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Abstract

:

As a popular way of travelling on water, cruise tourism is welcomed by the public. The cruise ship, as a large water-borne city, can accommodate a large number of passengers, but simultaneously their safety should be ensured in the event of an emergency. This work studied the evacuation characteristics of passengers by analyzing evacuation processes in multiple scenarios on cruise ships. Four typical evacuation scenarios were established, and the initial parameters of passengers were defined by creating a passenger agent. Simulation experiments were carried out for these scenarios, and the results show that groups of passengers need more time to complete the evacuation than individual passengers. The number of passengers arriving at the embarkation area in one time period under the group evacuation scenario is less than that under the individual evacuation scenario. However, the peak period of arrival at the embarkation area under the group evacuation scenario lasts longer than that under the individual evacuation scenario. For passengers with slower walking speeds, they may complete the evacuation in a shorter time as long as their cabins are near the embarkation deck or in the suitable main vertical zones. This proves that the evacuation efficiency of passengers is affected by their initial positions, and evacuation time can be reduced by means of the allocation of cabins according to the movement characteristics of passengers.
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1. Introduction


The safety of passengers has always been a concern of maritime authorities and scholars, especially regarding the evacuation problem of some large passenger ships such as cruise ships. Cruise ships generally have ten or more decks, and most passengers need to traverse several decks to arrive at the embarkation area in the event of an emergency. The evacuation process is also related to the walking speed and the behavior of the passengers. In order to ensure the safety of passengers, some scholars have carried out research on ship evacuation.



The research methods used in studying ship evacuation mainly include data collection, experiments, simulations, and so on. Luo [1] adopted the cutting-edge sensor mesh technology of ScanReach to observe the movement trajectory and evacuation process of pedestrians in real-time. Wang et al. [2,3] investigated the possible behaviors of passengers during evacuation through a questionnaire survey. Casareale et al. [4] analyzed the characteristics of evacuation behavior of pedestrians through another survey. At present, a relatively comprehensive evacuation experiment for passenger ships is project SAFEGUARD [5]. This project carried out evacuation experiments on cruise ships and ROPAX ferries, and collected data related to the response duration and evacuation time of passengers [6,7].



In addition, some scholars have studied ship evacuation through simulations due to the high cost of experiments. Evacuations can be simulated by means of simplified or advanced approaches. Simplified approaches assume pedestrian flow as a hydraulic or flow model, and the advanced approaches assume each pedestrian to be an individual [8]. Most software for evacuation is based on advanced approaches. Gwynne et al. [9,10] conducted an evacuation simulation for naval vessels and tour boats using the maritimeEXODUS software. Vassalos [11,12] used EVI software to analyze the influence of passenger speed on evacuation time. Ginnis et al. [13,14,15] developed the Virtual Environment for Life on Ships system and evaluated the influence of ship motion on the evacuation characteristics of passengers by the system. Meyer-König et al. [16] studied the influence of the trim and pitch angles on pedestrian movement by using AENEAS software to build the passenger evacuation model of a RoPax ship. Hu et al. [17,18] simulated the evacuation process of passengers in a cruise ship by using cellular automata and the multi-grid model, and they analyzed the evacuation characteristics of pedestrians under different floating conditions of the cruise ship. Ni et al. [19,20] studied the behavior of passengers’ return cabins regarding wearing life jackets and simulated the evacuation process using one deck as a scenario. Bellas et al. [21] used Pathfinder software to simulate the evacuation process of pedestrians in a warship and analyzed the effect of stair width on evacuation performance.



For cruise ships, it is common for family members to travel together, and so the behavior in a group evacuation should be considered. Some researchers have studied the differences between group and individual evacuations. Hu et al. [22] took individuals and social groups composed of two pedestrians as the experimental subjects and carried out unidirectional movement experiments in a confined space. Bode et al. [23] conducted an evacuation experiment on social groups of 12 pedestrians in a room with six exits; they found that the evacuation time increased when the social groups were in existence. By considering the impact of social group behavior on evacuation, an extended cellular automaton model was proposed by Lu et al. [24], and their research showed that the negative effects of social group behavior during evacuation would intensify when the social group density increased. The walking mode of social groups had a significant impact on the evacuation process. Zhao et al. [25] found that social groups that walked in the chain pattern had the highest evacuation efficiency compared with those that walked in the mixed pattern and line-abreast pattern. With the increased size of the social group, the decrease in the group walking speed is more obvious, and the deceleration of female walking speed is greater than that of males [26]. However, gender and social relations had little influence on the group walking speed when the group went downstairs [27]. Leaders of groups can play a certain role in the group evacuation process. Research by Turgut et al. [28] showed that leader-centered behavior is superior to group-centered behavior in small group evacuation, and the number of leaders affects the evacuation. Haghani et al. [29] found that the decision time of a social group during evacuation increases with the increase in the group size from an evacuation experiment. However, regardless of the group size, decisions were usually made by the group leader, and the leader would indicate the direction of movement to other members of the group.



In addition, the total evacuation time also increases with the group size [30]. The groups also discussed the evacuation path, but the final decision to evacuate using the stairs or elevators was usually made by the leader [31]. The evacuation is also often affected by the familiarity between individuals among groups. The experiment of Ma et al. [32] showed that group behavior has a positive impact on evacuation if individuals are acquainted with each other. However, competitive behavior may occur when group members were unfamiliar with each other, and thus the movement speed of the group is decreased. Visibility can also affect the movement of groups. Xie et al. [33] found that group behavior had a negative impact on evacuation under normal visibility. However, the situation in the case of the group under limited visibility is the opposite, where group behavior has a positive effect on evacuation. Based on considering the center of mass, shape and direction of the group, Krüchten et al. [34] adopted the minimal ellipse to describe the shape, internal dynamics and movement characteristics of a group. Müller et al. [35] extended the floor field cellular automaton model and added the group-specific floor fields into the model. They simulated the evacuation process of symmetric and asymmetric groups and studied the influence of groups’ interactions on evacuation dynamics.



From the above existing studies, group evacuation is different from individual evacuation, and it has a certain influence on the evacuation process. Moreover, as a dynamic process, the number of pedestrians arriving at the destination in each stage of evacuation is different. Tang et al. [36] used uniform distribution to describe the interval time of passengers arriving at the check-in counter and simulated the arrival process and check-in of passengers through cellular automata. Postorino et al. [37] analyzed the arrival time of different types of passengers based on Bar Coded Boarding Pass technology. Guo et al. [38] established the waiting time model of transfer passengers according to their arrival rates. Kaparias et al. [39] collected the data of passengers arriving at the platform by means of field counting and on-site interviews with passengers, and the collected data showed that the perceived and budgeted waiting times of passengers could be approximately fitted by a lognormal distribution or gamma distribution. Based on the passenger arrival information obtained from railway service tickets, Csikos et al. [40] explored the daily consistency of passengers’ non-random behaviors in the morning commute. Measurement is one of the methods used to obtain the pedestrian arrival distribution, and the data accuracy is greatly affected by the measurement interval. Ye et al. [41] analyzed the effect of different time measurement intervals on hourly flow rate stability and proposed a method to quantitatively calculate the optimal measurement interval of the pedestrian traffic flow model. As for the measurement method of pedestrian density, Das et al. [42] found that 15 or 30 s was the best measurement interval for variance analysis for pedestrian flow data on the sidewalk. For bus passengers with random arrivals, Kieu et al. [43] proposed the collective non-homogeneous Poisson process (cNHPP) to simulate the arrival process of passengers. The computing time of this method was short, and it could construct the arrival process using fewer time regions compared with the homogeneous Poisson process (HPP). Based on analyzing the data of passengers arriving randomly and non-randomly, Ingvardson et al. [44] proposed a general modeling method to describe passenger waiting time by means of uniform distribution and beta distribution. Luethi et al. [45] surveyed the data of 28 public transport facilities in the Zurich area and constructed the passenger arrival distribution model for the timetable-independent and the timetable-dependent arrival of passengers.



It can be seen from the above that scholars have carried out relevant studies on ship evacuation, group evacuation, and pedestrian arrival rules, respectively. However, there are different types of passengers on a ship, and their characteristics and behavior will have different impacts on evacuation. Therefore, this paper mainly analyzes the evacuation process by combining the behavior of passengers (in individual and group mode) and the characteristics of passengers (speed, response time, initial position, etc.).



In addition, evacuation planning is also one of the ways to keep people safe. Evacuation planning establishes a complete emergency plan from a macro point of view. Planning can avoid or minimize the impact of emergencies by building a safe and sustainable environment. The planning approach helps to reduce risks and enhance emergency preparedness through exercises [46]. However, the stay time of passengers on the ship is short, and there is a lack of adequate exercise opportunities. Hence, this paper mainly uses simulation methods to analyze the evacuation process of different types of passengers on cruise ships and explore potential ways to improve evacuation efficiency.



