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Abstract

:

High-rise buildings usually have more complex architectural structures and hold more people than single-storey buildings. Currently, crowd management under emergent conditions, especially rapid evacuations of high-rise buildings, is a worldwide problem. In this study, a bio-inspired simulation technology extracted from a cell migration process, namely Intelligent Decision System (IDPS), was used to model the dynamic evacuation of high-rise buildings and calculate the evacuation time for different scenarios. This work was motivated by the comparability between the pedestrian movement behavior and cell migration process. Specific structure information of high architecture was also described in IDPS. A case study was done about evacuation simulation of a 12-storey teaching building in China University of Geosciences in Beijing. The simulation results showed that evacuation time varied with different parameters, such as density threshold, interaction probability, walking speed, population distribution, and stair width. With the proper density threshold and good interaction probability, the load balance of staircases and exits can be improved. For staircases with high utilization ratios, it was recommended that the evacuation process can be accelerated by widening the staircases appropriately. Finally, the impact of initial number of evacuees at each floor level was also analyzed in view of safety management.
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1. Introduction


Over the last few decades, various simulation models have been developed to study crowd evacuation dynamics in normal and emergency situations, including the agent-based model, cellular automaton model, social-force mode, game theory model, and so on. Agent-based models have a unique set of behavioral rules, which allow for modeling heterogeneous populations (e.g., different preferred walking speeds for elderly and disabled people) [1,2,3,4]. Cellular automaton models typically simulate the homogeneous population of adults in buildings; that is, each cell is occupied by a single adult [5,6,7,8]. The social force model, treating all kinds of pedestrians as force-driven particles, has been used for the evacuation problem of pedestrians [9,10,11,12]. Game theory model applies the game rules of pedestrians in various industries to deal with the interaction between limited types of pedestrians [13,14,15,16]. Research achievements available in models provide much helpful advice for guiding safe evacuation.



High-rise buildings are increasingly popular in modern cities, but the research on safety management of high-rise building is inadequate. High-rise buildings usually include more complex architectural structures and hold more people than single-story buildings [17]. The uncertainties in the accessibility of building environment and excessive evacuation distance can easily lead to congestion and stampedes [18]. As a result, it is difficult to model the evacuation of high-rise buildings [19].



Empirical research and simulation experiments have been conducted, and various factors affecting safety evacuation of high-layer buildings have been analyzed to improve the efficiency of evacuation and reduce casualties [20,21,22]. Different simulation models have been proposed to evaluate the effectiveness of evacuation strategies for high-layer buildings [23,24,25,26,27,28]. A review of pedestrian behavior and model studies from high-layer building evacuations revealed the evacuation effects of stairs and elevators [29,30]. A time model has been applied to analyze the impact on the breadth of entrance on the evacuation speed [31]. A control volume model assumes that each person is an independent particle, and forms a virtual closed surface by connecting people at the exit waiting to evacuate, which is used to simulate the dynamic behavior of evacuees and calculate the evacuation times of a multi-storey building [32]. Although these models can be used to simulate the pedestrian evacuation of high architecture in certain kinds of emergencies, it is still challenging to make a precise modeling of the evacuation process.



Membrane computing is a branch of natural computing, which is enlightened by the organization, the function, and the structure of cells in organs and tissues [33]. It provides novel computational models called P systems. The majority of P systems have been proven to be computationally universal [34,35,36]. Numerous PSPACE (Polynomial Space) problems and NP-hard (Non-Deterministic Polynomial-hard) problems have been solved by P systems on a polynomial timeline [37,38,39]. Furthermore, P systems have provided nondeterministic frameworks and distributed parallel for computing or optimizing [40,41,42] that have been applied in various aspects of engineering [43,44]. At present, certain types of P systems have been used as modeling notation for ecosystems [45] and pedestrian behavior [46]. Readers can find circumstantial evaluations of miscellaneous P systems in the literatures [47] and [48].



A novel bio-inspired simulation technique called the intelligence decision P system (IDPS) was proposed to describe the evacuation process, considering the similarity between pedestrian movement behavior and cell migration process [49]. The cell migration process is explained in Figure 1. First, cells adhere to the substrate and sense the concentration gradient of the signal molecules. Second, the cell membrane protrudes in the forward direction. Then, the pseudopodium adheres. Finally, the pseudopodium in the back contracts to lift the back of the adhesion and moves forward. The IDPS was enlightened by the cell migration process. Unlike traditional P systems, cells in IDPS have the characteristics of intelligent decision-making and are movable. Guided by external signals and migration rules, cells move toward their destinations in a two-dimensional space. At each step of the cell’s walk, a deliberate decision is made to perform the next action until the termination signal appears.



