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Abstract

:

Walking is classified as the oldest transport mode with the least impact on the environment. It is frequently one of the intermediate transport modes. Generally, while designing exclusive walking transit areas or structures with high human traffic volumes and considering different scenarios, it is advantageous to be able to foresee the congestion conditions and the relative problems. The study of pedestrian trajectories, which are strictly related to the characteristics of the walkers, is necessary and preliminary for the purposes of an in-depth analysis linked to the habits of populations and cultures. Often areas crowded by tourists run, of limited size such as bridges, must be considered in advance for emergencies. This article focuses on an old footbridge of Mostar located in a confined area with an increasing tourist flow. The peculiarity of the bridge lies in the double-flight geometry with elements that generate discontinuity in the trajectory as well as the steps. This analysis was carried out obtaining the traffic data from video cameras and analyzing different scenarios on holidays and weekdays. Also, the possible presence of obstacles on the bridge was taken into account, such as some areas not walkable for temporary work or the presence of obstacles. These scenarios have been calibrated and simulated through the definition of O/D matrices, arcs and nodes (or areas) through the pedestrian simulation tool Viswalk. This comparison is useful for understanding the variation of LOS (Level of Service) during the daily or emergency situations and the results can provide help to local authorities to plan and design an appropriate action plan. Therefore, this research work aims to compare scenarios under critical flow conditions in the order to define preventively possible actions that can guarantee an optimal LOS value during the bridge crossing and the surrounding areas.
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1. Introduction


Quantitative models of vehicular traffic have been part of the process of planning traffic systems, from the international and national level network down to individual intersections, for a long time. For road traffic, the need to have a system as efficient as possible is obvious, since each wasted second does not only waste a second for the driver, but also contributes to our destruction of the environment through the emissions of the vehicles, and the massive amount of infrastructure needed.



The need to plan a globally efficient traffic scenario often does not correlate with pedestrian traffic, as it is not classified as a threat to the infrastructure and the surrounding environment. The existing literature does not present many studies on the models and the observations of non-motorized traffic as it happens with vehicular traffic. Only in the last decade does research in the literature address the issues of pedestrian delay and congestion of non-motorized traffic, studying the pedestrian not as an isolated entity but as a group of entities attracted to each other through social forces.



The social force model, inspired by the Newtonian model, allows pedestrians to be studied in an environmental context, such as a closed or open space [1].



The physical result obtained from the application of the theory of social forces is described through vector mathematics, therefore the pedestrian and its movement are characterized by intensity, a direction and a verse subject to the force of attraction or repulsion due to the presence in the same environment of other pedestrians.



The social force model has been extensively studied and demonstrated to reproduce several well-known traits of traffic, such as the dynamic form lanes in opposing streams and the oscillations at bottlenecks and the formation of dynamic stripes in the presence of crossing sections [2]. It has also been successfully calibrated for different scenarios and application [3], and adopted for simulation of evacuation phenomenon, where the effects of panic are incorporated into the model [4,5,6].



The micro-simulation is suitable for several reasons, but mainly because each walker is different from the other: generally they have different cultural features and a different approach to traffic scenarios. The variability of human behavior linked to traffic conditions is due to motorized and non-motorized components. The study of the human reactions provides useful information about the violations committed by both the foot traveler and the driver and caused by the stress due to the long waiting time.



Refs. [7,8] argue that a force-based approach to microscopic simulation is convenient since people are used to walk in crowded environments and have developed good subconscious, or automatic, strategies for avoiding collisions and keeping comfortable distances from surrounding pedestrians [9].



These automatic strategies should be possible to encode as simple behavioral rules based on the objectives of the pedestrians and the surrounding conditions.



Understanding the effects caused by the passage of flows generally aims to identify congestion points and to predict the likely effects of the growth in demand. The study can also understand the effects of congestion on the phases of construction or maintenance and allows in advance to establish possible scenarios of fire evacuation/attacks. The following paragraphs provide more details on the choice of the case study and evaluate different scenarios applicable in it taking into account the above-mentioned theory and considering the use of the micro-simulation tools of the pedestrian flow.




2. State of the Art


The analysis through the pedestrian models has developed considerably in recent years. In general, the microscopic approach offers a more detailed manners evaluation and can be classified into two categories: discrete and continuous models.



The first type includes the discrete selection model, the reticular gas model, the cellular automaton model in which space is discretized to approximate the real people movement. Different models are described in literature, considering discrete selection model [10], reticular gas model [11] and cellular automaton model [12].



Instead, continuous models are based on differential equations that describe dynamic movement in space. In the initial phase, a magnetic force model describes the pedestrian modes in an area and it was developed by borrowing an equation of motion used for magnetic fields [13]. In this way, the social force model applied to the evacuation analysis has been developed [14]. The force-based model makes it possible not only to accurately describe the dynamic movement in space but also to reproduce the phenomenon relate to the global results such as lane formations [15]. Although many studies focus on the general mechanism of human actions, few studies are focused on the application of the social force model to the pedestrian action in restricted spaces.



The characteristics of the human operation must be evaluated considering the small size of the bridge on which each person must move and in cases of evacuation or in cases of maintenance must also consider the variability of operations and therefore the speed and precedence assumed compared to nearby people during the phases of movement. The main contribution of this study is the development of a microscopic model based on the theory of social force, which allows considering the characteristics of pedestrian ways of motion on an ancient footbridge. Moreover, an estimation approach is proposed to calibrate the model of social force based on real trajectory data. Model validation is conducted to confirm pedestrian performance.



The model of social strength, like all models, is only a simplified representation of reality. In accordance with the calibration step, the parameters are tuned in such a way that the intended pedestrian manners match the actual action as close as possible to the scenario of interest. The first studies considered only the properties of the infrastructure (such as the width of the sidewalk) to characterize the level of service in the structures for walking. More recently, not only did the research consider the infrastructure characteristics, but they also took into account the properties of the vulnerable users movement (such as pedestrian density, travel time, queue length, etc.) to get a better idea of the quality of the offered service. Therefore pedestrian Level of Service LOS is defined as a general measure of the operating conditions on a given itinerary.