The main contributions in this paper are as follows. Firstly, the evacuation scenarios under the action of individuals and groups are established, and the waiting behavior is added to group evacuation. Secondly, the arrival time distributions of passengers are obtained by simulating the evacuation process of passengers. Finally, the effects of passenger type, walking speed, and initial position on evacuation time are analyzed, and we explore potential methods to improve evacuation efficiency.



The rest of this paper is as follows. Section 2 presents the description of the research problems. The simulation model is established in Section 3. In Section 4, simulation results are discussed. The last section presents the conclusions and future works.




2. The Description of Research Problems


2.1. The Cruise Ship Evacuation Scenarios


Passenger safety has always been one of the most important indicators for cruise ships. The International Maritime Organization issued the Guidelines for Evacuation Analysis for New and Existing Passenger Ships (The IMO Guidelines) [47], which provided relevant provisions for passenger evacuation. The evacuation analysis of passenger ships is stipulated in the guidelines, including two main scenarios, which are day and night scenarios. In the day scenario, passengers are distributed in public areas, and they are inside cabins under the night scenario. The objective cruise ship for this paper is shown in Figure 1.



According to the fire safety and evacuation requirements of cruise ships, there are several main vertical zones (MVZ) along the longitudinal length of the cruise ship. The red line in Figure 1 indicates the location of the main fire barriers (MFB), which divide the ship into six MVZs. Passengers are distributed between MVZ 1 and 5. There are several staircases along the longitudinal length of the cruise ship. Stairs 1–5 are the main evacuation staircases that connect multiple decks. Stairs 6 connects Deck 1 to 2, and stairs 7 and 8 connect Deck 9 to 10. Stairs 1, 2, 5 and 6 are double-run staircases, stairs 3 and 4 are double-divided staircases, and stairs 7 and 8 are single-run staircases. The structure and dimensions of these staircases are shown in Figure 2, Figure 3 and Figure 4.



The activity space of passengers is distributed from Deck 1 to Deck 10. As shown in Figure 1, yellow areas are the public zones and green areas are cabin zones. According to the IMO guidelines, all passengers are distributed in cabins under the night scenario. Each cabin holds two passengers on this cruise ship. In the day scenario, passengers are distributed in public zones, and the number of passengers in each zone can be calculated according to the area of the zone [48]. The passenger capacity of the cruise ship is 948, and the initial positions of passengers in the two main scenarios are shown in Table 1.



At the beginning of the evacuation, all passengers are in their initial positions, and the destinations of the evacuation are embarkation stations where lifeboats are located. The embarkation stations are located on two sides of Deck 2, and passengers from other decks move to Deck 2 through staircases.




2.2. The Parameters of Passengers


Due to gender, age, and other factors, the walking speeds of passengers are different, and the walking speeds have an influence on the evacuation process. Moreover, the walking speeds of passengers going upstairs and downstairs are different from those of passengers traversing flat terrain. Therefore, in order to accurately simulate the evacuation process of passengers, it is necessary to set the corresponding walking speed for different areas. Table 2 shows different types of passengers and their walking speeds as stipulated in the IMO guidelines [47]. As can be seen from Table 2, passengers are divided into ten types according to ages and genders, and each type of passenger occupies a certain proportion of the total passengers. The walking speeds of passengers are different according to their types.




2.3. The Indicators of Evacuation


Within the evacuation process, evacuation time is one of the most important criteria. The IMO guidelines point out that the evacuation time is divided into three parts. The first part is the response duration (R), during which passengers perceive the initial notification of an emergency and begin to evacuate. The second part is total travel duration (T), during which all passengers move from where they perceive the initial notification to the evacuation destinations. The third part is the embarkation and launching duration (E + L), which starts from passengers being assembled and the abandon ship signal being given. The evacuation time of passengers can be calculated by Equation (1) [47]:


  1.25 ( R + T ) + 2 / 3 ( E + L ) < n  



(1)




where R represents the response duration. This begins when the initial notification of an emergency is received and ends when the passenger has realized the situation and has begun to evacuate. T is the total travel duration.   ( E + L )   represents the embarkation and launching duration, which should be equal to 30 min when this duration cannot be obtained from manufacturers, similar ships, or embarkation analysis.  n  is the performance standard of evacuation.  n  is 60 if the passenger ship has no more than three MVZs, or  n  is 80 if the MVZs of the ship number more than three. This paper mainly studies the evacuation process of passengers moving from the initial position to the embarkation station when an accident occurs. The evacuation time refers to   ( R + T )   in subsequent parts of this paper.



Generally, the response duration of passengers is different in an emergency. The SAFEGUARD project measured the response duration of thousands of cruise passengers during a variety of scenarios and recommends Equations (2) and (3) to represent the response duration under day and night scenarios, respectively [49].


   P  Day   =   1.0548     2 π   ⋅ 0.702 ⋅ R   e x p [ −     ( ln ( R ) − 4.562 )  2    2 ×   0.702  2    ]    0 <    R    < 300   



(2)






   P  Night   =   1.1074     2 π   ⋅ 0.817 ( R − 400 )   e x p [ −     ( ln ( R − 400 ) − 5.49 )  2    2 ×   0.817  2    ]    400 <    R    < 700   



(3)




where    P  Day     and    P  Night     represent the probability density in the response duration R in the day and night scenarios, respectively.



The IMO Guidelines stipulate that the convergence of evacuation time should be checked every 50 simulations. The convergence of the time should meet the provisions of Equation (4) [47].


       T  lim   −  T  0.95   mean 50       ≥  T  0.95   max 50   −  T  0.95   min 50    



(4)




where    T  lim   = ( n − ( 2 / 3 ) ( E + L ) ) / 1.25  .    T  0.95      is the value of the 95th centile of evacuation times of multi-simulations.    T  0.95   mean 50     represents the mean value of    T  0.95      in the last 50 simulations.    T  0.95   max 50     and    T  0.95   min 50     are the maximum and minimum values of    T  0.95      in the last 50 simulations, respectively. On cruise ships, there are often families who travel together. In the event of an accident, they will also evacuate in groups. Combined with the group behavior of passengers, the day and night scenarios can be subdivided into four types that include day-individual, day-group, night-individual, and night-group. These four scenarios are used to study the different characteristics between individual and group evacuation in the day and night scenarios. It is common for family trips (a mother with one child in most conditions) or elderly couples to travel together [50], so the groups of passengers consist of two people in this paper. In the group mode, one member of a group will wait for the other before evacuating.



The evacuation time of passengers is generally distributed discretely, which can be expressed as Equation (5):


   T  R ( j )   S ( i )   = { P  T  R ( j )   S ( i )   ( 1 ) , P  T  R ( j )   S ( i )   ( 2 ) ,   …   , P  T  R ( j )   S ( i )   ( k ) ,   …   , P  T  R ( j )   S ( i )   (  N p  ) }  



(5)




where   S ( i )   represents scenario  i .   R ( j )   represents the  j th simulation.   P  T  R ( j )   S ( i )   ( k )   represents the evacuation time of the  k th passenger in the  j th simulation of scenario  i .    T  R ( j )   S ( i )     represents the set of evacuation times of passengers in the  j th simulation of scenario  i .    N p    represents the total number of passengers in scenario  i .



In order to study the distribution characteristics of passengers arriving at the embarkation stations with discrete evacuation times, the distribution of the number of passengers arriving in each time interval is analyzed, as shown in Equation (6):


  P N  G  D ( l )   S ( i )   = { P  N  D ( l )   S ( i )   ( R ( 1 ) ) , P  N  D ( l )   S ( i )   ( R ( 2 ) ) ,   …   , P  N  D ( l )   S ( i )   ( R ( j ) ) ,   …   , P  N  D ( l )   S ( i )   ( R (  N R  ) ) }  



(6)




where   D ( l )   represents the time interval  l .   P  N  D ( l )   S ( i )   ( R ( j ) )   represents the number of passengers arriving in the time interval  l  in the  j th simulation of scenario  i .    N R    is the total number of simulations for each scenario.   P N  G  D ( l )   S ( i )     represents the set of the number of passengers arriving during the time interval  l  in scenario  i .



The median is commonly used to describe the data tendency. The arrival trend of the evacuation can be obtained by analyzing the median of passengers arriving at embarkation stations within each time interval, as shown in Equation (7):


   M  D ( j )   S ( i )   =     P N  G  D ( j )   S ( i )   (    N R  + 1  2  )                                              N R     is   odd        P N  G  D ( j )   S ( i )   (    N R   2  ) + P N  G  D ( j )   S ( i )   ( 1 +    N R   2  )  2           N R     is   even   numbers       



(7)




where    M  D ( j )   S ( i )     represents the median of passengers arriving at embarkation stations during the time interval  l  in scenario  i .




