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Abstract

:

Rapid exploitation of city underground space has led to the development of increasingly more underground slender-shape infrastructure like pedestrian tunnels, concourses, subway walkways, underground shopping streets, etc. Pedestrian evacuation in those public places in case of emergency can be disastrous if not properly guided. Therefore, it is important to understand how to enhance the evacuation efficiency through proper active guidance. In this study, we propose a digital twin based guiding system for pedestrian emergency evacuation inside a slender-shape infrastructure, aiming at enhancing the overall evacuation efficiency. Composition and calibration process of the guiding system are described, and a cellular automata based model is established to serve as the digital twin model. Two guidance strategies, namely traditional fixed guidance and smart guidance, are adopted by the digital twin to generate guidance instructions. A smart guidance strategy using a semi-empirical approach is proposed based on the understanding of the free movement and congested movement of pedestrian flow. Systems under different guiding strategies are compared and discussed over their effectiveness to promote excavation efficiency in different pedestrian population distribution settings. The simulation results show that a system under smart guidance tends to have shorter evacuation time (up to 23.8% time saving) and performs with more stability for pedestrian evacuations over the traditional fixed guided systems. The study provides insight for potential real applications of a similar kind.
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1. Introduction


Rapid exploitation of city underground space has led to the development of increasingly more underground infrastructure characterized by their slender shape, like pedestrian tunnels, concourses, subway walkways, underground shopping streets, underpasses, subway station platforms, etc. Those public spaces can become crowded during special events or severe emergency situations like in fire accidents. Crowd congestion can be disastrous if not handled properly [1,2,3]. For these slender structures, people can easily get disoriented and confused during emergencies, which may lead to chaos and life threating scenarios. Effective guidance systems could greatly enhance the effectiveness of evacuations [4], especially for infrastructure with multiple exits where non-guided behavior of pedestrians can be chaotic. Therefore, it is crucial to understand the movement of pedestrians and the role that guidance plays for these pedestrian emergency evacuations.



One way to learn more about the pedestrian dynamics during an evacuation is by conducting realistic numerical simulations. Many types of models can be used for describing pedestrian flows, such as macroscopic fluid-dynamic and gas-kinetic models [5,6,7,8,9], microscopic noninteger off-lattice models and microscopic cellular automata (CA) [10,11,12].



CA models share the characteristic of simplicity and amenability in the numerical simulations in comparison with the off-lattice models. Therefore, they have been applied as an effective tool for realistically modeled particle-like objects in complex nonlinear systems, such as vehicular traffic flow [13,14,15]. By introducing proper empirical rules, a CA model can also be used for the simulation of pedestrian dynamics and is well-suited for modelling pedestrian behavior in emergency evacuations. Fukui and Ishibashi (FI) proposed a CA model for bi-directional pedestrian flow simulation in passageway [16,17]. A floor field model was proposed to capture the interactions between pedestrians by introducing ideas from chemotaxis [18,19]. More realistic simulations were achieved by variations and combination of the FI model and the field floor model to arrive at more realistic fundamental diagrams [20,21,22,23]. To take into consideration the stochastic nature of the pedestrian flow, a pre-fixed probability model and a list-based kinetic Monte Carlo method were applied to the CA modelling process [24,25,26,27]. Bi-direction pedestrian flows with different walk speeds were also examined using a CA model based on kinetic Monte Carlo method [25].



Out of the consideration for pedestrian flow characteristics, previous studies also considered effects of various influencing factors in evacuations. For example, the influence of obstacles and geometrical parameters such as gate location and width were studied [10,28]. The probabilistic simulation of fire spreading effect and its impact on pedestrian behaviors were included in the modelling process [29]. The effect of fire location on routing determination and moving velocity of pedestrians were examined [30]. However, the objective of these delicate simulations were normally aimed at improving the internal space design for pedestrian facilities, and thus they shared passive nature in general, meaning that these studies tended to focus on understanding spontaneous reactions of pedestrians rather than to improve the evacuation efficiency by imposing active strategic guidance. In fact, to the best knowledge of the authors, very few studies have yet incorporated such active guidance and their impacts in pedestrian evacuation simulations using CA simulations.