In IDPS, pedestrians can choose evacuation routes and move to the destination according to their own migration mechanisms. They can communicate with their neighbors during the evacuation process and adjust their behaviors according to the surrounding environment. In this study, five factors (density threshold, interaction probability, walking speed, population distribution, and stair width) which may affect pedestrian evacuation of high-rise buildings, were analyzed in the framework of IDPS. Compared to the previous work mentioned above, IDPS has its own special interaction mechanism, decision-making mechanism, and moving mechanism, all of which can accurately simulate the real-time status of each person in succession. The main works and contributions can be summarized as follows: (1) The IDPS model was applied to simulate the crowd evacuation process of high architecture combining individual intelligence with swarm intelligence. During the moving process, cells perceived the environment, obtained knowledge, and made decisions according to their inherent rules. At the same time, they interacted with their neighbors and adjusted their behaviors. This model described the evacuation process as realistically as possible to contribute to crowd evacuation management and architectural design. (2) The factors that influence the total evacuation time, namely the density threshold, the interaction probability, the walking speed, the population distribution, and the stair width, were analyzed in this study, proving that both the density threshold and the interaction probability can be used to improve the load balance at staircases and exits. The evacuees’ perceptions of the environment guided them to the staircase with fewer people. For the exit or staircase that was out of sight, evacuees obtained information primarily from their neighbors to form a proper knowledge base.



In the remainder of this paper, some necessary preliminaries are noted in Section 2 with respect to the formal definition of the IDPS model. In Section 3, the implemented method of simulating crowd evacuation of high architecture is detailed. In Section 4, the experiments are described, and the results are summarized. The conclusions are given in the last section.




2. Intelligence Decision P System for Evacuation of High-Rise Buildings


An intelligence decision P system with n≥1, Π=(Γ,E(0),C1(0),…,Cn(0),R,G,ss,st) is described to simulate the evacuation process of high-rise buildings in this section. The IDPS consists of n cells labeled with 1,2,…,n; all of these n cells are placed in the environment, and the environment is marked with 0. Γ is the alphabet set of objects. E(0) is the set of objects in the environment at the beginning of simulation, and each has an arbitrary number of copies; the environment is defined as the place of cell movement. It records the current location of each cell and contains a number of signal objects that affect cell movement. Ci(j)={pi(j),vi(j),Ki(j)} is the state of cell i at step j, where pi(j)={xi(j),yi(j)} is the real-time location of cell i; vi(j) refers to the speed; Ki(j)=(k1,…,kn) denotes the knowledge base. Ci(0) means the initial state of cell i. Ci(0),…,Cn(0) are strings over Γ, describing n knowledge bases placed in 1,…,n cells respectively at the beginning of the simulation. R are a set of rules which guide the evolution of cells. G denotes the target set of living cells. ss is the starting signal and st is the termination signal for cell movement.



Once the initial signal ss is emitted, cells will move to the target location under the direction of R in the environment. Meanwhile, cells are required to determine the next action to be performed at each step, i.e., velocity and direction. They stop moving when arriving at destinations or when a termination signal st appears within the current situation. A configuration of IDPS Π is defined by the multiple groups of objects in the system. Ci(j),…,Cn(j) indicate the status of all cells in the environment at step j. The configuration of the next system is determined by the R rule applied to the previous system. All calculations start with the initial configuration and continue. The system stops evolving when all cells stop moving. The experimental results are achieved by calculating the number of cells passing through the specified exit.



2.1. Update the Knowledge Base


Cells can make decisions based on information from their own knowledge base. The initial knowledge base of cells is set according to their types, initial positions, etc. For the sake of simplicity, it is assumed that the evacuees are students or teachers in this study; therefore, they know all exit locations at the beginning and belong to only one type. Evacuees obtain information to renew their knowledge base in two ways.