2.1. Level of Service LOS Definition


Numerous studies are found in the literature that highlight the importance of the evaluation of LOS both for infrastructures crossed by only vehicles and/or vehicles and pedestrians. In accordance with [16], LOS values are very important especially on unprotected areas such as pedestrian crossings or footbridges. In addition, the need to consider people with disabilities has been identified for the evaluation of the specific LOS on the sidewalk and the crosswalk in mixed traffic conditions.



The research highlights the importance of correlating the geometric conditions of the infrastructure with the type of users and their behavior in presence of other individuals. Many studies have been addressed on this topic and the increasingly comprehensive definition of the LOS parameters, as described in Table 1 below.



The value of the pedestrian LOS changes in accordance with the infrastructural details or spatial geometry. In fact, its value depends on the number of lanes or possible intersections that allow in both cases different trajectories [33] and presence of pedestrians on more rows or opposite directions [34].



Considering a network connection, the worst value predominates and the score is strongly influenced by the width of the walking area and its separation from the vehicles.



Traffic volumes can also play an important role.



On the other hand, if an intersection is considered, it is necessary to evaluate the level of service as a polynomial combination of the LOS due to the functionality and a LOS due to the connection.



The final result also incorporates a delay factor of the road intersection.



Finally, considering a pedestrian infrastructure, it is necessary to evaluate the correlation between vehicular and pedestrian space. Generally, the worst value predominates.



The definition of the quality of an area for walking may depend on several different parameters such as the level of accessibility to the destination, the connectivity and the quality of the pedestrian network paths, safety etc. Various definitions of service level have been developed by different researchers as far as possible to find LOS A defined as “best”, “safer”, “very satisfied” or “excellent” in several studies.



According to [35,36] six levels of services were considered for pedestrian structures (walkways, stairwells and tails) based on the occupation of the middle area (density) and flow.



The Fruin standard was determined on the basis of walking speed, pedestrian spacing and the likelihood of conflict at various traffic concentrations. It was corrected by the National Cooperative Highway Research Program in 2008 and was reported on the [37]. In this standard, the breakpoints between the levels are set to lower values than the Fruin standard such as that described in Table 2.



Pedestrians travel time after time in the spaces, not only is linked to a single way condition, but also to the over cross action in different space type. The platooning configuration often occurs when people move in a group forming a queue. This scenario is also analyzed by the HCM manual classifying it as an event in general of a lower level than that determined by the average pedestrian flow.



The pedestrian unit flow rate (ped/min/m) is obtained by taking the pedestrian 15-min flow rate (ped/15-min) and dividing by the effective walkway width.



The HCM suggests collecting pedestrian opposing flow volumes at 15-min intervals.



The sum of the two directional flows is used as the 15-min flow rate. The obstacle widths can be measured from the field. The additional buffer width is based on an estimation provided by the HCM. A speed reduction of 0.1 m/s is used on grades greater than 10 per cent (1:10 slopes) and on stairs. In the accumulation areas (defined in the present study, simply Wed E areas), especially in the historical center, it often appears that people and visitors are intolerant to LOS E and F because of the queuing areas. The queuing areas should be designed with a value of LOS D as the minimum area per pedestrian. These levels should be confirmed through on-site perception studies according to [38]. Unfortunately, in the literature there are no indications on the number of pedestrians that should be accommodated.



These numbers can be determined through on-site observations during peak traffic periods or through simulation using specific simulation software. In the case of the ramps, where the stairs have access to the views, as in the ramps of the Stari Most bridge, the LOS range must be set to allow space pedestrians stop to look at the view while allowing others to pass. The FHWA with the “Pedestrian Facilities Users Guide” in accordance with [39] recommends a walkway width of 1.5 m will comfortably allow two people to walk side by side. If space is provided for two walkers using the LOS D that means each person will have a walking buffer of 1.8 m by 0.75 m (1.4 m2) up to 2.93 m by 0.75 m (2.2 m2) for LOS D.



This allows adequate room for stopping along the side of pedestrians pass single, the path to take pictures or enjoy the view action. Viswalk [40] was chosen as the most suitable tool for this comparison because well-developed specific algorithms derived from Social Force Model, Fruin Level of Service reporting based on density and analyzed data as described in Table 3 below.



In accordance with [41] a pedestrian crosswalk walking speed was recommended considering a value of 1.2 m/s but a lower value is better if it is necessary to considering elderly pedestrians with a walking speed of 1.0 m/s [42]. Queuing areas are designed to allow walkers to comfortably wait for access to the use of a structure. Table 4 below shows the LOS FHWA criteria for queuing areas and stairs.



From a geometrical point of view, the criticalities linked to the evaluation of the LOS of Mostar bridge, derive from the difficulties measuring the widths of the two waiting areas and of the two ramps.



The major geometric criticality is related to the usable width of the bridge. In general, the minimum width of 1.5 m allows two people to walk comfortably side by side. The sizing of the decks must also take into account the traveling speed. Moreover, for the design of ramps or stairs, more attention should be paid to the role of human characteristics due to the greater risks to safety and energy expenditure required by crossing them.



The graph below linked to Figure 1, in accordance with [17] defines the value of LOS in ramps and stairs by comparing volume (P) defined as the volume in pedestrians per minute per foot of the stairway, with the module (M) in square feet area for pedestrian.




2.2. Case Study Details


Stari Most (literally “Old Bridge”) is a reconstructed Ottoman bridge from the 16th century located in Mostar (Bosnia and Herzegovina). It crosses the Neretva River and connects the two parts of the city. It is defined as an international symbol of reconciliation in Mostar, Bosnia-Herzegovina: in fact this bridge were destroyed in 1993 during the Bosnian war; the rebuilding activities began five years later, and the bridge alongside Stari Grad (Old Town) was re-opened as a United Nations Educational, Scientific and Cultural Organization (UNESCO) heritage site in 2004 [43].



The Stari Most are 4 m wide and 30 m long and it dominates the river from a height of 24 m. At the end of the bridge, there is two fortified tower titled Halebija to the northeast and the Tara tower to the southwest. They are called “the guardians of the bridge”. The investigated geometry has been defined following the characteristic features and assuming a flow distribution along the two east and west directions.