With the rapid growth of information technologies and operation technologies, significant efforts have been made in the manufacturing sector to achieve smarter and more proactive management systems [31]. Industry 4.0 [32], a concept from Germany, specializes mainly in the manufacturing industry, highlights the importance of establishing a cyber-physical system (CPS) where the physical space and cyber space share deep coupling with each other. The CPSs are capable of synchronizing the real processes with its digital copy in cyber space in real time through data communication. In the cyber space, smart algorithms and artificial intelligence process the incoming data and feed the results back to the physical space in various ways. In essence, Industry 4.0 is the trend towards automation and data exchange in manufacturing technologies and processes characterized by CPSs, supported by technologies such as the internet of things (IoT), cloud computing, cognitive computing, artificial intelligence, and so on [33,34,35]. The establishment of CPS can greatly improve the way that complex systems can be interpreted to support their maintenance, enabling a new simulation approach, which benefit from the ubiquitous connectivity in manufacturing systems to offer a real-time synchronization between the physical asset and its digital representation. This simulation approach is generally referred to as the elaboration of Digital Twins (DT) [36].



A Digital Twin is a high-fidelity representation of the operational dynamics of its physical counterpart, enabled by near real-time synchronization between the cyberspace and physical space [37]. The convergence of the digital world and physical world enables smart decisions to be made at every single point of manufacturing operations, thus nurturing a data-driven smart manufacturing environment. Therefore, DT provide a means of simulating, predicting, and optimizing physical manufacturing systems and processes. Using DT, together with intelligent algorithms, organizations can achieve data-driven operation monitoring and optimization, develop innovative products and services, and diversify value creation and business models [38,39]. So far, many applications of DT have been focusing on systems and processes in manufacturing sectors [39,40,41,42], although some illustrations have been attempted in the field of architecture [43], railway turnout systems [44], and bridges [45], with the aim of enabling design improvement, operational instructions, as well as failure and fatigue prediction. While digital twin concept has grown in popularity in various research studies, as well as applications in the manufacturing sectors, their applications in the area of public safety and infrastructure maintenance are still quite limited.



In this study, we will try to bring the digital twin concept into pedestrian evacuation guidance for slender-shaped infrastructure, focusing on the effects of active guidance and their respective effects on evacuations. The basic idea is to establish a digital twin based on a simple CA model where real-time locations of pedestrians can be periodically updated based on monitored information. We firstly introduce the general idea and composition of the proposed system. We then introduce the pedestrian movement rules of the CA model to simulate pedestrian dynamics during evacuations. Afterwards, two basic guidance strategies are proposed based on which active guidance can be arrived based on the known information of pedestrian distribution. In order to test the effectiveness of the proposed guidance strategy, parametric studies are performed and discussed for different guidance strategies over different pedestrian initial distributions to simulate different possible scenarios in reality. Factors like pedestrian population density and crowd localization are the main factors under consideration. The study offers insights over the potential improvement of introducing active guidance strategies in pedestrian emergency evacuations, which is meaningful for potential real world applications.




2. Smart Guidance through Digital Twin Simulations


For people in an emergency evacuation situation, making informed decisions to evacuate for safety can be difficult, due to various factors such as misinformation, panic disorders, or blocked view. Their chances of survival would be significantly enhanced if an effective guidance system were presented. However, the current guidance systems for emergency evacuations are normally designed according to the geometry of the internal space of the infrastructure alone which typically set in guiding directions. Naturally, the fixed guidance system could only be expected to work properly under certain conditions, and can fail to effectively accommodate for other cases. Therefore, it is meaningful to introduce a guidance system that would adaptively alter in guidance direction according to the current pedestrian population distribution and geometry of the infrastructure internal space.