(1) Evacuees communicate with their neighbors with a certain possibility. They share the best evacuation route for the current location with each other and update knowledge base with the following rules:


Ki′→PKi,∀∈{1,…,n},



(1)






Ki={Ki′∪{lbest},lbest∉Ki′Ki′,lbest∈Ki′



(2)




where lbest is the best and available evacuation information when evacuee i interacts with other evacuees. If evacuee i and other evacuees whose evacuation direction is more than 120 degrees at a distance less than 1m are interacting with a probability P, then evacuee i acquires new information lbest and then updates the knowledge base Ki′ to Ki′∪{lbest}; otherwise, the original knowledge base Ki′ is maintained.



(2) Evacuees perceive their surroundings, collect the crowd density values at each exit, and update their knowledge base. Crowd density can be calculated with the following rules:


ρ=N/S



(3)




where S is the maximum number of people that can be accommodated near the exit and N is the actual number of people standing near the exit. The evacuees update their knowledge base using the following rules:


Ki={Ki′∪{ρlat},ρlat≠ρpreKi′,ρlat=ρpre



(4)




where ρlat is the latest density value, ρpre is the density value stored in the database.



The threshold of the evacuees’ density ρt is a very important parameter to help choose the proper staircase or exit. If the crowd density near an exit exceeds the threshold, evacuees cannot move to that exit in the next step. If the crowd density values for more than one exit are all smaller than the threshold, evacuees will incline to choose the exit with the nearest distance.



Evacuees update their knowledge base by perceiving their surroundings or communicating with their neighbors. If information obtained in two different ways is different, the evacuees will choose the one they observed and ignore the other one obtained from their neighbors.



Evacuees can obtain the best running scheme according to the knowledge base. Depending on the current position and knowledge base, cell i is able to get a number of evacuation schemes at step j.Ki(j)pi(j)→{Schemei,1(j),…,Schemei,ik(j)}. The best running plan Schemei,best(j) is chosen according to a specific requirement (see Figure 2), e.g., minimizing the path length from the current location to the specified location. {Schemei,1(j),…,Schemei,ik(j)}→Schemei,best(j) Priority rules need to be added to these rules for decision-making.




2.2. Behavior Adjustment Mechanism


Evacuees make decisions about the best running scheme according to their own knowledge base, and calculate the expected speeds and moving directions in the next step by using rules Schemei,best(j)→(vi′(j),di′(j)). However, evacuees cannot move as envisioned in some emergencies. To avoid collisions, pedestrians try to move at a distance from the surrounding static obstacles and other evacuees. Once the best escape route to the expected exit is blocked, evacuees will attempt to bypass the obstacles or change routes. The workable speed and motion direction are adjusted using rules (vi′(j),di′(j)){o1,…,oq}→(vi(j),di(j)), where o1,…,oq represents obstacles. Cell i updates its location in view of the current location and velocity.


(xi(j),yi(j))(vi(j),di(j))→(xi(j+1),yi(j+1))



(5)




where (xi(j),yi(j)) is the location of cell i at step j and (vi(j),di(j)) is velocity and motion direction of cell i at step j.




2.3. The Speed of Evacuees


Usually, the walking speed of pedestrians on stairs is in the interval [0.28m/s,0.76m/s), while the speed of pedestrians moving on each floor is in the interval [0.76m/s,1.25m/s) [18]. Subsequently, the velocity can be normalized by using the following equation:


Vi=Vr/1.25



(6)




where the Vr is the actual speed in the range of [0.28m/s,1.25m/s]. After normalization, the speed of pedestrians on stairs is in the interval [0.224,0.608), and the speed of pedestrians moving on each floor is in the interval [0.608,1). When evacuee meets obstacles (a wall or other evacuees) that s/he cannot bypass, then the walking speed becomes 0m/s at that time.





3. Simulation Results and Discussions


All the algorithms are implemented by using NetLogo. Experiments are run on an Intel (R) Core (TM) i5–2520M CPU with a 4 GB RAM PC. The factors that influence the total evacuation time, such as crowd densities, interaction probabilities, walking speeds, and the numbers of evacuees at each level, were analyzed. The effect of staircase width was also tested, with offering useful suggestions for the design of building structure.



A 12-storey teaching building, where people were randomly distributed on each floor, was taken as a sample of the evacuation environment. Figure 3 is the floor plan of the first floor. The layout of the second floor to the twelfth floor is same, as shown in Figure 4. There are 9 exits and 4 staircases in the teaching building. Experimental Scenes are shown in Figure 5 and Figure 6.