The bridge is illustrated in Figure 2 below.



The functional geometrical evaluation of the bridge was based on the definition of areas and ramps and on the comparison of different scenarios, some of which are characterized by the prohibition of transit in some parts or the presence of a single mono-directional way.



The investigated bridge has two ramps with an opposite slope. There are similar steps characterized by a slippery coating due to the type of materials and wear of the surface on which you walk. Although small pieces of raised concrete have been added to help reduce the risk, there is always some danger of moving around the bridge at a fast pace, especially when the ramp is coming down.



These concrete elements form steps that create a break in gait. At the edges, the paving of the bridge is in pebbles and allows tourists to stop in order to admire the landscape (about 0.50 m for both sides). The central part is paved in stone different from that of the side areas to the ramps and is characterized by a kind of steps.



Monitored geometry is particularly difficult to travel for people with reduced mobility or with motor problems like the elderly. The monitored area is configured as adjacent to the road called Kujundžiluk, characterized by restaurants and shops, which connects to the urban road called Marsala Tita on East direction while in the West direction to the road called Onescukova characterized also by the small shops up to the double-lane extra-urban road called Bulevar.



The analyzed flow was assessed considering the conditions of greater tourist transit during the summer period (seven days were monitored).



The evaluated flow is linked to the daily peak hour and all activities located to the bridge are linked to touristic aspects. Different scenarios were implemented not only along the 30 m of bridge length, but considering also an area of about 30 m was evaluated before and after it corresponding to the area characterized by a further reduction of the width of the lane towards both west and east characterized by the continuation of the pedestrian area surrounded by tourist markets and restaurants. Table 5 shows details about the investigated scenarios: in fact, it is, therefore, possible to focus on the simulated areas by considering the different scenarios in order to maintain and evacuate as the flows change. They have been chosen considering possible maintenance activities without the closure to the transit of the bridge and also of possible evacuation in the terrorism event. Each scenario analyzed involved the simulation of the ramps that make up the bridge named W and E corresponding to East and West part. In the case of the maintenance scenario, a third interdicted area has been inserted; a representation of the monitored ramps is shown in Table 5:



To exemplify the evaluation of the level of service, the total investigated area was divided into four main ramps (titled respectively RE1, RE2, RW1 and RW2), one initial and one final for each slope of the opposite slope of the bridge and into six areas (titled AE1, AE2 and AE3 and in the opposite side AW1, AW2 and AW3) corresponding to all that precedes and follows the bridge itself.



Each scenario is characterized by a specific flow and by a partial or total use of the ramps and areas. In particular, the first scenario is characterized by the presence of 1500 ped/h randomly arranged but ordered along the two directions considering the whole width of the infrastructure free from obstacles.



The second scenario is based on the same geometrical hypotheses of the infrastructure with respect to the first scenario but with a doubling of the pedestrian flow that leads to saturation and therefore to an inefficient service level of the infrastructure.



The third scenario, on the other hand, provides for an increase in the speed of travel of the bridge by imagining a possible phenomenon of evacuation uniformly distributed along the two directions. This scenario was assessed in critical flow conditions of 3000 ped/h.



Finally, the fourth scenario foresees, in critical flow conditions, the partial practicability of the infrastructure and therefore a reduced width of the pedestrian lane for maintenance purposes. According to [44], the walking speed of a people without disabilities follows a normal distribution with an estimated mean of 1.34 m/s and a standard deviation of 0.37.



This value was used to investigate the calibration process and therefore, to change manually the pedestrian speed parameters related to Viswalk tool [40] and Vissim software [45].



Any automatic calibration routine was not implemented, so that the speed results can be adapted as closely as possible to the aforementioned normal distribution.



In literature several studies are based on Vissim micro-simulation in order to evaluate LOS values and also the impacts related to safety [46,47] and or environmental aspect [48,49].



The micro simulation of vehicular traffic follows the theory of car following through which it is possible to determine, for example, the travel time or the length of the queues in accordance with [50] instead the pedestrians follow the social force model that allows to obtain similar parameters. analyze vehicular and pedestrian mixed traffic and obtain the global service levels of the analyzed infrastructure.



Other studies focus on indoor evacuation phenomena [51] or analyze pedestrian behavior related to the traffic mix [52].



This study, on the other hand, wants to evaluate the LOS in a limited area (but not closed spaces like the terminals or the civil buildings) where the flow component is exclusively pedestrian.





3. Methodology


The chosen area was examined starting from the survey of the pedestrian flows and the geometrical—constructive characteristics of the bridge, considering the social force model approach and processing by micro–simulation. Comparison of different scenarios was possible through micro-simulation tools that allow comparing different variables such as speed or pedestrian density or level of service LOS again. In the following paragraphs we describe how the calibration of the model, the scenarios choices, the data processing and results have been achieved.



3.1. Social Force Model Development


The social force model related of pedestrian dynamics describes the movement of each walker and is the basis of different software related to the evaluation of pedestrian flows. The model presents psychological forces that push pedestrians to move and maintain adequate distance to others. In this model the movement of an individual is motivated by a self-guided force while the resistances come from the environment surrounding individuals and structures such as a wall. Above all, the model describes the socio-psychological tendency of two individuals to maintain the right interpersonal distance (called social force) in the collective movement and if people have physical contact with each other, even physical forces are taken into consideration. Instantaneous speed vi (t) of the individual i is given by Newton’s second law. The general equation is:


midvi(t)dt=fiself+∑j(≠i)fij+∑wfiw+ξi



(1)




where the mass of the individual i is, respectively, and ξi is a small fluctuation force.



Instead the fself force is equal to:


fiself=mivi0(t)−vi(t)τi



(2)







This force describes an individual trying to move with a desired speed vi0(t) and expects to adapt the actual speed vi (t) to the desired speed vi0(t) within a certain time interval τi.



The social force model was introduced for the first time in 1995 [1] with an elliptical view of the pedestrian’s area of action while a second variant with a circular area was proposed in 2000 [4] and finally a third variant with different elliptical area in 2007 [53]. The difference between the three variants is mainly in the way in which the speeds of two interacting pedestrians are considered in the calculation of the force between them. The 1995 variant considers only the speed of the pedestrian who exercises strength.