In this study, we bring in the concept of digital twin to represent the condition of the pedestrian distribution inside a slender shape infrastructure. Figure 1 demonstrates a schematic diagram of a DT concept for an underground pedestrian tunnel. Because the distribution of pedestrians in the infrastructure in every given time is different, the evacuation efficiency will subsequently be affected if an emergency should occur. The infrastructure can be monitored by various sensors, which may potentially include computer vision based sensors, temperature sensors, and smog sensors, which can provide sufficient accuracy information regarding the distribution of people inside the infrastructure as well as its current service state. The functionality of the sensing system should be robust enough to cope with difficult situations such as fire or smoke, depending on specific application of the infrastructure. All these sensors are then connected with the Internet of Things (IoT) to share information, which are then integrated through a data acquisition system and sent to the digital twin. IoT refers to connections between a network of physical assets through which data can flow between themselves. The connections are made possible by the secure implementation of computer networks, the Internet, and communication protocols. The IoT is the infrastructure in the physical space for connecting physical assets [46].



Pedestrian behavioral dynamics in emergency evacuations are sophisticated on both the individual and system level. In this study, movement dynamics of pedestrians during evacuation are of our main concern. Therefore, a CA based model seems to be an ideal candidate to form the digital twin which offers high versatility and calculation efficiency. Details of the model will be introduced in the next section. Due to the fact that a CA model naturally divides the infrastructure internal space into discrete cells, it is very easy to synchronize the digital twin with pedestrians’ location obtained by a monitoring system registering into corresponding cells, as shown schematically in Figure 1. Based on the synchronized state, this evacuation model can then make prediction of pedestrian movement and constantly compare the predicted results with the monitored states, based on which it can get its parameters estimated and tuned to keep the model up to date. Parameter tuning can be achieved based on data driven approaches through machine learning by minimizing the difference of the predicted state and the monitored states. After these, we create a digital duplicate of the current state for the evacuation process, which gives us the opportunity to orchestrate the evacuations within the virtual environment by running what-if simulations, testing for best evacuation guidance strategy, and then apply it back to the physical world to improve the efficiency of the pedestrian evacuations. The instructions in the physical world can be conducted by different approaches inside the infrastructure—for example, a visual based guidance system like alterable distributed guiding signal (Figure 1), an audio based system like vocal signals, automatic physical barriers, or enforced by personals in duty, depending on specific application scenarios.



In the long term, the proposed digital twin can be used to capture the operational history of the particular infrastructure, formed by the large volume of its operational states. Over time, these states become the operational history of the infrastructure, which characterize the particular operational state evolution of the infrastructure in terms of pedestrian behavior. As the volume of data is constantly accumulating and being processed, the performance of the digital twin will be increasingly enhanced, resulting in a more accurate understanding of the pedestrian behavioral dynamics. This information could lead to the establishment of predictive warnings system for certain dangers, such as overcrowding or other related potential hazards.




3. Digital Twin of Evacuation Process inside Slender-Shape Infrastructure


In this study, we will exemplify the idea proposed in Section 2 by proposing a simple digital twin using CA model where different guidance strategies are introduced. As the guidance systems are aimed at enhancing the overall efficiency of the emergency evacuations, the proposed strategies are then simulated with their effects compared based on hundreds of possible scenarios in different initial pedestrian distribution density setting, considering factors such as overall density and position of pedestrian crowds.



3.1. Infrastructure Internal Space


Because the intention of the current research is to study the effects of active guidance on the evacuation performance, relatively simplified assumptions are made for the infrastructure design and pedestrian movement rules. A slender-shape infrastructure internal space is assumed characterized by a long rectangular shape, where an emergency accident such as fire accident is assumed to strike inside the infrastructure and two possible exit gates are presented for pedestrian evacuation (see Figure 2). Pedestrians are assumed only to be able to evacuate for safety through these exit gates. This assumption goes in line with the situation in long slender infrastructure such as underground shopping streets, pedestrian tunnels, etc., where the infrastructure tends to be very long and the main entrances are too far away to serve as evacuation destinations. Likewise, for slender enclosed infrastructure taking long box shape, like metro platforms or under passes, staircases are normally the only possible exits for pedestrian evacuations, which can be represented by the exit gates as well. Therefore, this simplified infrastructure internal space model can be quite representative for many types of slender-shaped underground infrastructure.