In the case of multi-storey buildings, evacuees can be transported to different levels of the building by using elevators and stairs. However, when performing evacuation in an emergency such as an earthquake or fire, the use of elevators is strictly prohibited. According to the requirements of codes for building fire protection, the pedestrians on each floor can only be evacuated by stairs [50]. Therefore, in this study we only consider evacuation via the staircase. The evacuation process of pedestrians can be divided into two phases: (i) moving to the exit of each floor, i.e., horizontal evacuation and (ii) stair evacuation, i.e., vertical evacuation. The pedestrian’s field of perception is shown in Figure 7; the maximum visual distance is R=30m, and the maximum visual angel is θ=110∘.



3.1. Sensitivity Analysis


Experiments were carried out to test the impact on two parameters: the threshold of evacuees’ density in the staircase area ρ and the interaction probability P of the crowd. The number of evacuees was set to 3600, and the number of evacuees on each floor was 300 distributed randomly in the building, as shown in Figure 6 and Figure 7. The width of the staircase was set to 2m. The walking speed of each pedestrian on stairs was generated randomly in the range of [0.224,0.608), and walking speed of each pedestrian moving on each floor was generated randomly in the interval [0.608,1).



3.1.1. The Threshold of the Evacuees’ Density ρt


In this subsection, we describe the sensitivity analysis of parameter ρt and its effect on balancing the use ratios of staircases. If the crowd density near an exit exceeds the threshold, evacuees cannot move to that exit in the next step. If all crowd densities of several exits are below the threshold, evacuees will incline to choose the exit with the nearest distance. Experiments with ρt=0.6, 0.7, 0.8, 0.9, 1 were conducted. The interaction probability P was set to 0.6. We run 100 processes for each situation in order to get enough data for the mean calculation.



When ρt=1, evacuees choose an exit or a staircase with the shortest path even if it is congested. The evacuation time is the longest in that situation. As shown in Table 1 and Table 2, the standard deviation (SD) of the number of evacuees reaches its minimum value when the parameter ρt=0.8, while the SD reaches its maximum value when the parameter ρt=1. In the beginning, each individual human is randomly located in the floor. Staircase 2 occupies an advantageous position on the floor relative to staircase 1 and is close to most classrooms and corridors. During the evacuation process, more pedestrians will first see staircase 2. Supposing there is more than one exit of the stairs in the pedestrian’s field of vision in the evacuation process, if the pedestrian density at all exits is greater than the density threshold, pedestrians will choose to wait until the pedestrian density at one of the exits decreases, then immediately evacuate to the exit. When the density threshold is set larger, pedestrians are more inclined to select the exit of the shortest path to some extent. Therefore, proper choice of the parameter ρt can help improve the utilization of staircases and exits. Furthermore, the escape time with ρt=0.8 is the shortest, as shown in Table 3.



The threshold of evacuees’ density reflects tolerance for congestion. In some cases, where there is no urgency, people are more likely to endure congestion and are willing to wait instead of finding new exits. The threshold of the evacuees’ density will be larger. In an emergency, the panicked population is often unable to accept being blocked. They are more inclined to find new ways. Accordingly, the threshold will be smaller.




3.1.2. The Interaction Probability P


In this subsection, the analysis of the effect of the interaction probability between evacuees P is presented. The threshold of evacuees’ density ρt was set to 0.8. Experiments with P=0, 0.2, 0.4, 0.6, 0.8 and 1 were conducted. We run 100 processes for each situation in order to get enough data for the mean calculation. When P=0, evacuees do not communicate with each other. They obtain information only by their observation of the environment. For an exit or staircase that is out of sight, evacuees cannot get any information from their neighbors to evaluate the extent of its congestion. When P≠0, pedestrians can interact with their neighbors with probability P, and have a chance to get better evacuation path information. The decision-making is strongly affected by incomplete information. As shown in Table 4 and Table 5, the standard deviation (SD) of the number of evacuees reaches its maximum value when P=0 and reaches its minimum value when P=0.6. That is, the interaction probability P also has an effect on the utilization of staircases or exits.



The evacuation is the slowest without interaction, and the total escape time with P=0.6 is the shortest, as shown in Table 6. With the increase of interaction probability, evacuation time decreases rapidly in the initial stage. But as the probability of interaction becomes higher and higher, this reduction trend slows down, and therein occurs a rising trend. This phenomenon occurs because the interaction between evacuees takes a certain amount of time, and frequent interactions may get a lot of repetitive information.