2.4. The Description of the Method


Figure 5 presents the description of the method in this paper. Firstly, the walking speed, response duration, and behavior patterns of the group and individual passengers are analyzed. Secondly, according to the obtained characteristics of passengers, the model is established, and four evacuation scenarios are simulated. Thirdly, the arrival time distributions of evacuation are analyzed through the simulation results. Finally, the influence of passenger type, MVZs, and decks on evacuation is discussed.



In addition, the behavior patterns of passengers mainly consider the differences between individuals and groups in the process of evacuation. The main distinction is that one member of the group will wait for another one before evacuating, and group members will also act together in the evacuation process. Therefore, the one member of the group with a faster walking speed will slow down to stay consistent with the speed of another one in the group.





3. The Construction of Simulation Model


The evacuation of pedestrians is a dynamic process, and this process is usually simulated by establishing evacuation models. The Cellular Automata model [51], Lattice-gas automata model [52], Multi-Grid model [53], and Social Force model [54] are common models used by researchers. The social force model is based on Newtonian force. This model assumes that pedestrians have reaction behavior to the outside world, and the force on pedestrians can be represented by force vectors. AnyLogic [55] is software based on the social force model, and it is a widely used tool for the modeling and simulation of evacuation [56,57,58]. This software provides a wide variety of application programming interfaces (APIs), and special parameters and function bodies can be defined by users according to the simulation needs.



In order to verify whether the software is suitable for evacuation simulation, the verification scenarios [47] specified in the IMO Guidelines are used to test the AnyLogic software. Appendix A is the test result, which shows that AnyLogic meets the test requirements of all scenarios. In addition, we also built a model based on the experimental scenario of the previous research [59] and simulated the scenario using AnyLogic. The details of this simulation can be seen in Appendix B. The simulation result is very close to the experimental result of the previous research. The results of two tests show that AnyLogic can be suitable for evacuation simulation. Therefore, this study used the AnyLogic software to establish the evacuation scenarios and to simulate evacuation processes.



3.1. The Construction of Evacuation Space Models


The evacuation space mainly includes planar and vertical spaces composed of decks and staircases, respectively. The deck model can be built according to the deck layout, and the space model of Deck 2 is shown in Figure 6. For furniture that exists in space, such as fixed tables, cabinets, and bar counters, the wall module of the software can be used to simulate this furniture to form boundaries. These boundaries are used to simulate obstacles in scenarios, and passengers cannot cross these boundaries during the simulation process. The final destinations of evacuation are the embarkation stations, which are two areas near the lifeboats on both sides of Deck 2, as shown in Figure 6.



Figure 7 shows the established space model of the cruise ship, and decks in the model are connected by staircases. In the process of evacuation, passengers on other decks arrive at Deck 2 through staircases. The detailed spatial model and annotations of Decks 1–10 can be seen in Figure A13 and Table A2 of Appendix C.




3.2. The Construction of Passenger Model


The Analogic software can define a class of groups with similar attributes by establishing an agent. Due to different types of passengers having different walking speeds and proportions, attributes of passengers can be set by establishing a passenger agent. Java can be used to write programs to realize the functions needed in the simulation process in the software. Figure 8 shows items defined in the passenger agent. The items in the red box, the green box, and the blue box are parameters, variables, and functions of the passenger agent, respectively. A detailed description of each item can be found in Table A3 of Appendix C. The defined functions can be called in the process of evacuation simulation to realize the corresponding functions.




3.3. The Simulation Process


After the cruise ship evacuation space and passenger agent are established, the behavior of passenger evacuation can be set through the Process Modeling Library in the software. Each process module includes interfaces that functions can be called. Figure 9 shows the simulation process of passenger evacuation, which includes the following steps.



Step 1: Define four evacuation scenarios and determine the spatial distribution of passengers in each scenario.



Step 2: By selecting different evacuation scenarios, passenger models are prepared to be loaded into the space model.



Step 3: Call functions in the passenger agent to initialize passenger models, allocate proportions of different types of passengers, and assign the ID and type for each passenger.



Step 4: When the passenger is loaded into the space model, the corresponding walking speed is set based on the type of the passenger. The initial coordinates, deck, and MVZ can be obtained according to the initial position of the passenger.



Step 5: If the initial location of the passenger is on Deck 2, the passenger directly moves towards the embarkation stations. If the initial location is not on Deck 2, go to step 6.



Step 6: Call Find_Location_Line function, causing passengers to turn into the pathfinding mode, and passengers will move towards nearest staircases.



Step 7: When the passenger enters the staircase, if the current location of the passenger is above Deck 2, the passenger will go downstairs from the current deck. Meanwhile, the walking speed of the passenger will be reset by the SetPedSpeed_StairsDown_min and SetPedSpeed_StairsDown_max functions. If the current location of the passenger is below Deck 2, the passenger will go upstairs from the current deck. The walking speed of the passenger will be reset by setPedSpeed_StairsUp_min and setPedSpeed_StairsUp_max functions.



Step 8: When the passenger arrives at another deck by the staircase, the walking speed of the passenger will be reset by the setPedSpeed_min and setPedSpeed_max functions. Then, the passenger checks whether the current deck is Deck 2 or not. If the current deck is not Deck 2, go to step 6. If the current deck is Deck 2, the passenger will move towards the embarkation stations.





4. Discussion of Simulation Results


The evacuation processes of the individual and group passengers under the day and night scenarios were simulated. Each scenario was simulated 500 times according to the stipulation of the IMO Guidelines. Figure 10 presents the snapshots of the simulation. Figure 10a shows the passenger distribution on Deck 7 at 220 s under the day-individual scenario, and Figure 10b shows the passenger distribution on Deck 3 at 650 s under the night-individual scenario. It was found that all passengers were moving toward the staircases, and congestion emerged around the entrance of the staircases.



Table 3 shows the convergence test of evacuation times under four scenarios. It can be seen that        T  lim   −  T  0.95   mean 50         is greater than (   T  0.95   max 50   −  T  0.95   min 50    ) in all ranges of simulation times, indicating that all results meet the convergence requirements.



4.1. The Analysis of Arrival Time Distributions


Figure 11 shows frequency histograms of the arrival time distributions of passenger evacuation. The abscissa is the time interval of the evacuation time, and each time interval is 20 s. The maximum value of the abscissa is the total evacuation time. The left ordinate represents the median number of passengers who arrived at the embarkation stations. The right ordinate is the cumulative percentage of the arrival rate. The blue curve represents the cumulative arrival rate. It can be seen from the curve that the slope of the curve is small when the arrival rate is less than 10%. However, the slope of the curve suddenly increases when the arrival rate exceeds about 10%. Within the range of 10–90%, the curve slope barely changes, indicating that the arrival rate of passengers at this stage is stable. In addition, it can also be found from the histogram that many people are arriving in unit time during this stage, but the arrival number experiences little change within a time interval. When the arrival rate exceeds 90%, the arrival number of passengers in a time interval begins to decline significantly, and the slope of the curve also suddenly becomes shallower. Therefore, this paper considers the period when the cumulative percentage is in the range of 10–90% as the peak period of arrival.



Figure 11a shows the arrival time distributions of passengers in the day-individual scenario. It seems that the arrival rate of passengers begins to increase after 80 s. The arrival rate approaches the peak period after 220 s and begins to decline gradually after 560 s. From the cumulative curve, it can be found that about 80% of passengers arrived at a time in the range between 220 s and 560 s. The duration of this period is only 340 s and accounts for about 45.9% of the total evacuation time. Therefore, it is necessary to pay special attention to passenger safety in this period.



Figure 11b shows the arrival time distributions of passengers in the day-group scenario. Compared with Figure 11a, the total evacuation time is longer than that in the day-individual scenario. Meanwhile, the number of passengers arriving in each time interval is less than that in the day-individual scenario. The maximum number of passenger arrivals in all intervals is 40, while it is 52 in Figure 11a. The peak period of group passenger arrival lasts longer, which starts from 240 s and ends at 660 s. About 80% of passengers arrived within this 420 s time period, which accounts for 45.7% of the total evacuation time. Due to group behavior among passengers, the total evacuation time becomes longer, the number of passengers arriving in a time interval becomes smaller and the peak period lasts longer.