The 2000 variant does not consider speed at all (only the distance between pedestrians) and the 2007 variant considers the relative speed between both pedestrians (the pedestrian who exerts force and the pawn on which the force acts).



In agreement with [54], it is shown that the oscillations relative to the different geometry of the pedestrian movement area can be excluded if the model parameters satisfy certain relationships. The 2000 variant considers the repulsive interaction force.



The model can also include a force of attraction in its original version [1,51,55].



The interaction of a pedestrian with obstacles such as walls is denoted by fiw and is treated in a similar way, ie F= fisoc + fiphy where the value of “fisoc” characterizes the socio-psychological tendency of two pedestrians to stay away from each other, instead the physical interaction “fiphy” describes the physical interaction when pedestrians have physical contact and is composed of an elastic force that counteracts the compression of the body and a sliding friction force that prevents the relative tangential movement of two pedestrians.




3.2. Microsimulation Approach


This area has been chosen as the object of analysis as it presents some very important critical issues when examining a possible evacuation and emergency plan in pedestrian areas with a tourist vocation and limited geometrical details.



In fact, the shrinkage present on both sides of the areas before and after the bridge means that congestion phenomena can occur, especially in the most critical cases that we will discuss later. The present work starts from an inspection of the preselected area in order to investigate the areas of narrowing and the possible obstacles present along the trajectory of crossing by pedestrians and subsequently with the aid of micro-simulation tools of the traffic they are implemented of possible critical scenarios that compromise and/or could change the pedestrian density and the relative LOS.



The scenarios implemented have taken into account the walking variability that can transit along the route, emphasizing the fact that children and the elderly both standard and emergency incidents need help to move away from the area and with their reduced mobility speed can become an obstacle for pedestrians moving around them.



The area examined for the presence of irregular pavement and for the steps along the bridge does not allow people to be transported with mobility difficulties or with a wheelchair.



Therefore the walkers consist of people of different ages and sex without serious problems walking or use of motor-driven devices being an area of the city with a strong tourist vocation. The presence of a good number of restaurants and shops means that this area is used both during the day and at night with particular crowding during the holidays.



Often the flow on the bridge is divided along the two extreme parts of the right and left for viewing the landscapes and the river below. Due to problems of safety and security, in recent years a high-grade fence has been placed to prevent pedestrians from falling down, leaning over it.




3.3. Calibration Procedures


The micro-simulation has allowed the evaluation and comparison of some parameters such as pedestrian density, speed and travel time. These values are conditioned by the characteristics of the infrastructure in terms of each scenario and are conditioned by the behavior of the user related to gender, age, etc.



Furthermore, the delay was assessed as the difference between the travel time of the walker “expert” and the travel time of the same walker that would have experienced if he travelled the shortest route to his preferred speed.



In fact, in order to calibrate Viswalk tool, different parameters are considered such us the anisotropy forces or the desired speed, considering the Helbing model.



These parameters allow setting the specific ways in not isolated flow condition. In particular, the parameter tau (τ) in Viswalk associated with the Social Force model defines the relaxation time in seconds. It can be interpreted as the reaction time of the pedestrians. By decreasing tau, the acceleration and driving force increases.



In general, a low tau value implies a high acceleration [40].



Generally the pedestrians are more influenced by events and objects in their fields of view facing them than by events and objects behind them.



The lambda (λ) parameter is used to adjust how the strength of other people and objects would affect the pawn. A greater value implies that the forces of other people behind the pedestrian have less influence on the pedestrian than the strength of other people in front of the pedestrian.



The A_soc_isotropic and B_soc_isotropic parameters are related to the repulsive force between two pedestrians and govern the direction-dependent force between pedestrians. Asoc Mean and Bsoc Mean represent the strength and are linked to the interval speed with regard to the social force between two pedestrians.



These parameters in terms of mean value together with the parameter VD influence the other of the two forces that form the repulsive force.



When VD is greater than zero, it depends on the relative speed between walkers. By increasing VD, opposing pedestrians will evade earlier when passing or meeting the parameter “noise” is used to model randomness in Viswalk, which refers to the random force that is added to the calculated social force if the actual walking speed of pedestrians for a certain time is still lower than the desired speed.



The random force term is added to the force after all other forces have been calculated only if a pedestrian is slower than his or her desired speed for a certain time).



The “react_to_n parameter” is used to adjust the number of other people (n) in the nearest surrounding environment that affect a particular pawn, e.g., how many people should be included in the calculations of the total social force.



In this case, the values between 0.0–0.1 and higher values can be used to provide more organized queues. Another parameter that influences the actions is titled PrefLato. It defines if the pedestrian prefers to pass the other people on the right side or on the left side. If the pedestrian prefers the right or left side, the parameter will be set to −1 or 1 instead it will have a value of 0 for uncontrolled response. Table 6 shows the Viswalk behavior parameters linked to the Helbing model considering the following settings:

	
“default” setting used in the 2nd scenario;



	
“normal” setting, assigned to the 1st-3rd-5th-6th scenarios respectively;



	
“evacuation” setting applied in the 4th scenario.








A sensitivity analysis was performed in order to investigate the simulated walking speed and also to set some parameters of the social force model.



The sensitivity analysis primarily aims to improve the decision-making process, especially through an evaluation of the robustness of the decision taken. It also highlights the factors whose value is worthwhile better to estimate, and those that are appropriate to keep under strict control in the study phase.



In particular, the values of the table above were reached by varying the parameters one by one and trying to obtain reliable results comparable with the real ones. Therefore, the parameters studied can influence the simulated walking speeds of pedestrians in the model and have therefore been chosen.



For each parameter, various adjustments have been made. The parameter values were analyzed around the chosen values used for the speed calibration and the pedestrian type survey.



The comparison between the real value and the simulated one was carried out considering microscopically data and validated using Root Mean Square Error (RMSE) procedure to calibrate the model parameters and optimize the model like described in Equation (3).


RMSD=∑t−1T(x1,t−x2,t)2T



(3)




with variables observed over T times. Simulated data were obtained from the optimized model and compared with the real field data. In accordance with [56] a difference in observed and simulated data is less than 10%. Observing variation between two sets of data it can be concluded that Viswalk simulated data is applicable to the real field data in the evaluated context.