The interaction probability reflects the possibility of people communicating information. People at an emergent circumstance (e.g., fire, earthquake) are less likely to interact with other people. If the crowd is familiar with the current environment, they will not be inclined to exchange information. So the interaction probability varies in different conditions.




3.1.3. Global Sensitivity Analysis


In this subsection, the global sensitivity of the interaction probability and density threshold is analyzed. The first-order sensitivity index Si and the total sensitivity index STi are used to measure the global sensitivity of parameters. The calculation formulas are as follows: [51]:


Si=V(E(Y|Xi))V(Y)



(7)






STi=E(V(Y|X~i))V(Y)



(8)




where V(Y) is the variance of the evacuation time matrix Y, V(E(Y|Xi)) is the variance of the expectation of Y conditional on Xi, E(V(Y|X~i)) is the expectation of the variance of Y conditional on X~i, i is the order of the parameters, Xi is the input vector, X~i denotes all of the model inputs except the i-th input.



During the experiments, 16 samples were taken, i.e., the P value was 0.2, 0.4, 0.6, and 0.8, and the ρt value was 0.6, 0.7, 0.8, and 0.9, and the sample matrix of 16*4 was generated. Statistics of model outcomes from the mean of 100 simulated runs were measured. As a result, the first-order sensitivity indices of P and ρt are calculated to be 0.482 and 0.298 according to Equation (7); and the total sensitivity indices of P and ρt are calculated to be 0.425 and 0.475 according to Equation (8). Figure 8 indicates the effects of interaction probability and density threshold. The influence of density threshold is weaker than that of interaction probability. The global sensitivity index of density threshold is a little bigger than that of interaction probability. The coupling effects of these two parameters both have great impacts on evacuation efficiency.





3.2. The Effect of Stair Speed


Experiments were conducted to analyze the impact on stair speed. The threshold of evacuees’ density ρt was set to 0.8. The interaction probability P was set to 0.6. The number of evacuees was set to 3600, and the number of evacuees on each floor was 300, distributed randomly in the building. The width of the staircase was set to 2m. The walking speed of each pedestrian moving on each floor was randomly generated in the range of [0.608,1). The stair speed was set to 0.224, 0.416, 0.608, or randomly generated in the interval [0.224,0.608), respectively in scenario 1 through scenario 4. For each scenario, the mean results (total evacuation times) were calculated over 100 runs. As shown in Table 7, in the case of constant speed, the evacuation time decreased with the increase in stair speed. In scenario 4, the stair speed was randomly generated in the interval [0.224,0.608), and the total escape time is longer than that in scenario 2. The reason for this phenomenon may be that the slowest pedestrian determines the overall evacuation efficiency. The main recommendation is that when developing an evacuation strategy, we should pay more attention to helping slow-moving pedestrians to improve their speed.



Moreover, the number of evacuees on each flight of stairs varied with time in different patterns. We define Fi−Fi−1 as a set of stairs between two adjacent floors, the i−th, and the (i−1)−th floor. Using the evacuation of staircase 2 with stair speed 0.224 as an example, in Figure 9, the number of evacuees on each flight of stairs with respect to time is illustrated. Usually, people running from the upper floors will wait if the stairs are filled by evacuees from lower floors. Therefore, the higher the floor is, the longer the waiting time will be. This phenomenon can be represented by the horizontal lines in Figure 9. At the same time, there is an interesting phenomenon: Although the total evacuation time of pedestrians in the high level is longer, the time of the last pedestrian on each floor entering the staircase area is almost simultaneous. That is to say, reducing the time of pedestrians in the staircase area can improve the evacuation efficiency.




3.3. The Effect of Staircase Width


In this study, more people tend to choose staircase 2 and staircase 3 instead of staircase 1 and staircase 4 during the evacuation process, because staircase 2 and staircase 3 have better locations than staircase 1 and staircase 4, as shown in Figure 4. Experiments were conducted to test if the total evacuation time can be shortened by increasing the widths of staircases 2 and 3. The widths of staircases 2 and 3 were set to 3m, 4m, 5m, and 6m. The number of evacuees was set to 3600, and the number of evacuees on each floor was 300, distributed randomly in the building. The walking speed of each pedestrian on the stairs was generated randomly in the range of [0.224,0.608), and the walking speed of each pedestrian moving on each floor was generated randomly in the interval [0.608,1). The threshold of the evacuees’ density ρt was set to 0.8. The interaction probability P was set to 0.6.