Figure 11c shows the arrival time distributions of passengers in the night-individual scenario. It can be found that the total evacuation time of this scenario is longer than that of the above day scenarios; the reason for this phenomenon may be that the response time of passengers is longer in the night scenario. The peak period starts from 650 s and ends at 900 s. The duration of the peak period is 340 s, which accounts for 27.6% of the total evacuation time. Compared with the day scenario, the duration of the peak period is shorter. From Figure 1 and Table 1, it can be seen that the initial positions of most passengers are at Deck 3 to Deck 6 in the night scenario. Moreover, these four decks are close to Deck 2, so that a large number of passengers may arrive in a short time period. In the day scenario, the initial positions of most passengers are on Deck 1, 2, 7, 8 and 9, and passengers on Deck 7, 8, and 9 may need more time to arrive at Deck 2. Therefore, the duration of the peak period in the day scenario is longer than that of the night scenario.



Figure 11d shows the arrival time distributions of passengers in the night-group scenario. Due to the group behavior of passengers, the total evacuation time is longer than that of the night-individual scenario, which is consistent with the day scenario. Compared with Figure 11c, the number of passengers in each time interval is less and the duration of the peak period is longer.



From the above analysis, it can be found that group passengers need more time to complete the evacuation in both day and night scenarios. In the case of group passengers, the duration of the peak period lasts longer than it does for individual passengers. In the night scenario, passengers need more time to complete the evacuation compared with the day scenario. Apart from passengers arriving in peak arrival times, the remaining 20% of arriving passengers take up more than half of the total evacuation time. Therefore, a detailed analysis of the first and last 10% of arriving passengers is necessary.




4.2. The Analysis of the First 10% and Last 10% of Arriving Passengers


By analyzing the arrival time distribution of passengers, the general arrival characteristics of the passenger evacuation can be obtained. Combining the characteristics of the first 10% and last 10% of arriving passengers in the simulation result, a comprehensive understanding of the entire evacuation process could be gained.



Table 4 shows the proportions of passengers whose initial locations are on different decks. For the first 10% of arriving passengers, it seems that the initial positions of passengers have a significant impact on the arrival. In the day scenarios, passengers on Deck 2 can be evacuated quickly due to the embarkation stations being on Deck 2, and so the proportion of these passengers is largest. In the night scenarios, passengers on Deck 3 and 4 could arrive at the destinations quickly, as these two decks are closer to Deck 2. Consequently, passengers on this deck occupy the largest proportion. For the last 10% of arriving passengers, the higher the deck that passengers are on, the greater the proportion of the last 10% they occupy. This means that passengers need more time to arrive at the evacuation destination on Deck 2 if their initial positions are on the higher decks. However, the passenger proportions for Deck 10 in the day scenarios are smaller than the lower decks, and the same situation also appears for Deck 7 under the night scenarios. It can be seen from Table 1 that the initial number of passengers on these two decks is relatively small, so the proportion of passengers is also low.



Table 5 shows the proportions of passengers whose initial locations are in different MVZs. In the first 10% of arriving passengers, the proportions of passengers in MVZ 2, 3, and 4 are significantly larger than the other two MVZs. As can be seen from Figure 1, staircases are set on both sides of MVZ 2, 3 and 4, and passengers in these MVZs can evacuate from two directions. Meanwhile, staircases are only arranged on one side of MVZ 1 and 5, and passengers can only move in one direction in the process of evacuation. Therefore, the evacuation efficiency of MVZ 1 and 5 is lower than that of the other three MVZs. For the last 10% of arriving passengers, the proportions of passengers in MVZ 3 and 5 are larger than other MVZs in the day scenario. As can be seen from Table 1, the number of passengers in MVZ 3 is the largest in the day scenario, which may lead to the higher value of the proportion of passengers in MVZ 3. Meanwhile, the reason for the high proportion value of passengers in MVZ 5 is also the layout of the staircases. For the same reason, the evacuation efficiencies of passengers in MVZ 1 and 5 are low under the night scenario, resulting in the proportions of passengers in these two MVZs being significantly higher than other MVZs. Since the initial number of passengers in MVZ 5 is larger than that in MVZ 1, the value proportion of MVZ 5 is higher than that of MVZ 1.



Table 6 shows the proportions of different types of passengers. For the first 10% of arriving passengers, their walking speed has a significant impact on evacuation, and the faster the walking speed is, the higher the proportion value of the passengers is. In four scenarios, the proportions of type 3 and 8 passengers are the largest in female and male passengers, respectively. It can be seen from Table 2 that, although the walking speeds of type 3 and 8 passengers are not the fastest, the number of these two types of passengers is the largest. The number of these two types of passengers is twice the number of types 1, 2, 6, and 7, and so the proportion value of these two types of passengers is highest in the three scenarios. In female and male passengers, the walking speed of type 1 and 6 passengers is the fastest, respectively. The proportions of these two types of passengers are larger in individual scenarios than in group scenarios. On the contrary, regarding type 4, 5, 9, and 10 passengers, whose walking speeds are slower, the proportions of these passengers were higher in the group scenario than in the corresponding individual scenario. It can be found that in the individual scenario, passengers who move faster have an advantage in the evacuation. However, in the group scenario, this advantage is diminished due to the group behavior of passengers.



For the last 10% of arriving passengers, it appears that the slower the walking speed, the greater the proportion of passengers, and the proportion of female passengers is larger than that of male passengers. In day or night scenarios, the proportion of individual passengers with faster walking speeds is smaller than group passengers, and the situation is quite the reverse for type 4, 5, and 10 passengers with slower speeds. It can be seen that in the group scenario, the evacuation efficiency of passengers with slower walking speeds can be improved, but for passengers with a faster walking speed, the evacuation efficiency is reduced. This is consistent with the characteristics of the first 10% of arriving passengers.



It can also be seen from Table 6 that although the walking speed of passengers in types 4, 5, 9, and 10 is slow, some of them are still in the first 10% of arriving passengers. From Table 4, it is found that, in the night scenario, some passengers on the higher deck can also be within the first 10% of arriving passengers. For type 1, 2, 6, and 7 passengers with a fast walking speed, some of them are in the last 10% of arrivals under the night scenarios. The reasons for this phenomenon are analyzed by combining the types and initial positions of passengers.



Figure 12 shows the initial positions of types 4, 5, 9, and 10 of the first 10% of arriving passengers under the night scenario, and types 1, 2, 6, and 7 of the last 10% of arriving passengers under the night scenario can be seen in Figure 13. As can be seen from these figures, most type 4, 5, 9, and 10 passengers are distributed on Decks 3, 4, and 5. For type 1, 2, 6, and 7 passengers, they are mainly distributed on decks that are higher than Deck 5. In addition, the first 10% of arriving passengers are mainly located in MVZ 2, 3, and 4. The last 10% of arriving passengers are mainly in the two MVZs near the bow and stern. Further analysis is conducted through the initial MVZs where these passengers are located.



As shown in Figure 14, the proportion of types 4, 5, 9, and 10 of the first 10% of arriving passengers in MVZ 1 and 5 is low. The proportion in MVZ 5 is not more than 20%, and the proportion in MVZ 1 does not exceed 10%. From the previous analysis, the evacuation efficiency of passengers in these two MVZs is low due to the distribution of staircases. Therefore, more than 70% of these passengers are distributed in the MVZ 2–5 area. Although the walking speeds of these four types of passengers are slow, they may reach the embarkation area at an earlier stage of evacuation if their initial position is in the middle MVZs.



In the individual scenario of Figure 15a, the proportion of types 1, 6, and 7 of the last 10% of arriving passengers are almost over 80% in MVZ 5, and over 10% in MVZ 1. In the group scenario of Figure 15b, the proportions of the four types of passengers in MVZ 5 are also more than 60%, and the proportions in MVZ 1 are nearly 20%. For these four types of passengers under both scenarios, the sum of proportions of MVZ 1 and 5 is more than 80%. It can be seen that although these four types of passengers move fast, they may also arrive at the embarkation area in the final stage of evacuation if their initial position is distributed on a higher deck or in the MVZs near the bow and stern.





5. Conclusions and Future Works


This paper takes the evacuation characteristics of the cruise passenger evacuation as the research object and establishes the cruise evacuation model by using AnyLogic software. The passenger agent is constructed to set the attributes of ten types of passengers, and then the simulation experiments are carried out in four scenarios that contain day-individual, day-group, night-individual, and night-group scenarios. The results show that the evacuation time of day scenarios is shorter than that of the night scenarios. The peak duration of passenger arrival in the group scenario is longer than in the individual scenario. In the group scenarios, the evacuation efficiency of passengers with fast walking speeds will be reduced, and the situation is quite the reverse for the passengers with a slow walking speed.



