matrix can be utilized to register data on the connection between a pair of nodes. Every single node is well connected to other nodes in a network and, as a consequence, can be accessed. However, this evaluation is not reasonable in a more complex network involving a more significant number of nodes and also alternative routes.



More in detail, given a graph-oriented [image: ], with [image: ] and [image: ], G is a matrix M of size [image: ] composed of [image: ] as follows. Each row is associated with a node of N, while each column is associated with an arc of A. Specifically, the M column associated with the arc [image: ] will have exactly a value of [image: ] at the line associated with the node u, while it will have [image: ] at the line associated with node v, and 0 in all other rows. M is called incidence matrix (arcs-nodes) of G.



The incidence matrix associated with the analyzed nodes/arcs, referring to possible maneuvers, is shown in Table 5. The cells of the matrix have a value of one if the node is a departure in the arc; on the contrary, it is [image: ] if it is the destination, and zero if the node does not exist in the arc.



Table 5. Incidence matrix associated with the analyzed nodes/arcs.







	
O/D

	
Arcs




	
1-3

	
1-4

	
2-1

	
2-3

	
2-4

	
3-1

	
3-4

	
4-1

	
4-1






	
Nodes

	
1

	
1

	
1

	
−1

	
0

	
0

	
−1

	
0

	
−1

	
0




	
2

	
0

	
0

	
1

	
1

	
1

	
0

	
0

	
0

	
0




	
3

	
−1

	
0

	
0

	
−1

	
0

	
1

	
1

	
0

	
−1




	
4

	
0

	
−1

	
0

	
0

	
−1

	
0

	
−1

	
1

	
1










The mathematical investigation of traffic-related phenomena is based on code theory. Traffic is then modeled as a stochastic process. For instance, a process defines the arrival times of vehicles entering a specific passage, and another defines the time taken to make a route. The qualitative classification of congestion is usually carried out on a six-letter scale (from A–F) referring to Levels Of Service (LOS), as defined in the Highway Capacity Manual [36]. These levels are used in transport engineering as a quick way to describe traffic levels on roads or crossroads. Since collisions between pedestrians and vehicles have a much higher potential for mortality than other types of accidents, in the last few years, a growing sensitivity in understanding and predicting the causes of these types of accidents is spreading. It is necessary to consider specific global parameters or for a single arm to study a road intersection concerning capacity and flows. These parameters, described in Table 6 and Table 7, must be evaluated both regarding their maximum and average values.



Table 6. Descriptive parameters of vehicular flows.







	
Parameter

	
Units of Measurement






	
Vehicle flow

	
veh/h




	
Queue length

	
m




	
Delay

	
s




	
Speed variation

	
m/s or km/h




	
Acceleration variation

	
m/s[image: ] or km/h[image: ]




	
Stop number

	
unit










Table 7. Descriptive parameters of pedestrian flows.







	
Parameter

	
Description

	
Units of Measurement






	
Pedestrian

number

variation

	
PEDENT(ALL)

	
Pedestrians inserted

in the network

	
ped/s




	
PEDARR(ALL)

	
Pedestrians have arrived at their destination

before the end of the simulation

	
ped/s




	
PEDACT(ALL)

	
Pedestrians within the network once

the simulation is over.

Pedestrians that have not arrived (PEDARR)

	
ped/s




	
DENSAVG(ALL)

	
Average pedestrian density

	
Ratio of all pedestrians in

the network to pedestrians

in pedestrian areas




	
Pedestrian

flow

	
FLOWAVG(ALL)

	
Average flow given by the product

between the average current speed on all

pedestrians and the current density

	
ped/s




	
FLOWTODESTAVG(ALL)

	
Flow in the direction of the average

destination given by the

product between the current velocity

and the total current density

taking into account the static potential

in the position of each pedestrian

	
ped/m




	
TRAVTMAVG(ALL)

	
Average travel time of pedestrians

who are in the network

or have already been removed

from the network

	
s




	
Speed

	
SPEEDTODESTAVG(ALL)

	
Speed in the direction of the destination

	
km/h




	
NORMSPEEDAVG(ALL)

	
Average normalized speed given by

the ratio between the

actual speed and the desired speed

averaged between

all pedestrians and time steps

	
km/h




	
SPEEDAVG(ALL)

	
Average speed

	
km/h




	
Stops

	
STOPSAVG(ALL)