As shown in Table 8, when staircases 2 and 3 were widened to 3m, the evacuation time was shortened to 2573.2s. However, when the staircase width continued to increase, the evacuation time increased as well. This phenomenon may be caused by the fact that total evacuation distance can become longer as staircase width increases, which may lead to a slower evacuation process. That is to say, the overall evacuation time does not simply decrease as the width of the stairs increases.




3.4. The Initial Number of Pedestrians on Each Floor


Nine experiments were conducted to analyze the initial number of pedestrians on each floor. The number of evacuees was set to 3600. For each experiment, the initial number of pedestrians on each floor is listed in Table 9. The number of evacuees increased with higher floors of the high-rise building in Exp#1 and Exp#2, while it decreased with higher floors in Exp#8 and Exp#9. In Exp#3, Exp#4, Exp#5, Exp#6 and Exp#7, the total number of people in two adjacent floors is 600. In Exp#5, the number of evacuees on each floor is equal. In Exp#3, Exp#4, Exp#6, and Exp#7, two different numbers alternate for 12 floors. The width of the staircase was set to 2m. The walking speed of each pedestrian on the stairs was generated randomly in the range of [0.224,0.608), and the walking speed of each pedestrian moving on each floor was generated randomly in the interval [0.608,1). The threshold of evacuees’ density ρt was set to 0.8. The interaction probability P was set to 0.6. We performed 100 times of simulation runs for each experiment in order to capture the stochastic nature of our model.



According to Table 10, the standard deviations of evacuation times fluctuate between 40 and 77, and the corresponding confidence intervals at 95% confidence level are also calculated, which indicate the dispersion degree of evacuation time data set measured in the experiment is relatively stable. In addition, the mean of evacuation time of Exp#9 is the shortest.



Figure 10 illustrates each of the 900 evacuation simulation results. In all 100 experiments of Exp#1 to Exp#9, the evacuation time difference was within 0 min to 6 min. Similar total evacuation time indicates the robustness of the IDPS model, i.e., the uncertainty of random distribution of pedestrians does not affect the stability of the IDPS model.





4. Conclusions


In this paper, a novel simulation technology, IDPS, is proposed to model the crowd dynamics in a high-rise building. This model incorporated ideas from individual intelligence and swarm intelligence. Intelligent particles perceived their surroundings and made independent evacuation decisions based on their own knowledge base. They also interacted with their neighbors with a certain probability and adjusted their behaviors. The movement of those intelligent particles models the pedestrian evacuation process realistically. It has been proven that the initial number of pedestrians on each floor can affect the evacuation efficiency, and the obstacles on the main route should be removed in time to reduce the possibility of congestion.



The IDPS model is a bio-inspired simulation technology abstracted from the cell migration process. It is also considered a new application of membrane computing. It models different evacuation environments or buildings where individuals are located. Evolution rules are used to update knowledge, determine evacuation direction, and so on. It contains knowledge update rules, decision making rules, interactive mechanism, and location update mechanism of cells. It also contains precise environment description. As in traditional membrane systems, evolution rules allow for evolving objects to be encapsulated into compartments defined by membranes. The communications between compartments and with the environment play an essential role in the processes. Priority rules, catalyst rules, probability rules, and other evolution rules originated from membrane computing, provide rich and convenient regular expressions, and make it easy to describe different evacuation scenarios.



In our model, cells have their own knowledge base which can be updated continuously according to the surrounding environment and interaction information. They interact with their neighbors and make decisions on where to go next based on their knowledge bases. In agent-based models, an agent’s decision-making is realized through a set of actions. Each action is regarded as a separate function, which continuously obtains the perceived input and maps it into an action to be executed without any symbolic reasoning. In the cellular automaton model, social-force model, and game theory model, pedestrians are also modeled without intelligent knowledge bases.



We have used NetLogo in this study because there is no typical software for our framework at this time. But NetLogo is not very efficient. In the future, we are going to build a simulation platform for IDPS through Java, and run more complex or real case studies. Table 11 lists the pros and cons of the IDPS model and the optimized modeling techniques used in the literature.