It was found that higher values of tau reduce pedestrian acceleration towards the desired speed. However, this is not desirable in cases of maintenance or evacuation as it is necessary to quickly clear the area for which smaller tau values have been entered for these scenarios. It is also estimated that for small values of tau, the average simulated walking speed is a little more sensitive for parameter settings. The sensitivity analysis shows that the adjustments of the parameters investigated differently affected the average simulated walking speed.



The parameters titled tau, B_soc_isotropic and A_soc_mean have a greater influence on average walking speed.



Parameters that do not affect the the simulated average walking speed was A_soc_isotropic and VD. The investigation of the parameter value for B_soc_mean does not show significant static differences in the average simulated walking speed.



The human mix investigated is heterogeneous where, however, disabled people with wheelchairs were not taken into account because the geometry of the bridge does not allow them to be crossed due to repeated steps in both directions. The people considered globally on each scenario is characterized by 50% man, 40%female and 10% female with children in accordance with real-time monitoring results; 20% of mentioned adults (10% man and 10% female) were evaluated as elderly people because in this infrastructure, many under 65 s were observed.



The study of density allows establishing the level of congestion that can be created in certain areas inside the terminal. People are used to move individually, but if they move with the same characteristics due to external factors, such as congestion or regulation and flow control factors, groups, called platoons, are formed involuntarily out-flow variables.



The main outflow variables implemented in the micro-simulation model derive from previous real studies through cameras in the investigated area. In particular, a cross-over study on the collection of video data and micro-simulation techniques to estimate the level of pedestrian safety in a confined space was carried out by placing two Gopro—type video cameras close to the monitored area for the selected period, thus obtaining the registration of video of the flows to be analyzed and the subsequent automatic counting through a dedicated software based on automatic pedestrian counting systems based on video recognition technology of moving objects.



The obtained parameters allow the fundamental equation of the outflow to be calculated as a function of speed and as a function of the area module as shown below by Equations (4) and (5) described below:


Vped = Sped × Dped



(4)






Vped = Sped/M



(5)







The main outflow variables implemented in the micro-simulation model derive from previous real studies through cameras in the investigated area. In particular, a cross-over study on the collection of video data and micro-simulation techniques to estimate the level of pedestrian service in a confined space was carried out by placing two Gopro—type video cameras close to the monitored area for the selected period, thus obtaining the registration of video of the pedestrian flows. The analysis of the videos allowed understanding in the first place which was the main direction of the pedestrians and in which part of the bridge the points of meeting of the trajectories took place. Through the targets it was possible to define in an exemplified way the initial, final and middle part of the bridge and to view with more videos in different directions and to study through a video analysis system based on the tracing of a rectangular shape on each pedestrian. In agreement with [34] the discretization of the area within the bridge was considered with cells of a square mesh of 0.50 × 0.50 m, considering the grid on the video images. In particular, the grid was designed using Adobe Photoshop CS5. Data analysis was performed manually using VLC support, thanks to the possibility of reproducing the images frame by frame.



The video images made it possible to understand that the central part of the bridge and the steps before the “bridge peak” are those most characterized by the presence of intersecting trajectories coming from opposite directions.



Several studies in the literature show that from the video acquisition through algorithms or tools it is possible to derive the pedestrian trajectories. The trajectories are in fact useful for considering the areas of greatest conflict and therefore those potentially most harmful.



Hoogendoorn et al. [57] conducted an experimental research in Delft University of Technology using video to extrapolate pedestrian trajectories and considering uni-directional, bidirectional flows, crossing and bottleneck flows. Considering this approach the algorithm implemented focuses on the conversion of digital video into image sequences and distortion correction and image normalization.



In accordance with [58] a study was conducted considering the collection of pedestrian traffic area automatically with a cluster technique using histograms in an environment of a traffic-controlled signal crossing. Boltes et al. [59] have analyzed scenarios of corridors and bottlenecks. In the study, the software PeTrack was used to extract individual trajectories [60]. Through video recordings from one or more cameras located around the traffic area, digital videos were received. Thus, digital videos have been processed in order to detect road users and extract trajectories and other parameters. In accordance with [61] the system based on the T-analyst includes the following steps, namely the detection of pedestrians considering a certain direction and area and then the automatic detection and tracking of road users to provide trajectories.



The approach pursued in the following research work made it possible to analyze the trajectories of pedestrians through a first analysis of the videos recorded by Gopro and subsequently through the output files generated by the Viswalk tool.



In fact, the Viswalk tool used (starting from version 9) allows to generate not only trj files between the output files for the potential assessment of vehicle conflicts but also other useful extensions for the evaluation of exclusively pedestrian trajectories. The Figure 3 below, by way of example, allows us to understand how the coordinates in X along the entire bridge extend as the seconds change and how there are possible intersections of trajectories among pedestrians that come from opposite directions as in the figure with pedestrians called ped 1, ped 2 (from West to East) and ped 3 (opposite directions).



The zero of the X coordinate axis corresponds to the centerline of the bridge. In particular, the letter A is the initial part (0 m) and B (30 m) is the final part of the valuated infrastructure from West to East direction.



It is possible to observe that ped 1 and ped 3 pedestrians meet at different points in the first moments of the simulation and then in the two points at about 40 and 60 s of simulation instead ped 2 meets ped 1 and ped 3 at 50 s.



The evaluation of the trajectories has allowed us to understand the most critical points in the bridge and therefore hypothesize the points with greater congestion. For the evaluation of the Service Level we have resorted to simulation.



The most widespread study to date in the pedestrian area is the evaluation of the LOS Service Level focused on concepts such as pedestrian speed or density but some studies are in place by several researchers to evaluate also surrogate safety.



LOS value in accordance with HCMare already loaded into the Viswalk software therefore the analyzed and graphed Service Levels are corresponding to the simulated speed and density variations, just as described in the next paragraph.





4. Results and Discussion


To compare the values of LOS related to the scenarios of the examined bridge, the evaluation is focused on the estimation of the travel time which can be a good measure of estimation to compare the scenarios. In fact, the travel times are extracted for the destination of origin that has the highest number of requests in each scenario.