The evacuation results are also analyzed from the initial conditions of the passengers. It can be found that passengers with fast walking speeds may arrive at the embarkation area in the final stage if their cabins are far away from the embarkation decks or located in MVZs near the bow and stern. Passengers with a slow walking speed may arrive at the embarkation stations in the early stage of the evacuation as long as their cabins are near the embarkation deck or located in the middle MVZs. Therefore, the positions of passenger cabins could be appropriately adjusted and optimized according to the movement characteristics of passengers, and this is conducive to improving the evacuation efficiency of passengers.



The scenarios studied in this paper were mainly based on the condition that the cruise ship is floating positively. In the event of a casualty, the hull may be damaged and cause the cruise ship to be inclined. In future work, we will add the factor of inclining conditions on passenger movement into the model and study the influence of different incline angles on the passenger evacuation process.
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Appendix A


Test 1: Maintaining set walking speed in corridor.



One pedestrian in a passage 2 m wide and 40 m long with a movement speed of 1 m/s should be verified to complete this distance in 40 s.



Figure A1 is the scenario of test 1, and the completion time of the test is 39.6 s.
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Figure A1. The scenario of test 1. 






Figure A1. The scenario of test 1.
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Test 2: Maintaining set speed up staircase.



One pedestrian on a stair 2 m wide and a length of 10 m measured along the incline with a movement speed of 1 m/s should be verified to complete this distance in 10 s.



Figure A2 is the scenario of test 2, and the completion time of the test is 9.9 s.
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Figure A2. The scenario of test 2. 






Figure A2. The scenario of test 2.
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Test 3: Maintaining set speed down staircase.



One pedestrian on a stair 2 m wide and a length of 10 m measured along the incline with a movement speed of 1 m/s should be verified to complete this distance in 10 s.



Figure A3 is the scenario of test 3, and the completion time of the test is 9.8 s.
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Figure A3. The scenario of test 3. 






Figure A3. The scenario of test 3.
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Test 4: Exit flow rate.



One hundred pedestrians (p) in a space 8 m by 5 m in size with a 1 m-wide door in the middle of the 5 m wall. The flow rate over the whole stage should be no more than 1.33 p/s.



Figure A4 is the scenario of test 4, and the maximum flow rate of the entire period is 0.73 p/s.
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Figure A4. The scenario of test 4. 






Figure A4. The scenario of test 4.
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Test 5: Response duration.



Ten pedestrians in a space 8 m by 5 m in size with a 1 m-wide door in the middle of the 5 m wall. The uniform distribution between 10 s and 100 s is set as the response duration. Verify that each pedestrian begins moving at the right time.



As shown in Figure A5, a person starts to move toward the door every 10 s. Figure A5a–d present the states in the room when the time is 10, 20, 50, and 70 s, respectively.
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Figure A5. The scenario of test 5. (a) Time = 10 s; (b) time = 20 s; (c) time = 50 s; (d) time = 70 s. 






Figure A5. The scenario of test 5. (a) Time = 10 s; (b) time = 20 s; (c) time = 50 s; (d) time = 70 s.



[image: Applsci 12 04213 g0a5]





Test 6: Rounding corners.



Twenty pedestrians entering a left-hand corner will successfully walk around the corner without penetrating the boundaries.



As shown in Figure A6, the pedestrians completed the walk around the corner without crossing the boundary.
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Figure A6. The scenario of test 6. 






Figure A6. The scenario of test 6.
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Test 7: Counterflow—two rooms connected via a corridor.



Two rooms are both ten meters wide and long, and these two rooms are connected with a passage whose size is ten meters long and two meters wide.



Step 1: One hundred pedestrians walk from room 1 to room 2. In the initial condition, pedestrians are allocated on the left of room 1 at maximum density. The time is recorded when the last pedestrian arrives at room 2.



Step 2: Step one is repeated with 10, 50, and 100 pedestrians assigned to room 2, respectively. These assigned pedestrians should have the same characteristics as the pedestrians in room 1. Pedestrians in both rooms begin to move at the same time, recording the persistent period when the last pedestrian in room 1 arrives in room 2. The desired result is that the recorded persistent period increases when the number of pedestrians in counterflow increases.



In Figure A7, the rooms on the left and right are rooms 1 and 2, respectively. In Figure A7a, ten pedestrians are in room 2, 100 pedestrians are in room 1, and the time taken for the last person in room 1 to enter room 2 is 111 s. In Figure A7b,c, 50 pedestrians and 100 pedestrians are in room 2, respectively, and the time taken for the last person in room 1 to enter room 2 increases to 157 s and 183 s, respectively.
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Figure A7. The scenario of test 7. (a) Time = 111 s; (b) time = 157 s; (c) time = 183 s. 






Figure A7. The scenario of test 7. (a) Time = 111 s; (b) time = 157 s; (c) time = 183 s.
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Test 8: Exit flow: crowd dissipation from a large public room.



A public space with four doors and containing 1000 pedestrians who are distributed uniformly within the room. Pedestrians leave from the nearest doors.



Step 1: Record the time the last pedestrian exits the room.



Step 2: Shut doors 1 and 2 and repeat step 1. The desired result is an approximate doubling of the period in step 1.



Figure A8a shows the scenario where pedestrians leave through four exits, and the duration is 279 s. Figure A8b shows the scenario of pedestrians leaving through two exits, and the duration of this scenario is 555 s, which is about twice the duration in Figure A8a.
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Figure A8. The scenario of test 8. (a) Four exits; (b) Two exits. 






Figure A8. The scenario of test 8. (a) Four exits; (b) Two exits.
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Text 9: Exit route allocation.



The pedestrians in cabins 1, 2, 3, 4, 7, 8, 9, and 10 are arranged to leave from the main exit, and the remaining pedestrians are assigned the secondary exit. The desired result is that the assigned pedestrians leave from suitable exits.



As shown in Figure A9, the pedestrians in the red and blue boxes move towards two exits, respectively.





[image: Applsci 12 04213 g0a9 550] 





Figure A9. The scenario of test 9. 






Figure A9. The scenario of test 9.
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Test 10: Staircase.



The pedestrians in the room move to the stair through a passage. The desired result is that congestion occurs at the exit of the room. There is a steady flow in the passage with the appearance of congestion at the bottom of the stairs.



As shown in Figure A10, the congestion appears at the exit of the room and the bottom of the staircase. The flow of pedestrians in the passage is steady.
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Figure A10. The scenario of test 10. 






Figure A10. The scenario of test 10.
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Appendix B


To verify the availability of AnyLogic software on the evacuation simulation, the scenario of the evacuation experiment organized by Lei et al. [59] is simulated with AnyLogic. The simulation result is as follows.



As shown in Figure A11, there are 24 female dormitories. The two exits are at the lower-left corner, and the width of each exit is 2 m. Each dormitory accommodates ten female students, and the speed range of students is 0.95~1.35 m/s.
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Figure A11. The evacuation scenario. 






Figure A11. The evacuation scenario.
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Figure A12 and Table A1 present the comparison of the AnyLogic simulation result and the experimental result of the reference [59]. Figure A12 shows that the simulation results are very close to the experimental results. It can also be seen from Table A1 that the difference between simulation and experimental results is very small, and the differences between the three types of time are all within 3.5 s. Therefore, the AnyLogic is suitable for the evacuation simulation of large numbers of pedestrians from this result.
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Figure A12. The results of the evacuation experiment [59] and simulation. The data of evacuation experiment is adapted with permission from Ref. [59]. Copyright 2012 Elesvier. 






Figure A12. The results of the evacuation experiment [59] and simulation. The data of evacuation experiment is adapted with permission from Ref. [59]. Copyright 2012 Elesvier.
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Table A1. The comparison result between the evacuation experiment and simulation.






Table A1. The comparison result between the evacuation experiment and simulation.










	
	Experiment [59]
	Simulation





	Arrival time of the first student (s)
	9.2
	11.3



	Mean evacuation time (s)
	81.7
	85.1



	Total evacuation time (s)
	154.2
	156.2









Appendix C
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Figure A13. The space model of decks. (a) Deck 10; (b) Deck 9; (c) Deck 8; (d) Deck 7; (e) Deck 6; (f) Deck 5; (g) Deck 4; (h) Deck 3; (i) Deck 2; (j) Deck 1. 






Figure A13. The space model of decks. (a) Deck 10; (b) Deck 9; (c) Deck 8; (d) Deck 7; (e) Deck 6; (f) Deck 5; (g) Deck 4; (h) Deck 3; (i) Deck 2; (j) Deck 1.
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Table A2. The dimensions and areas of the decks.






Table A2. The dimensions and areas of the decks.