Our model can also be varied to model emergency evacuation processes in the presence of other disasters, such as earthquakes or terrorist attacks. The dynamic changes in spatial accessibility caused by those emergency situations should be considered in future work. Up until now, most evacuation strategies still rely on static signs such as road signs, maps, etc. But this kind of strategy ignores the changing route conditions during evacuation process. For example, the previously reachable path can become unreachable due to the spread of the fire [52]. Dealing with these changing environments and getting sufficient and reliable information is very important to conceive of a correct evacuation strategy. In this study, a homogeneous population involving only students and teachers were considered. They belonged to only one type of population. The evacuation behaviors of heterogeneous populations can also be modeled in the IDPS model (e.g., different preferred walking speeds for young and disabilities persons). Thus, different decision-making mechanisms and interaction mechanisms should be studied.
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Figure 1. The process of cell migration. 
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Figure 2. Decision-making rules. 






Figure 2. Decision-making rules.



[image: Sustainability 11 04685 g002]







[image: Sustainability 11 04685 g003 550]





Figure 3. The floor plan of the first floor. 
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Figure 4. The floor plan of the second floor and above. 
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Figure 5. Experimental Scene on the 1st Floor. 
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Figure 6. Experimental Scenes from the 2nd to 12th Floors. 
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Figure 7. The evacuee’s visual observation of the environment. 
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Figure 8. The effects of interaction probability and density threshold. 
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Figure 9. The number of evacuees on each flight of stairs varying with time. 
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Figure 10. Evacuation time for each of the 100 simulations of Exp#1-Exp#9. 
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Table 1. The utilization of each staircase with different density thresholds.
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ρt

	
The number of evacuees

	
SD




	
Staircase 1

	
Staircase 2

	
Staircase 3

	
Staircase 4






	
0.6

	
795

	
912

	
903

	
690

	
104.5




	
0.7

	
787

	
897

	
915

	
701

	
100.2




	
0.8

	
793

	
903

	
897

	
707

	
93.5




	
0.9

	
779

	
934

	
930

	
657

	
133.2




	
1.0

	
754

	
976

	
996

	
574

	
200.1
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Table 2. The utilization of each exit with different density thresholds.
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ρt

	
The number of evacuees

	
SD




	
Exit 1

	
Exit 2

	
Exit 3

	
Exit 4

	
Exit 5

	
Exit 6

	
Exit 7

	
Exit 8

	
Exit 9






	
0.6

	
439

	
320

	
134

	
124

	
175

	
537

	
470

	
660

	
741

	
227.2




	
0.7

	
451

	
316

	
129

	
136

	
147

	
531

	
460

	
669

	
761

	
234.6




	
0.8

	
430

	
321

	
139

	
138

	
175

	
553

	
437

	
652

	
755

	
226.1




	
0.9

	
445

	
315

	
124

	
114

	
139

	
568

	
450

	
680

	
765

	
244.4




	
1.0

	
476

	
261

	
118

	
105

	
129

	
596

	
494

	
624

	
797

	
255.0
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Table 3. The escape time with different density thresholds.
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	ρt
	0.6
	0.7
	0.8
	0.9
	1.0





	Time(s)
	2798.5
	2816.1
	2731.2
	2897.3
	3011.0
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Table 4. The utilization of each staircase with different interaction probabilities.
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P

	
The number of evacuees

	
SD




	
Staircase 1

	
Staircase 2

	
Staircase 3

	
Staircase 4






	
0.0

	
828

	
926

	
901

	
645

	
127.0




	
0.2

	
759

	
925

	
915

	
701

	
112.3




	
0.4

	
776

	
918

	
916

	
690

	
111.9




	
0.6

	
793

	
903

	
897

	
707

	
93.5




	
0.8

	
801

	
931

	
869

	
699

	
99.4




	
1.0

	
805

	
927

	
877

	
691

	
102.4
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Table 5. The utilization of each exit with different interaction probabilities.
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P

	
The number of evacuees

	
SD




	
Exit 1

	
Exit 2

	
Exit 3

	
Exit 4

	
Exit 5

	
Exit 6

	
Exit 7

	
Exit 8

	
Exit 9






	
0.0

	
463

	
265

	
164

	
70

	
97

	
546

	
416

	
878

	
701

	
278.2




	
0.2

	
436

	
235

	
146

	
81

	
120

	
546

	
465

	
836

	
735

	
274.1




	
0.4

	
425

	
259

	
161

	
122

	
141

	
561

	
435

	
788

	
708

	
248.6




	
0.6

	
430

	
321

	
139

	
138

	
175

	
553

	
437

	
652

	
755

	
226.1




	
0.8

	
419

	
313

	
154

	
117

	
169

	
523

	
470

	
712

	
723

	
230.1




	
1.0

	
393

	
309

	
134

	
126

	
180

	
530

	
453

	
759

	
716

	
237.4
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Table 6. The escape time with different interaction probabilities.
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	P
	0.0
	0.2
	0.4
	0.6
	0.8
	1