	
Average number of stops

per pedestrian

	
Ratio between the

total number

of stops and the sum

between the

number of pedestrians

in the network and the

number of

pedestrians that have arrived




	
STOPTMAVG(ALL)

	
Average duration of the stop

	
s










To correctly evaluate the acceptable time gap for the pedestrian crossing to be safe, it is necessary to focus the analysis on the pedestrian’s point of view. The pedestrian population must be treated very differently from the vehicular one. Pedestrians do not have rigidly channeled paths. Their speed may vary according to age and physical conditions. Moreover, they can cross-track their trajectories randomly and have almost instantaneous acceleration/deceleration profiles. Consequently, it is necessary to evaluate the heterogeneous nature of the pedestrian population preliminarily. Furthermore, it is natural to think that a pedestrian will modify his/her attitude if he/she is in a hurry compared to when he/she is relaxed, varying his/her speed. For instance, concerning pedestrians, in [36], a walking speed of 3.9 ft/s (i.e., 1.2 m/s) is recommended, with the speed reduced to 3.1 ft/s (i.e., 1 m/s) if the percentage of elderly pedestrians exceeds 30%. Moreover, pedestrian speeds at crosswalks on intersections and on-road trunks have been studied in [37]. The results show that there are slower average speeds at road trunks. In [38], it is suggested to lower the walking speed of the pedestrian to 3.5 ft/s (i.e., 1.1 m/s). Nonetheless, it is also stated that speeds even lower may be appropriate in some instances. In fact, the variability of the speed of the pedestrian is a determining factor when it comes to problems related to crossing because it is directly proportional to the time required to overcome a certain distance.



This indicator has been used and developed to assign the frequency and severity of critical events between vehicles and pedestrians when crossing the road. The study of this indicator is based on the fact that critical times and distance intervals are identified as a function of vehicle speed. As a consequence, it has been evaluated, experimentally, that many drivers do not adapt their speed to the limit imposed and do not consider pedestrians who are near a potential danger. Moreover, it has been observed that out of four drivers, only one stops or slows down to let the crossing of the pedestrian who is forced, in many cases, to perform this action very quickly. Post-Encroachment Time (PET) [39] is conventionally defined as the time between the first road user leaving the common spatial zone (in a two-road user encounter) and the second road user arriving at it. The Time To Collision (TTC) [40] is defined as the time to collision of two road users if they keep their directions and velocities. In the performance evaluation of the solution introduced in this paper, the minimum TTC during the pedestrian-vehicle conflicts is used as one of the surrogate safety measures. Three related safety measures for data analyses are used in this paper, and they are defined as follows:

	
dm (m/s[image: ]): the maximum deceleration during the pedestrian-vehicle conflict period;



	
PET (s): post-encroachment time for the pedestrian-vehicle conflict;



	
TTCmin (s): the minimum time to collision during the pedestrian-vehicle conflict period.








In general, for the case of conflicts between pedestrians and vehicles, the time to collision (TTCp ) is defined as follows:


[image: ]



(1)




where [image: ] is the time that a pedestrian takes to reach the conflict zone; [image: ] is the transverse position of the vehicle; [image: ] is the transverse position of the pedestrian; and [image: ] is the speed of the pedestrian.




4.2. Simulation Results


The matrices of vehicle and pedestrian traffic flows have been acquired through different simulations, statically setting the cycle of the traffic light at 84 and 94 s, respectively. Furthermore, the installation of the cameras has been simulated to apply the fuzzy logic controller through the external interface module provided by Vissim, where the operating code has been written. Even in this case, the fuzzy-based approach proposed in this paper has been applied with cycles of 84 and 94 s that, nevertheless, have been dynamically changed. Precisely, micro-simulations have been performed in the following time frames:

	
07:00 a.m. ÷ 09:00 a.m.;



	
01:00 p.m. ÷ 02:00 p.m.;



	
05:00 p.m. ÷ 06:00 p.m.








These time slots correspond to vehicular flow and pedestrian peaks corresponding to the entry/exit of influential offices and schools in the investigated area.