	
Decks

	
Area (m2)

	
Length (m)

	
Maximum Breath (m)






	
Deck 10

	
900

	
53.5 (Stern Area)

	
12.6 (Stern Area)




	
35.3 (Bow Area)

	
15 (Bow Area)




	
Deck 9

	
2250

	
155.7

	
25.2




	
Deck 8

	
4520

	
167.8

	
29.2




	
Deck 7

	
4860

	
177.7

	
31.2




	
Deck 6

	
4725

	
182.2

	
26.6




	
Deck 5

	
4920

	
188.8

	
26.6




	
Deck 4

	
5090

	
195.1

	
26.6




	
Deck 3

	
5160

	
197.9

	
26.6




	
Deck 2

	
6550

	
224.1

	
31.2




	
Deck 1

	
6130

	
218.0

	
31.4
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Table A3. The detailed descriptions of parameters, variables, and functions in the passenger agent.
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Items

	
Functional Description






	
PedType

	
Stores types of passengers.




	
InitialDeck

	
Stores initial decks where passengers are located.




	
InitialCoordinateX,

	
Stores initial locations of passengers.




	
InitialCoordinateY




	
MVZ

	
Stores initial MVZs where passengers are located.




	
id

	
Stores identifications of passengers.




	
list_type

	
The linked list stores passenger attributes




	
id_passengers

	
Temporarily stores the passenger id




	
setType,

	
The setType function sets the proportion and type of the passenger. The setType function calls setPedDistribution and ListDistribution functions to generate passenger attributes, and finally returns the generated result to the setType function.




	
setPedDistribution,




	
ListDistribution




	
Find_Location_Line

	
Sets the wayfinding pattern of passengers.




	
Judge_StairsType

	
Sets the judgment pattern of passengers on the type of stairs.




	
setPedSpeed_min,

	
Sets the range of walking speed of different types of passengers on flat terrains.




	
setPedSpeed_max




	
setPedSpeed_StairsUp_min,

	
Sets the range of the walking speed of different types of passengers on stairs.




	
setPedSpeed_StairsUp_max,




	
setPedSpeed_StairsDown_min,




	
setPedSpeed_StairsDown_max
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Figure 1. The space distribution of the cruise ship. 
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Figure 2. The double-run staircase. 
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Figure 3. The double-divided staircase. 
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Figure 4. The single-run staircase. 
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Figure 5. The description of the method. 
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Figure 6. The space model of Deck 2. 
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Figure 7. The space model of the cruise ship. 
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Figure 8. The passenger agent. 
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Figure 9. The simulation process of passenger evacuation. 
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Figure 10. The snapshots of the evacuation simulation. (a) Deck 7; (b) Deck 3. 
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Figure 11. The arrival time distributions of passenger evacuation. (a) The day-individual scenario; (b) the day-group scenario; (c) the night-individual scenario; (d) the night-group scenario. 






Figure 11. The arrival time distributions of passenger evacuation. (a) The day-individual scenario; (b) the day-group scenario; (c) the night-individual scenario; (d) the night-group scenario.



[image: Applsci 12 04213 g011]







[image: Applsci 12 04213 g012 550] 





Figure 12. The initial positions of the first 10% of arriving passengers under night scenarios. (a) The night-individual scenario; (b) the night-group scenario. 
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Figure 13. The initial positions of the last 10% of arriving passengers under night scenarios. (a) The night-individual scenario; (b) the night-group scenario. 
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Figure 14. The MVZs of the first 10% of arriving passengers under night scenarios; (a) the night-individual scenario. (b) the night-group scenario. 
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Figure 15. The MVZs of the last 10% of arriving passengers under night scenarios. (a) The night-individual scenario; (b) the night-group scenario. 
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Table 1. The initial positions of passengers in the day and night scenarios.
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Item

	
The Numbers of Passengers




	
MVZ 1

	
MVZ 2

	
MVZ 3

	
MVZ 4

	
MVZ 5




	
Day

	
Night

	
Day

	
Night

	
Day

	
Night

	
Day

	
Night

	
Day

	
Night






	
Deck 1

	
0

	
0

	
44

	
0

	
48

	
0

	
82

	
18

	
60

	
0




	
Deck 2

	
58

	
0

	
36

	
0

	
24

	
0

	
52

	
0

	
40

	
0




	
Deck 3

	
0

	
40

	
0

	
44

	
0

	
0

	
0

	
52

	
0

	
60




	
Deck 4

	
0

	
36

	
0

	
44

	
0

	
68

	
0

	
48

	
0

	
48




	
Deck 5

	
0

	
28

	
0

	
36

	
0

	
68

	
0

	
48

	
0

	
44




	
Deck 6

	
0

	
24

	
0

	
36

	
0

	
68

	
0

	
44

	
0

	
32




	
Deck 7

	
34

	
0

	
22

	
0

	
118

	
0

	
54

	
8

	
42

	
14




	
Deck 8

	
21

	
0

	
14

	
0

	
54

	
0

	
13

	
16

	
36

	
24




	
Deck 9

	
10

	
0

	
25

	
0

	
11

	
0

	
9

	
0

	
23

	
0




	
Deck 10

	
0

	
0

	
4

	
0

	
2

	
0

	
4

	
0

	
8

	
0
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Table 2. The percentage and walking speed of passengers.
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Passengers

	
Percentage of Passengers (%)

	
Walking Speed on Flat Terrain (m/s)

	
Walking Speed on Stairs (m/s)




	
Stairs Down

	
Stairs Up




	
Type

	
Characteristics

	
Min.

	
Max.

	
Min.

	
Max.

	
Min.

	
Max.






	
1

	
Females younger than 30 years

	
7

	
0.93

	
1.55

	
0.56

	
0.94

	
0.47

	
0.79




	
2

	
Females 30–50 years old

	
7

	
0.71

	
1.19

	
0.49

	
0.81

	
0.44

	
0.74




	
3

	
Females older than 50 years

	
16

	
0.56

	
0.94

	
0.45

	
0.75

	
0.37

	
0.61




	
4

	
Females older than 50, mobility impaired (1)

	
10

	
0.43

	
0.71

	
0.34

	
0.56

	
0.28

	
0.46




	
5

	
Females older than 50, mobility impaired (2)

	
10

	
0.37

	
0.61

	
0.29

	
0.49

	
0.23

	
0.39




	
6

	
Males younger than 30 years

	
7

	
1.11

	
1.85

	
0.76

	
1.26

	
0.5

	
0.84




	
7

	
Males 30–50 years old

	
7

	
0.97

	
1.62

	
0.64

	
1.07

	
0.47

	
0.79




	
8

	
Males older than 50 years

	
16

	
0.84

	
1.4

	
0.5

	
0.84

	
0.38

	
0.64




	
9

	
Males older than 50, mobility impaired (1)

	
10

	
0.64

	
1.06

	
0.38

	
0.64

	
0.29

	
0.49




	
10

	
Males older than 50, mobility impaired (2)

	
10

	
0.55

	
0.91

	
0.33

	
0.55

	
0.25

	
0.41
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Table 3. The convergence test of the evacuation times.
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The Range of Simulation Times

	
Time for Convergence Calculation Under Four Scenarios (s)




	
The Night-Individual Scenario

	
The Night-Group Scenario

	
The Day-Individual Scenario

	
The Day-Group Scenario




	
           T   lim    −        T  0.95    mean  50            

	
     T  0.95    max  50   −  T  0.95    min  50      

	
           T   lim    −        T  0.95    mean  50            

	
     T  0.95    max  50   −  T  0.95    min  50      

	
           T   lim    −        T  0.95    mean  50            

	
     T  0.95    max  50   −         T  0.95    min  50      

	
           T   lim    −        T  0.95    mean  50            

	
     T  0.95    max  50   −         T  0.95    min  50      






	
0 to 50

	
1675.4

	
117.9

	
1492.4

	
306.0

	
2163.5

	
142.9

	
1927.8

	
403.1




	
51 to 100

	
1674.7

	
171.3

	
1493.1

	
297.6

	
2148.2

	
168.5

	
1933.2

	
345.4




	
101 to 150

	
1680.9

	
142.5

	
1475.9

	
295.2

	
2162.6

	
129.5

	
1925.5

	
409.7




	
151 to 200

	
1673.4

	
144.3

	
1494.4

	
244.8

	
2163.0

	
137.4

	
1924.3

	
341.8




	
201 to 250

	
1675.0

	
123.6

	
1487.2

	
237.9

	
2152.4

	
157.9

	
1910.5

	
417.1




	
251 to 300

	
1675.5

	
150.6

	
1471.6

	
393.9

	
2147.3

	
194.2

	
1909.4

	
409.1




	
301 to 350

	
1670.6

	
167.4

	
1465.1

	
419.7

	
2159.5

	
132.9

	
1939.5

	
302.9




	
351 to 400

	
1670.2

	
168.9

	
1499.8

	
253.5

	
2156.5

	
141.2

	
1943.1

	
439.7




	
401 to 450

	
1678.1

	
121.2

	
1489.4

	
293.4

	
2153.1

	
214.6

	
1946.8

	
333.7




	
451 to 500

	
1675.6

	
137.7

	
1492.6

	
231.3

	
2142.4

	
186.8

	
1910.7

	
460.6
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Table 4. Proportions of passengers on different decks.
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Decks