The evaluation of the density and relative average speed is strictly connected to the service level of the bridge and its various parts (ramps and areas).



The flow and capacity are highlighted by the LOS value from A to F values in accordance with the Fruin model as described in Table 7 below.



In accordance with the LOS definition of Table 7, the pedestrian speed in the different scenarios can be inserted within the range 0.15–1.1 m/s as defined by the graph in Figure 4.



In particular there is a reduced speed variation in normal scenario conditions with 1.500 ped/h all areas and ramps instead an incisive difference denotes maintenance and maintenance with evacuation as the areas of possible transit are covered.



The density value according to the HCM standard, as shown in Table 5, is also estimated. Once the model has been calibrated it has been shown that the results obtained by micro-simulation reflect the realistic results for the basic scenario (daily situation) with 1.500 ped/h and maximum daily scenario with 3.000 ped/h. The other scenarios have been defined and simulated in order to prevent congestion and related problems. Considering the data obtained through the calibration and validation of the model, the micro-simulation results are defined in terms of the density (number of pedestrian/m2) as shown in Figure 5. It is possible to see that the scenario titled “4th” relating to the partial maintenance activities increases the density to a value double compared to the flow conditions in daily conditions with 3.000 ped/h.



An increase of 10–15% of the density value compared to standard conditions is obtained in the case of evacuation.



In literature it is found that the average speed of the elderly is 0.92 m/s [62] similar to that of a child accompanied by the mother or dragging the baby stroller. Generally and but adult has an average speed of about 1.6 m/s with a fast pace while the speed of a normal step is 1.2 m/s.



These speeds are assumed in an unconfined space. In the case study it is necessary to consider the presence of the slope, the presence of steps and the presence of a geometry that limits the movements decreasing these values by about 20–25%. This reduction is justified by the evacuation scenario allowing escaping only in one direction along the bridge and therefore the accumulation of people does not allow moving faster than other cases in which there is the presence of more space for the movement of each walker. In the graph, it is possible to see a speed value between 0.4 and 0.6 m/s during the evacuation and maintenance phase with 3.000 ped/h. This value depends on the first case from the univocal escape direction and the accumulation effect of the people blocking the path by reducing speed. In the case of maintenance with 3.000 ped/h, the obstruction caused by the area without access generates a reduction in speed due to the high density. Instead, in the cases of standard/normal (daily) conditions with 1.500 and 3.000 ped/h, there are speeds between 0.9 and 1.1 m/s as well as in the case of handling with 1.500 ped/h.



The scenario with 3.000 ped/h represents standard conditions with constant value along the entire bridge. This value owes to the massing of people during the exit from the area subject to some problem or disaster. In terms of density, there is an increase in the value in the case of a scenario with 3.000 ped/h with maintenance activity scenario as the space of possible movement is halved and the flow is at a maximum especially along the two ramps as described in Figure 5.



The images below allow visualization of the cases analyzed considering the superimposition of an orthophoto with the areas implemented for the pedestrian simulation.



It also shows how the geometry is taken into analysis considers an extension of about 30 m with two bays with a slope of about 10–12% characterized by a surface with steps. Each scenario is characterized by the presence or lack of an inaccessible area linked to maintenance activities. Appropriate ranges of values have been selected to be able to chart the variability of the ramp service level and in the previous and subsequent areas.



In particular, the results produced by the results made by the simulations mean that the LOS results of the investigated area are equal to the values shown in Table 8.



In the areas and ramps characterizing the monitored track, a range of speeds of 0.308 m/s was evaluated, characterized by cold blue tones in the images to follow up to 2.7 m/s characterized by warm red tones. Therefore, in Table 8, it is denoted that a fluid and constant flow is characterized by high speeds and warm colors and that this concept becomes critical in some scenario conditions where speeds are reduced almost to block the flow.



In the first scenario, there is a variability of the speeds both in the access areas and in the ramps between 1.07 m/s and the maximum admissible speed value >2.1 m/s. This value increases by 10–15% in the ramps compared to the areas. Scenario 1 is linked to a daily good fluidity of the pedestrian outflow. In scenario 2, the doubling of the flow leads to a reduction of the speed in the ascending west ramp compared to the east descent ramp, instead, the access and exit speeds to the terminal areas are reduced by 5–7% with respect to the first scenario. The evacuation scenario 3 with 1.650 ped/h shows a velocity <1.1 m/s in the west area where people are destined to take shelter while in the area of the East to which the motion is inhibited, it is characterized by a faster speed. The high values of an entering and exiting flow in the first area drastically reduce the speed of the area W. The ramp W also has a speed half of the ramp E as long as there is a chaotic massing of people evacuating from the first of the two. They performed to identify differences between the average walking speeds of single walker (1.00 m/s, ±0.07) and groups (0.89 m/s, ±0.01). To compare the results obtained in the various scenarios, the pedestrian and done speed range of LOS were modulated both in the areas and in the ramps as shown in Table 8 below.



To better understand the value of LOS related to the monitored infrastructure, it has been hypothesized to divide the ramps and the n areas, in both directions as shown in Figure 6. Likewise, the simulation and evaluation of service levels have been carried out for each defined section.



The results obtained are shown below on Table 9.



The present study highlights the need to evaluate the LOS value of pedestrian infrastructures considering a confined space such as the Stari Most footbridge.



Many works in the literature were dedicated to pedestrian crossings or sidewalks with evaluations made using micro simulation tools.



The evaluation of the Mostar bridge area is due to the lack of micro simulation studies applied to pedestrian bridges in literature and also it is useful to examine a bridge with the typical geometry of the Ottoman infrastructures constituted by the areas and the steep slopes with a high walking flows.



Considering the position and the geometry, this bridge allows only the pedestrian transit and connects the areas with a strong tourist and commercial vocation.



Through the data acquisition, using cameras, it was possible to monitor the run during the summer both on weekdays and holidays.



Through the traffic simulation it was possible to evaluate and compare different scenarios, considering also the worst conditions such as the partial maintenance of the infrastructure or the evacuation due to terrorism or similar events.