	Time(s)
	2851
	2816.3
	2763
	2731.2
	2820.3
	2827.9
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Table 7. The escape time with different stair speeds.
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	Scenario
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4





	Stair speed
	0.224
	0.416
	0.608
	random



	Time(s)
	4348.5
	2556.1
	1751.2
	2731.2
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Table 8. Evacuation time varies with different staircase width.
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Staircase Width (m)

	
The number of evacuees

	
Time (s)




	
Staircase 1

	
Staircase 2

	
Staircase 3

	
Staircase 4






	
2

	
793

	
903

	
897

	
707

	
2731.2




	
3

	
784

	
916

	
869

	
731

	
2580.1




	
4

	
771

	
927

	
883

	
719

	
2772.4




	
5

	
769

	
919

	
891

	
721

	
3223.7




	
6

	
747

	
902

	
906

	
745

	
3722.8
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Table 9. The initial number of evacuees on each floor.
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Floor

	
The number of evacuees




	
Exp#1

	
Exp#2

	
Exp#3

	
Exp#4

	
Exp#5

	
Exp#6

	
Exp#7

	
Exp#8

	
Exp#9






	
1st floor

	
25

	
50

	
100

	
200

	
300

	
400

	
500

	
550

	
570




	
2nd floor

	
50

	
100

	
500

	
400

	
300

	
200

	
100

	
500

	
550




	
4th floor

	
100

	
200

	
500

	
400

	
300

	
200

	
100

	
400

	
500




	
5th floor

	
125

	
250

	
100

	
200

	
300

	
400

	
500

	
350

	
475




	
6th floor

	
150

	
300

	
500

	
400

	
300

	
200

	
100

	
300

	
450




	
7th floor

	
450

	
300

	
100

	
200

	
300

	
400

	
500

	
300

	
150




	
8th floor

	
475

	
350

	
500

	
400

	
300

	
200

	
100

	
250

	
125




	
9th floor

	
500

	
400

	
100

	
200

	
300

	
400

	
500

	
200

	
100




	
10th floor

	
525

	
450

	
500

	
400

	
300

	
200

	
100

	
150

	
75




	
11th floor

	
550

	
500

	
100

	
200

	
300

	
400

	
500

	
100

	
50




	
12th floor

	
575

	
550

	
500

	
400

	
300

	
200

	
100

	
50

	
25
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Table 10. The escape time and confidential intervals with different population distributions.
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	Experiment
	Exp#1
	Exp#2
	Exp#3
	Exp#4
	Exp#5
	Exp#6
	Exp#7
	Exp#8
	Exp#9





	Time(s)
	2839.8
	2800.1
	2773.5
	2760.7
	2731.2
	2769.3
	2707.2
	2564.4
	2557.3



	SD
	58.7
	51.7
	61.5
	46.0
	58.4
	52.8
	40.5
	48.5
	76.4



	Upper Limit
	2828.1
	2789.6
	2761.2
	2751.5
	2719.6
	2785.7
	2699.1
	2554.6
	2542.1



	Lower Limit
	2851.6
	2810.3
	2785.8
	2770.1
	2743
	2806.9
	2715.3
	2574.1
	2572.6
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Table 11. The pros and cons of different modelling techniques.
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	Model
	Pros
	Cons





	IDPS
	1. Intelligent decision with knowledge base.

2. Rich and convenient regular expressions.
	1. Computational efficiency needs to be improved.

2. No typical software tool.



	Agent-base model
	1. Observe situation, respond in time.

2. Collaborative interactivity.
	1. Non-optimal decision.



	Cellular automaton model
	1. Perceive system and neighborhood information, respond in time.
	1. Non-optimal decision without unique knowledge base.

2. Lack of interaction.



	Social-force model
	1. Calculate the resultant force, respond in time.
	1. Non-optimal decision without unique knowledge base.

2. Force interaction without intelligent behavior.



	Game theory model
	1. Perceive neighborhood strategies and make decisions.
	1. Game interaction of specific game rules.
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