The measured values for the distribution of flows, shown in Table 8, according to the significant pedestrian crossings ad maneuvers, have allowed evaluating the different types of maneuvers. The obtained values, in terms of number of vehicles (VEHS), average queue length (QLEN AVG), max queue length (QLEN MAX) and number of stops (STOPS), show that the change in the overall traffic light cycle, with an increase from 84–94 s, raises the length of the stop queue, and this involves a higher propensity of the infrastructure to the congestion. This situation leads to lower levels of LOS and reduces the comfort and safety of pedestrians and passengers. Figure 7 shows how the output of the Vissim software allows evaluating the occurrence of a more significant congestion in the arms by switching from a traffic light cycle of 84–94 s, without employing the fuzzy-based approach introduced in this paper. On the contrary, as shown in Table 9, applying the FLC proposed in this paper, concretely better results can be achieved. In fact, the measured values are almost lower than the those depicted in Table 8.


Figure 7. Queue length in the arms with the static traffic light cycle: (a) 84 s; (b) 94 s.
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Table 8. Obtained distribution of flows without the proposed fuzzy-based solution.







	

	
Traffic Light Cycle 84 s

	
Traffic Light Cycle 94 s




	
Arcs

	
VEHS

	
QLEN AVG

	
QLEN MAX

	
STOPS

	
VEHS

	
QLEN AVG

	
QLEN MAX

	
STOPS






	
1-3

	
100

	
14.14

	
104.82

	
0.73

	
100

	
24.19

	
109.24

	
0.91




	
1-4

	
151

	
14.14

	
104.82

	
0.75

	
152

	
24.19

	
109.24

	
0.96




	
2-1

	
145

	
3.39

	
59.38

	
0.52

	
145

	
2.32

	
55.00

	
0.39




	
2-4

	
63

	
1.21

	
28.96

	
0.41

	
63

	
0.78

	
28.99

	
0.29




	
2-3

	
36

	
0.91

	
23.61

	
1.23

	
35

	
0.68

	
24.55

	
0.96




	
3-1

	
144

	
44.78

	
111.48

	
1.54

	
92

	
86.50

	
111.62

	
2.86




	
3-4

	
98

	
44.78

	
111.48

	
2.28

	
62

	
86.50

	
111.62

	
4.11




	
4-1

	
72

	
7.15

	
90.15

	
0.84

	
71

	
4.73

	
82.26

	
0.61




	
4-3

	
172

	
7.15

	
90.15

	
0.56

	
171

	
4.73

	
82.26

	
0.42




	
Total for

intersection

	
981

	
15.29

	
111.48

	
0.98

	
891

	
26.07

	
111.62

	
1.28










Table 9. Obtained distribution of flows with the proposed fuzzy-based solution.







	

	
Traffic Light Cycle 84 s

	
Traffic Light Cycle 94 s




	
Arcs

	
VEHS

	
QLEN AVG

	
QLEN MAX

	
STOPS

	
VEHS

	
QLEN AVG

	
QLEN MAX

	
STOPS






	
1-3

	
100

	
12.04

	
95.16

	
0.67

	
100

	
22.18

	
67.21

	
0.41




	
1-4

	
151

	
14.02

	
88.11

	
0.43

	
152

	
16.37

	
88.64

	
0.68




	
2-1

	
145

	
1.99

	
60.12

	
0.32

	
145

	
1.05

	
42.13

	
0.43




	
2-4

	
63

	
1.05

	
20.24

	
0.39

	
63

	
0.57

	
21.87

	
0.25




	
2-3

	
36

	
0.66

	
12.15

	
0.71

	
35

	
0.69

	
21.34

	
0.74




	
3-1

	
144

	
39.73

	
89.59

	
0.87

	
92

	
45.38

	
87.15

	
1.59




	
3-4

	
98

	
35.05

	
100.32

	
1.54

	
62

	
71.25

	
88.84

	
2.98




	
4-1

	
72

	
4.02

	
75.17

	
0.81

	
71

	
3.56

	
81.23

	
0.66




	
4-3

	
172

	
6.08

	
80.76

	
0.58

	
171

	
2.09

	
66.76

	
0.55




	
Total for

intersection

	
981

	
12.73

	
100.32

	
0.70

	
891

	
18.13

	
88.84

	
0.92










The same analysis has been carried out from a pedestrian point of view, through Viswalk, a tool provided by Vissim, and the results are shown in Table 10 and Table 11. Even in this case, the application of the FLC implies an improvement in performance since the values presented in Table 11 are almost lower than those in Table 10 concerning the average queue length and stops. A better understanding of the average queue length can be obtained by analyzing the values shown in Figure 8. The variation in green and red times for the two traffic light cycles is more efficiently managed with the use of the fuzzy-based solution introduced in this paper. In fact, the values of the average queues are lower.