	
First 10% of Arriving Passengers

	
Last 10% of Arriving Passengers




	
Day-Individual

	
Day-Group

	
Night-Individual

	
Night-Group

	
Day-Individual

	
Day-Group

	
Night-Individual

	
Night-Group






	
Deck1

	
38.29%

	
36.81%

	
4.18%

	
3.91%

	
2.13%

	
5.01%

	
-

	
-




	
Deck2

	
61.70%

	
63.18%

	
-

	
-

	
1.50%

	
0.73%

	
-

	
-




	
Deck3

	
-

	
-

	
38.33%

	
37.04%

	
-

	
-

	
10.11%

	
7.25%




	
Deck4

	
-

	
-

	
35.80%

	
35.87%

	
-

	
-

	
19.48%

	
17.14%




	
Deck5

	
-

	
-

	
15.22%

	
16.33%

	
-

	
-

	
24.70%

	
25.77%




	
Deck6

	
-

	
-

	
6.46%

	
6.86%

	
-

	
-

	
25.46%

	
27.92%




	
Deck7

	
-

	
-

	
-

	
-

	
35.06%

	
29.06%

	
6.47%

	
6.67%




	
Deck8

	
-

	
-

	
-

	
-

	
34.48%

	
36.32%

	
13.79%

	
15.24%




	
Deck9

	
-

	
-

	
-

	
-

	
22.32%

	
24.05%

	
-

	
-




	
Deck10

	
-

	
-

	
-

	
-

	
4.51%

	
4.81%

	
-

	
-
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Table 5. Proportions of passengers in different MVZs.
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MVZ

	
First 10% of Arriving Passengers

	
Last 10% of Arriving Passengers




	
Day-Individual

	
Day-group

	
Night-Individual

	
Night-Group

	
Day-Individual

	
Day-Group

	
Night-Individual

	
Night-Group






	
1

	
11.41%

	
13.22%

	
11.06%

	
9.28%

	
10.58%

	
10.13%

	
18.46%

	
19.39%




	
2

	
27.23%

	
27.17%

	
20.15%

	
20.68%

	
15.86%

	
14.69%

	
5.80%

	
6.79%




	
3

	
32.73%

	
29.64%

	
23.45%

	
27.01%

	
31.27%

	
24.14%

	
4.60%

	
3.84%




	
4

	
19.75%

	
21.11%

	
28.69%

	
27.40%

	
8.78%

	
13.82%

	
8.82%

	
11.39%




	
5

	
8.89%

	
8.87%

	
16.65%

	
15.63%

	
33.50%

	
37.22%

	
62.32%

	
58.59%
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Table 6. Proportions of passengers in different types.
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Type of Passengers

	
First 10% of Arriving Passengers

	
Last 10% of Arriving Passengers




	
Day-Individual

	
Day-Group

	
Night-Individual

	
Night-Group

	
Day-Individual

	
Day-Group

	
Night-Individual

	
Night-Group






	
1

	
10.20%

	
9.49%

	
10.71%

	
9.73%

	
2.51%

	
4.04%

	
3.12%

	
4.18%




	
2

	
7.75%

	
7.76%

	
8.09%

	
7.99%

	
4.44%

	
5.14%

	
4.71%

	
5.40%




	
3

	
13.33%

	
13.76%

	
12.93%

	
14.07%

	
16.16%

	
15.21%

	
15.90%

	
15.20%




	
4

	
5.60%

	
5.77%

	
3.92%

	
5.51%

	
18.55%

	
15.78%

	
18.01%

	
15.23%




	
5

	
4.09%

	
4.40%

	
2.16%

	
3.76%

	
24.87%

	
20.63%

	
24.75%

	
20.59%




	
6

	
11.33%

	
11.28%

	
12.87%

	
11.59%

	
1.53%

	
3.20%

	
1.95%

	
3.33%




	
7

	
10.44%

	
9.84%

	
11.38%

	
10.03%

	
2.33%

	
3.75%

	
2.50%

	
3.85%




	
8

	
20.22%

	
20.15%

	
22.07%

	
20.35%

	
8.02%

	
10.12%

	
7.96%

	
10.47%




	
9

	
9.43%

	
9.45%

	
9.43%

	
9.41%

	
9.00%

	
9.66%

	
8.85%

	
9.67%




	
10

	
7.61%

	
8.08%

	
6.46%

	
7.56%

	
12.61%

	
12.47%

	
12.26%

	
12.09%

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg





media/file13.jpg
(b)

(c)





media/file4.png





media/file48.jpg
.

e e ey

e
g






media/file43.png
D o» ED

OBEOEOU HO””OU”J@U ‘nU_i'l)
00 0 EaEXEE=Tegghe s IF

LRI

fiiirﬁu]nmitﬂz=wD@=ﬂooo

OK;?E20ﬂononoﬂllomﬂonoq aff
oD ™ D






media/file18.png
‘ Cabin 2 ‘ ‘ Cabin 4 ‘ ‘ Cabin 6 ‘

‘ Cabin 1 ‘ ‘ Cabin 3 ‘ ‘ Cabin 5 ‘

iy
dRNNAR

‘ Cabin 2 ‘ ‘ Cabin 4 ‘

‘ Cabin 6 ‘

‘ Cabin 1 ‘ ‘ Cabin 3 ‘ ‘ Cabin5 ‘






media/file21.jpg
g o g g

ST
| ST T





media/file61.png
The proportion of passengers in the MVZ

20.0%

15.0%

10.0%

5.0%

0.0%

MVZ 1
- MVZ5 20.0%

15.0%

10.0%

5.0%

The proportion of passengers in the MVZ

Type 4

0.0% -
Type 5 Type 9 Type 10

Types of passengers

(a)

MVZ 1

B Mz s

Type 4 Type 5 Type 9 Type 10
Types of passengers

(b)





media/file57.jpg





media/file35.png
1.5m

Down

Up






media/file7.jpg





media/file53.png
U1 2ATIR[AWIND)

=
= j=3 = (=3 =3
— =) O < N (=]
1 1 s | 1 |
I I ' I ! I !
= (= =3 o (e
< N N —
s1o3udssed pajenoeAd Jo JoquInu Y,
JUIDIdJ dAIR[NWUN))
m (= =3 =3 =3
— 2] O <t N (=]
1 1 L 1 1 |
I I ! I ! I I 1
(=3 (=] (=] (=] [« (=]
Lel <t N N —
s1o3uassed pajendeAd Jo IoquINu Y |,

180 260 340 420 500 580 660 740 820 900

100

180 260 340 420 500 580 660 740
Evacuation time(s)

100

Evacuation time(s)

(b)

(a)

U010 dATIR[NWIND)

m = S (=] S
— [} O <t [\l (=]
1 1 L 1 L 1 ]
I T T T I I
S (=] S S o o
) <t o (9] —
s1o3uossed pajenoeAd Jo Joquinu oYy J,
JUS2ISJ dAnR[NWIN)
(=]
(=) [l (=3 (=} (=}
— 0 =} <t (@l (=]
1 1 L 1 1 ]
1 ' I ' I 1 I
S (=} S (=} (e} [}
v <t on ¢\l —

s1o8uossed pajenoeAd Jo Joquinu Y|,

1050 1130 1210 1290 1370

570 650 730 810 890 970

810 890 970 1050 1130 1210
Evacuation time(s)

730

570

Evacuation time(s)

(d)

(c)





media/file10.png
(a) (b)

(c) (d)





media/file45.png





media/file11.jpg
-





media/file6.png





media/file15.jpg
(b)





media/file54.jpg
(b)





nav.xhtml


  applsci-12-04213


  
    		
      applsci-12-04213
    


  




  





media/file41.png
- passenger

Analysis of the

characteristics

The wal.kmg The response Group Individual
speeding duration
Simulation

Y

The result analysis

Y

The arrival time
distributions

Y

Analysis of factors affecting
passenger evacuation

v

Y

MVZ

The initial
Deck

Passenger
type






media/file2.png





media/file37.png
1.2m

Down

Up

Down






media/file23.jpg
The number of evacuated students

= The experimental result of Wenjun Lei
250 pou
= The simulation result .
2004
1504
100 - r
-~
504 [
0 4an?, T T T T
0 40 80 120 160

The total evacuation time (s)






media/file46.jpg
@ PedType

@ InitialDeck

@ InitialCoordinateX

@ InitialCoordinatey

@mz

@i

O listype
id,

@ setlype
(@ setpedDistribution
@ ListDistribution

@ Find Location Line
@ Judge StairsType

@ setPedspeed_min
(@ setPedspeed max

(@ setedspeed StairsUp_min
(@ setPedspeed StairsUp_max

(@ setPedspeed StairsDown min
(@ setPedspeed StairsDown max






media/file40.jpg
Analysis of the
passenger — .
characteristics

The walking | | The response
speeding duration

v

Simulation

v

‘The result analysis

v

‘The arrival time
distributions

Analysis of factors affecting
passenger evacuation

The initial Passenger
Deck type






media/file24.png
The number of evacuated students

I T 1 ' I T ]
= The experimental result of Wenjun Lei

2509 . The simulation result F o
o
...