Through the characterization of the human run components and through the recorded video and the definition of some targets along the bridge it was possible to obtain the speed of movement on the ramps and in the areas. The current scenario has been compared with other hypotheses in order to evaluate the service level through the LOS index estimated through the micro-simulation. The prior knowledge of LOS values allows local authorities to assess in advance the possibility of partial or closed use of the area. In this way it is possible that the maintenance activities of historical and architectural assets are planned taking into account also the peak flow. The assessment of the scenarios with the greater pedestrian traffic that occurs during the summer period leads to a critical judgment on the maintenance activities in those months, if not of particular necessity or timeliness.



The calibration of the Helbing model through the use of a range of default or set values allows a rather realistic evaluation of the human behavior defined by the social force models that characterize the movement of non-isolated individuals. This work is the first step in evaluating pedestrian behavior on a bridge with ramps which will be followed by further monitoring and scenario evaluations.
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Figure 1. LOS for stairways (volume versus module) in accordance with Fruin theory. 
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Figure 2. Images of Stari Most-Mostar in Bosnia-E. (Source: Google Earth). 
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Figure 3. Trajectories of pedestrians considering Viswalk trajectories output. 
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Figure 4. Speed results in accordance with different monitored scenarios. 
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Figure 5. Density evaluation in accordance with different monitored scenarios. 






Figure 5. Density evaluation in accordance with different monitored scenarios.



[image: Applsci 09 01630 g005]







[image: Applsci 09 01630 g006 550]





Figure 6. Subdivision of areas and ramps by direction and relative to the Mostar bridge. 
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Table 1. Evaluation of LOS during the period 1971–2018.
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Period

	
Author

	
Parameters Correlated with LOS






	
1971

	
Fruin [17]

	
Human convenience and the design of environment.




	
1987

	
Mori and Tsukaguchi [18]

	
Pedestrian flow, speed and density relationship, and their overtaking maneuvers.




	
1993

	
Sarkar [19]

	
Qualitative measures like safety, security, comfort and convenience, continuity, system coherence and attractiveness.




	
1994

	
Khisty [20]

	
Contribution of environmental factors towards service levels of pedestrians’ facilities by adopting suitable performance measures.




	
2000

	
HCM manual [21]

	
Analysis of pedestrian flow on sidewalks, crosswalks and street corners mainly derived from John Fruin’s research.




	
2001

	
Landis et al. [22]

	
Pedestrian perceptions of the quality of service.




	
2004

	
Muraleetharan et al. [23]

	
Total utility value of a facility based on sidewalk width and separation, obstructions, flow rate andbicycleevents.




	
2005

	
Hummer et al. [24]

	
Path operations and found that the path width, the number of meeting and passing events and the presence of a center line are the key variables in determining in pedestrianperception




	
2006

	
Petritsch et al. [25]

	
Traffic volume, sidewalk’s adjacent roadway width and the density of conflict points




	
2007

	
Bian et al. [26]

	
A sidewalk intercept survey to measure pedestrian perceptions of sidewalk LOS and relative changing value




	
Dandan et al. [27]

	
Relationship between pedestrians’ subjective perceptions, the quality of physical facilities and the traffic flow operation




	
2008

	
Parida and Parida [28]

	
LOS related to the physical parameters like sidewalk width, sidewalk surface, obstruction, encroachment, potential of vehicular conflict and continuity




	
Jayaprakash and Gunasekharan [29]

	
They found that the Lendis model overestimates the pedestrian LOS as compared to the HCM (2000) model




	
2010

	
Kotkar et al. [30]

	
They consider the pedestrian movements along the carriageway (on or at side) and on a pedestrian facility




	
2014

	
Rastogi, et al. [31]

	
Pedestrian movements along the carriageway (on or at side) and on a pedestrian facility




	
2018

	
Cepolina et al. [32]

	
Modeling human comfort perception in the evaluation of pedestrian behavior patterns











[image: Table]





Table 2. Level of Service value comparison.
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Level of Service LOS




	
A

	
B

	
C

	
D

	
E

	
F






	
Period (1971)

	
FRUIN




	
space (m2/ped)

	
>3.20

	
2.3–3.2

	
1.4–2.3

	
0.9–1.4

	
0.5–0.9

	
<0.5




	
flow rate (ped/min/m)

	
<23

	
23–33

	
33–49

	
49–66

	
66–82

	
variable




	
Period (2000)

	
HCM




	
space (m2/ped)

	
<4.80

	
3.54–4.8

	
1.74–3.54

	
1.14–1.74

	
0.59–1.14

	
<0.59




	
flow rate (ped/min/m)

	
<16

	
16–23

	
23–33

	
33–49

	
49–75

	
variable











[image: Table]





Table 3. Fruin Walkaway LOS.
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Fruin Walkway LOS






	
Ped/m/min

	
Ped/min/m

	
Ped/m2

	
Side Size (m)

	
Flow Condition

	
 [image: Applsci 09 01630 i001]




	
A

	
<23

	
<7

	
0.08

	
1.93–1.80

	
Free flow




	
B

	
23.0–32.8

	
7–23

	
0.08–0.27

	
1.80–1.67

	
Minor conflicts




	
C

	
32.8–48.2

	
23–33

	
0.27–0.45

	
1.67–1.52

	
Slower speed




	
D

	
48.2–65.6

	
33–49

	
0.45–0.69

	
1.52–1.36

	
Restricted most




	
E

	
65.6–82

	
49–82

	
0.69–1.66

	
1.36–1.18

	
Restricted all




	
F

	
>82

	
>82

	
>1.66

	
0.95–0.68

	
Shuffling
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Table 4. LOS values considering stairs and waiting area.
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LOS

	
Stairs

	
Waiting Area




	
Space (m2/ped)

	
Flow Rate (ped/min/m)

	
Average Speed Horiz. (m/min)

	
Average Speed Horiz. (m/s)

	
Space (m2/ped)

	
Interspacing Area (m)






	
A

	
1.9

	
16

	
32

	
0.53

	
>1.21

	
1.2




	
B

	
1.6–1.9

	
16–20

	
32

	
0.53

	
0.93–1.21

	
0.9–1.2




	
C

	
1.1–1.6

	
20–26

	
29–32

	
0.48

	
0.65–0.93

	
0.7–0.9




	
D

	
0.7–1.1

	
26–36

	
25–29

	
0.42

	
0.27–0.65

	
0.3–0.7




	
E

	
0.5–0.7

	
36–49

	
24–25

	
0.4

	
0.19–0.27

	
<0.3




	
F

	
<0.5

	
Var.