Figure 8. Average queue length of pedestrians.
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Table 10. Obtained distribution of pedestrians without the proposed fuzzy-based solution.







	

	
Traffic Light Cycle 84 s

	
Traffic Light Cycle 94 s




	
Arcs

	
Speed ped

(m/s)

	
dm

(m/s2)

	
QLEN AVG

	
STOPS

	
Speed ped

(m/s)

	
dm

(m/s2)

	
QLEN AVG

	
STOPS






	
1-3

	
1.1

	
6.3

	
1.4

	
0.73

	
1.01

	
6.1

	
2.19

	
0.91




	
1-4

	
1.51

	
5.9

	
1.67

	
0.75

	
1.02

	
5.4

	
2.19

	
0.96




	
2-1

	
1.05

	
6.1

	
2.01

	
0.52

	
1.05

	
5.9

	
2.32

	
0.39




	
2-3

	
2.36

	
5.2

	
1.91

	
1.23

	
1.3

	
5

	
1.68

	
0.96




	
2-4

	
1.63

	
6.7

	
1.01

	
0.41

	
1.3

	
6.3

	
1.78

	
0.29




	
3-1

	
1.44

	
5.6

	
4.78

	
1.54

	
1.2

	
5

	
6.5

	
2.86




	
3-4

	
0.98

	
5.9

	
1.78

	
2.28

	
0.62

	
5.6

	
1.5

	
4.11




	
4-1

	
0.72

	
6

	
1.15

	
0.84

	
0.71

	
6

	
1.73

	
0.61




	
4-3

	
1.72

	
5.7

	
1.15

	
0.56

	
1.01

	
5.1

	
1.73

	
0.42




	
Total for

intersection

	
1.39

	
5.93

	
1.87

	
0.98

	
1.02

	
5.60

	
2.40

	
1.28










Table 11. Obtained distribution of pedestrians with the proposed fuzzy-based solution.







	

	
Traffic Light Cycle 84 s

	
Traffic Light Cycle 94 s




	
Arcs

	
Speed ped

(m/s)

	
dm

(m/s2)

	
QLEN AVG

	
STOPS

	
Speed ped

(m/s)

	
dm

(m/s2)

	
QLEN AVG

	
STOPS






	
1-3

	
1.1

	
6.3

	
1.11

	
0.41

	
1.01

	
6.1

	
1.17

	
0.43




	
1-4

	
1.51

	
5.9

	
1.02

	
0.81

	
1.02

	
5.4

	
1.21

	
0.62




	
2-1

	
1.05

	
6.1

	
1.04

	
0.45

	
1.05

	
5.9

	
1.51

	
0.38




	
2-3

	
2.36

	
5.2

	
1.88

	
1.01

	
1.3

	
5

	
1.07

	
0.81




	
2-4

	
1.63

	
6.7

	
1.12

	
0.33

	
1.3

	
6.3

	
1.08

	
0.31




	
3-1

	
1.44

	
5.6

	
2.83

	
1.08

	
1.2

	
5

	
3.34

	
1.15




	
3-4

	
0.98

	
5.9

	
1.22

	
1.06

	
0.62

	
5.6

	
1.11

	
2.27




	
4-1

	
0.72

	
6

	
1.03

	
0.53

	
0.71

	
6

	
1.73

	
0.52




	
4-3

	
1.72

	
5.7

	
1.08

	
0.52

	
1.01

	
5.1

	
1.81

	
0.39




	
Total for

intersection

	
1.39

	
5.93

	
1.37

	
0.69

	
1.02

	
5.60

	
1.56

	
0.76










The pedestrian flow has been analyzed in the various traffic light cycles through the variation of the parameters described in Table 7. Precisely, a similar variation of the stops and average stops for the two cycles analyzed has been measured, as shown in Figure 9. Furthermore, as shown in Figure 10, there is a similarity in the values of NORMSPEEDAVG, an increase of less than 5% of the parameter SPEEDTODESTAVGand an increase of 8–10% of the parameter SPEEDAVGduring the traffic cycle from 84 s to that of 94 s. These values arise from the pedestrian green times, i.e., 49 s for the cycle of 84 s and 64 s for that of 94 s respectively. The results obtained through the application of the fuzzy-based approach are almost similar to those with the static management of the traffic light cycle. In fact, the goal of the FLC is not to significantly increase the speed of pedestrians, but to dispose of their influx through a smart management of the traffic light phases.