=
100 -.r..

l .

- ||
.l
N
| [ |
50 y !
~
R , | ! '
' 10 30 120 160

The total evacuation time (s)






media/file1.jpg
’





media/file12.png





media/file9.jpg





media/file55.png
® e 0epem . * O‘.”’C‘C". L Y
*

bl ]
..'.......O.‘.. 9
o| o PRee,
-
2

el LT 78 bl P
&

° o oooooo,oooo
&oﬁooo.oOo s 00 °® 5
.-..?%0,0S’J’. ®

»

.oooooooooo° °°°°
g ..,ua.:s:w/.s: 2,90

= *259, *% %

% ““""h- - ””0 000°‘ :,
. ) ".’.o

3 ooooooo""'~o¢’.'

e e Type 5 <=,
s ggzg > Type 10

“S.on,, _
s
e
=
s
000 é?
~0q
S "oon
S
~
— .-ooooooooléoaol"
’%\:-. s up oo-anafqono *»0
{ Qeoonl oo npo.o.oa.ooc.ooo L) oo o —¢o *—9o-o o o o
6 . o..--—\-o—o-—woa«oﬂbocoooooov ooooooo Ll 2 IS LA TP 2 5 o 2 o o @ o
s @
- ' .
o....‘l..‘. & )
5 =\ - 4*""2::'."::::4'-::3:"0 S92 > :/,%0 2 o o° °
- ° & 5 R o - " ,
= -..“... ;
4 - )
% e W”"OO’OGQOOOOOO’ %
- : d'-'o.@
3 4 J2o, 2 5
@ .-
%00
Sengers o ~s,000 =
Types of pas TypeS o, . .
4 < s, E
* Type 10 E
) Type >0, S
Type 9 v E
o
>000
%15500
S o
3
S

(b)





media/file52.jpg
Pracusin i)

LI
e s,
sy

A, i S TR
s
3
2
5z
o
i
]

(d)

(©





media/file17.jpg
[ cabin2 |

Cabin 4

Cabin 6

[ Cabin1 |

[ cabin1 |

Cabin 3

Cabin 5






media/file30.png
; R S A __u_t/oii__ [/ _
: :..:.I—..i:_;—_ ._ '__] k Elllllllllll it —
- ([.g,ug - [:;jm__. — ..I'I HE:

(d)

‘ 100 Ordinary cabins and 2 Suit cabins ‘

@Tﬁﬂlulllllllllllllﬂll IO ITTIITITT
U157 1] | E0(nl /w1 TrE&[ ]
IO O O e LA T

(e)

]0dryband4s cabins |

(ﬂlllﬂllllllllllllllllllllMLILIUHHIMHHH]@

[ M 1] [IT] l
SINnnnmnnnnmnnm

(f)

118 Ordinary cabins and 4 Suit cabins |

éllllllllllllllllllLllllllllllIl!MLlllllllllJlLlllllllJll
TS

[ [ 1] _ U= BT T

TN 1THTITITHTI

(8)

94 Ordina rybm and 4 Suit cabins |

( = LlmILILIMUJLIULILIJM
%m:lalm I T (D T
p— rITITITITITITHTITITITHTIT

— — — — — — — — — — — — w— w—






media/file26.jpg
nee
!
"






media/file34.jpg
1.5m

Down






media/file60.jpg
MVZ | vz 1

(a) (b)





media/file31.png
Private dining

‘ Restaurant ‘ & Hall ‘9 Ordinary Cabins‘
— \

— _/

—\— — — — — — —_—— — — —— —_—— — — —

a0 PR TTTITITTII|
il L R AN s
a0 ] ompilyd






media/file39.png
1.2m

Up

Down






media/file27.jpg





media/file3.jpg





media/file42.jpg





media/file22.png





media/file19.jpg





media/file58.png
Types of passengers

Type 1
Type 6

o
o

Type 2
Type 7

(a)

: =
oo'.’OO
-
o"’
Oo'
- J
Ro5
O..






media/file50.jpg





media/file36.jpg
1.2m

Down

Down






media/file28.jpg





media/file14.png
(b)

(c)





media/file49.png
_____IScenaﬁosL____
| i

Day-individual

Night-individual

Night-group

Day-group ‘ |
|

______ I S — |
‘ Passengers Loading I =I Initial Location ‘
[ W ' T —
| id ‘ | ‘ setType ‘ | | ‘ InitialCoordinateX ‘ |
| ¢ |
| PedType ‘| | | | ‘ Initial CoordinateY ‘ |
| ’<_| ‘ set PedDistribution |—>| id passengers ‘ | |
| ‘ Proportion of types | | | ‘ InitialDeck ‘
of passengers | v | |
| | |
| ‘Speeds of passengers | | ‘ list_type |—>| List_distribution ‘I | ‘ MVZ :
S O s e ———
‘7 g The initialization of T
o passengers’ attributes
Yes Local deck
is Deck 2?
=I Find staircases ‘

Y

‘ Enter staircases ‘

Local deck is

above the Deck 2

‘ Go downstairs

setPedSpeed StairsDown_min
setPedSpeed StairsDown_max

~
!

setPedSpeed min |

Y
|

<—>| Arrive the other deck I<

setPedSpeed max

Local deck

1s Deck 2?

>
|

Move towards the
embarkation station

Arrive the embarkation
station

| Go upstairs
A
\ 4

setPedSpeed_StairsUp min
setPedSpeed StairsUp max






media/file32.jpg
T






media/file62.jpg
. vz 1

I
i
; o . s -

(@

(b)

-z
-






media/file59.png
Types of passengers
* Typel
° Type 6 ¢

Type 2
Type 7

(b)

(- 4
°
@
® S| e
° 5 ’0’0 ‘0'
°, ’ "f' .
o .°°
@ &% s
90‘0‘ "
»° o
L 2 p
° '00°
o

S
N
S

i~
<]

1s

- 4

7
2 )
S 3
S s

)
S
S

Breadtum





media/file29.png
| Sun deck | | Sports deck |

‘ Sun deck and Open area ‘ ‘ Fun room ‘ ‘ Sports deck ‘

(c)





media/file16.png
o
s ..
! o
T LAY - e






media/file20.png





media/file63.png
The proportion of passengers in the MVZ

100.0% -

Type 1

80.0% - MVZ1

B MVZ s

The proportion of passengers in the MVZ

Type 2 Type 6 Type 7

Type 1 Type 2 Type 6 Type 7

Types of passengers Types of passengers

(a) (b)





media/file5.jpg





media/file33.png
Deck10
Deck9
Deck®
Deck?7
Deck6
Deck5
Deck4
Deck3

Deck?2

3

stairs 7

AV

Deck]1 /

2

stairs 8
N

s !

e

l

|-

stairs3

v,
stairs 6

T ;
stairs4|[ stairs5

5/

MVZ1 !
MFB

MVZ2

|

MFB

MVZ3

|

MFB

MVZ4 I
MFB
|

MVZ5

I

|
MFB
|

MVZ6

50,000

100,000

150,000

200,000

Length(mm)





media/file44.jpg





media/file47.png
(@ PedType
@ InitialDeck

@ InitialCoordinateX
@ InitialCoordinateY

@ MVZ
@ id

() list_type
() id_passengers

() setType
G setPedDistribution

G ListDistribution

() Find_Location_Line
() Judge_StairsType

() setPedSpeed_min
() setPedSpeed_max

() setPedSpeed_StairsUp_min
() setPedSpeed _StairsUp_max

() setPedSpeed_StairsDown_min
() setPedSpeed_StairsDown_max






media/file38.jpg
Down






media/file0.png





media/file8.png





media/file51.png
A | ,
F
& ., ul
LS A l'.'lm
: — ‘= HNENEEEEEEEE
Vb o 3. -
X AN
: '-!IL;.‘
|
3 .- —_-

_

__ARRRRRRRRER

G
T T

(b)