	
<24

	
<0.40

	
<0.19

	
Negligible
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Table 5. Scenarios related to Stari Most bridge simulation.
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Scenario

	
Ramp

	
Flow (ped/h)

	
Flow Condition

	
Vissim Pedestrian Modes






	
1st

	
 [image: Applsci 09 01630 i002]

	
1500

	
Daily

	
Normal




	
2nd

	
3000

	
Max

	
Default




	
3rd

	
3000

	
Max

	
Normal




	
4th

	
 [image: Applsci 09 01630 i003]

	
1650

	
Evacuation

	
Evacuation




	
5th

	
 [image: Applsci 09 01630 i004]

	
1500

	
Maintenance

	
Normal




	
6th

	
3000

	
Maintenance

	
Normal




	
7th

	
 [image: Applsci 09 01630 i005]

	
1650

	
Maintenance + Evacuation

	
Evacuation











[image: Table]





Table 6. Specific pedestrian parameters of Viswalk tool.






Table 6. Specific pedestrian parameters of Viswalk tool.





	Viswalk Parameters
	Default
	Normal
	Evacuation





	tau (τ)
	0.40
	0.06
	0.06



	react_to_n parameter
	8
	4
	2



	ASocIso

BSocIso
	2.72

0.20
	1

0.10
	1

0.10



	Lambda (λ)
	0.176
	0.176
	0.176



	ASocMean
	0.40
	0.40
	0.40



	BSocMean
	2.80
	2.80
	2.80



	VD
	3
	9
	6



	Noise
	1.2
	1.2
	2.4



	PrefLato
	nothing
	nothing
	nothing
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Table 7. LOS values in accordance with Fruin model.






Table 7. LOS values in accordance with Fruin model.





	LOS
	Density (ped/m2)
	Space (m2/ped)
	Flow Rate (ped/min/m)
	Av. Speed (m/s)
	Capacity v/c Ratio





	A
	≤0.27
	≥3.24
	≤23
	≤1.3
	0–0.3



	B
	0.43–0.31
	2.32–3.24
	23–33
	1.27
	0.3–0.4



	C
	0.72–0.43
	1.39–2.32
	33–49
	1.22
	0.4–0.6



	D
	1.08–0.72
	0.9–1.39
	49–66
	1.14
	0.6–0.8



	E
	2.17–1.08
	0.46–0.93
	66–82
	0.76
	0.8–1.0



	F
	>2.17
	≤0.46
	variable
	≤0.76
	variable
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Table 8. LOS range related to RAMP and AREA.






Table 8. LOS range related to RAMP and AREA.











	LOS
	Max RAMP Speed (km/h)
	Max AREA Speed (km/h)
	Colour





	A
	>2.7
	>2.153
	



	B
	2.7
	2.153
	



	C
	1.53
	1.076
	



	D
	1.076
	0.718
	



	E
	0.718
	0.431
	



	F
	0.538
	0.308
	










[image: Table]





Table 9. LOS comparison considering ramp W and E for each scenario.






Table 9. LOS comparison considering ramp W and E for each scenario.





	Case Study
	LOS Layout
	Pedestrian Flow
	LOS AREA
	LOS RAMP





	1ST SCENARIO
	 [image: Applsci 09 01630 i006]
	1.500 ped/h DAILY CONDITION
	AW1 = LOS B

AW2 = LOS C

AW3 = LOS B

AE1 = LOS B

AE2 = LOS C

AE3 = LOS B
	RW1 = LOS C

RW2 = LOS C

RE1 = LOS C

RE2 = LOS C



	2ND SCENARIO
	 [image: Applsci 09 01630 i007]
	3.000 ped/h DAILY CONDITION
	AW1 = LOS F

AW2 = LOS F

AW3 = LOS F

AE1 = LOS F

AE2 = LOS F

AE3 = LOS F
	RW1 = LOS F

RW2 = LOS F

RE1 = LOS F

RE2 = LOS F



	3RD SCENARIO
	 [image: Applsci 09 01630 i008]
	3.000 ped/h DAILY CONDITION
	AW1 = LOS C

AW2 = LOS C

AW3 = LOS B

AE1 = LOS B

AE2 = LOS D

AE3 = LOS C
	RW1 = LOS D

RW2 = LOS D

RE1 = LOS D

RE2 = LOS B



	4TH SCENARIO
	 [image: Applsci 09 01630 i009]
	1.650 ped/h EVACUATION
	AW1 = LOS B

AW2 = LOS B

AW3 = LOS B

AE1 = LOS B

AE2 = LOS C

AE3 = LOS B
	RW1 = LOS C

RW2 = LOS C

RE1 = LOS C

RE2 = LOS C



	5TH SCENARIO
	 [image: Applsci 09 01630 i010]
	1.500 ped/h MAINTENANCE
	AW1 = LOS B

AW2 = LOS C

AW3 = LOS C

AE1 = LOS B

AE2 = LOS C

AE3 = LOS B
	RW1 = LOS C

RW2 = LOS C

RE1 = LOS D

RE2 = LOS D



	6TH SCENARIO
	 [image: Applsci 09 01630 i011]
	3.000 ped/h MAINTENANCE
	AW1 = LOS C

AW2 = LOS B

AW3 = LOS C

AE1 = LOS B

AE2 = LOS C

AE3 = LOS B
	RW1 = LOS D

RW2 = LOS D

RE1 = LOS E

RE2 = LOS D



	7TH SCENARIO
	 [image: Applsci 09 01630 i012]
	1.650 ped/h EVACUATION + MAINTENANCE
	AW1 = LOS B

AW2 = LOS B

AW3 = LOS B

AE1 = LOS B

AE2 = LOS C

AE3 = LOS B
	RW1 = LOS C

RW2 = LOS C

RE1 = LOS F

RE2 = LOS C
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