Figure 9. Variation of the stops and average stops of pedestrians.
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Figure 10. Speed of pedestrians.
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An analysis has been made regarding the density of pedestrian flows. More in detail, the average flow in the direction of the destination, obtained from the product between the current speed and the total current density, has been evaluated, taking into account the static potential in the position of each pedestrian. Besides, the average pedestrian density parameter, i.e., the ratio of all pedestrians in the network to pedestrians in pedestrian areas, has also been measured. The values depicted in Figure 11 highlight an overall similarity of the two results when the traffic light cycle changes.


Figure 11. Density of pedestrians.
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Further analysis has been carried out regarding the safety of the pedestrians at the traffic light crossing. To this end, the Time To Collision (TTC) and Post-Encroachment Time (PET) values have been evaluated. In fact, in research on traffic conflict techniques, TTC has been demonstrated to be a sound measure for traffic conflicts’ severity. TTC is specified as the time to collision if two vehicles continue to drive at the same speed and in the same direction without any evasion behavior. The maximum value is infinite, and the minimum is 0 s (at the time the collision happens). The potential site of collision is first determined when Vehicle 1 occupies a precise position at a specific time. PET is defined as the time taken for Vehicle 2 to reach the identified site. The lower value of the TTCmin is associated with the higher risk of a collision. On the other hand, when TTC is high, but PET is small, there is no risk of rear-end collision. However, even a slight change in the motion characteristics may lead to a rear-end collision. The main difference between PET and TTC is the absence of the collision course criterion in PET. As shown in [41], since there is no requirement for the existence of collision course, PET is more useful in measuring transversal conflicts. The obtained values of TTC and PET are depicted in Figure 12. As is possible to note, even in this case, applying the FLC, the best performances are obtained compared to the use of the fixed traffic light cycle since the collision time lapse between the pedestrian and the vehicle and the pedestrian crossing compared to the one waiting to cross is increased. In general, only conflicts with a minimum TTC of less than 1.5 s are considered critical observers. Nevertheless, as can be noted in Figure 12, the TTC values exceed the value of 1.5 s through the fuzzy implementation, thus reducing the probability of accidents.


Figure 12. Time To Collision (TTC) and Post-Encroachment Time (PET) values.
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Other parameters valuable for the evaluation of pedestrian safety during crossing are related to the possible types of accidents at the road infrastructure. The types of accidents examined in this paper are the following:

	
Read end;



	
Crossing;



	
Changing lanes.








These types of collisions can be assessed through the Surrogate Safety Assessment Model (SSAM) tool [42] that employs some particular Vissim outputs to estimate the trajectories of vehicles and, consequently, their propensity to accidents. In Figure 13, an assessment of the various accidents before and after the application of the fuzzy logic is presented. It is possible to notice how the 84-s traffic light cycle leads to an increase in rear end accidents compared to the others. In particular, the increase in the 94-s cycle and a change in red/green times drives toward more than 1000 possible collisions, as in the 84-s cycle. On the other hand, the types of crossing and lane change accidents are comparable in value to the change of the traffic light cycle and green/red times. In detail, with the increase of the overall traffic cycle, there is an increment in the possible vehicle/pedestrian collisions during the crossing phase. Anyhow, the use of the FLC provides benefits even in this case, as the values relating to accidents are undoubtedly lower in both traffic light cycles.


Figure 13. Types of accident values.
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5. Conclusions


In this paper, a fuzzy-based approach to deal with the dynamic management of traffic lights in pedestrian crossing has been presented. The suggested solution provides the possibility to change the phases of the traffic light taking into account the time of the day and the number of pedestrians about to cross the road. In fact, the time of green can be increased compared to that defined statically to allow a better disposal of the pedestrians’ accumulation. The paper offered an in-depth analysis of the FLC configuration and the application scenario. The paper also provided extensive simulative assessments, performed through Vissim, regarding the distribution of vehicles and pedestrians’ flow, the queues at the traffic lights, the number of stops, and several parameters for the evaluation of pedestrian safety.
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