To properly simulate the behavior of pedestrians inside a slender-shape infrastructure, we put forward a 2D cellular automaton framework. In this model, the infrastructure internal space is represented by a long slim 2D grid made up of unit cells. Each cell can either be empty or occupied by one pedestrian. Specifically, the infrastructure internal space model in this study consists of 5 cells in the y direction and 240 cells in the x direction. The cell locations in the tunnel are represented by their x and y index. One particular example of unit cell positioning is illustrated in Figure 2. Two exit gates are assumed located at one side of the tunnel wall, each with a gate width of 2-unit-cell length. The locations of gate A and gate B correspond to column 72 to 73, and 172 to 173, respectively. An emergency accident (e.g., fire accident) is assumed to strike at column 202 and 203 for all simulated cases. A complete blocking effect from the emergency incident is assumed to occur at the strike location for all simulated cases, meaning that pedestrians cannot move from one side of the accident location to the other side. Therefore, people left of the accident will be forced to evacuate through Gate A and Gate B. In this study, our primary attention will be focusing on modelling pedestrian movement evacuation through Gate A and Gate B, based on which we can evaluate the effectiveness of different evacuation strategies.




3.2. Pedestrian Movement Rules


In the proposed evacuation model, pedestrians could be registered into the model by conveniently marking the corresponding unit cell with value 1, otherwise a value 0 will be used to represent empty space. Pedestrian movement is realized by changing the values stored in the unit cells at each time step concurrently according to the movement rules, which depict the value-updating rules for the next time step for every cell according to the current status of itself and its neighbors. By properly setting up the rules, the pedestrians will be moving to gates through time, realistically simulating their movements. After initialization for all pedestrian locations, we assume no extra pedestrian will be added to the system during the evacuation process, and all pedestrians will have to evacuate through the exit gates. Each pedestrian has a unique tracking label, stored in his/her position vector, through which we could track the movement time history of a particular individual. However, the primary concern of this study is the group behavior of the pedestrians. The following movement rules are set up to simulate the pedestrian movement inside the infrastructure: (1) pedestrians move at same velocity at one cell per time step; (2) each unit cell can only accommodate for one pedestrian; (3) the guiding system is assumed capable of delivering effectively directional instructions to all pedestrians; (4) all people are assumed to follow the instructions given by the guiding system; (5) during the evacuation process, once a specific evacuation direction is assigned to a pedestrian by the guiding system, he/she will continue with that direction throughout the whole evacuation process without changing it.



We represent the status of the unit cell system by the following terminologies,


   P N   ( t )  =  (  x ,    y   )   



(1)






   cell   (  x , y , t  )  =  {             1       c e l l    (  x , y  )          o c c u p i e d   a t   t i m e   s t e p   t          0       c e l l    (  x , y  )           e m p t y   a t   t i m e   s t e p   t        



(2)




where    P N   ( t )    is the location vector of the Nth pedestrian at time t and cell (x,y,t) denotes the status of the unit cell.



The movement rules depicting the behavioral dynamics of a pedestrian with other nearby pedestrians or his/her surrounding environment should be determined as close to reality as possible. In this study, we assume movement priority strategies of pedestrians would alter according to current location of pedestrians relative to exit gates. Detailed movement strategies of pedestrians are demonstrated using 2D movement priority diagrams as shown in Figure 3 and Figure 4, where relocation movement strategies are established with a certain priority sequence. We assume pedestrians would use different movement strategy according to their current locations relative to the exit gates, namely, when they are (a) far away from the exit gates (scenario-1), (b) near the gates (scenario-2), or (c) arriving at the gates (scenario-3). Figure 3 demonstrates the detailed movement priority sequence assumed of the next relocation position for a representative pedestrian according to their current location inside the infrastructure. Pedestrians will move to the next available location corresponding to the highest priority sequence order among all possible movement strategies.



As can be seen, in scenario-1 when people are still relative far away from the exit gates, they generally want to move towards the nearest exit gate direction, and tend to concern less on whether they have to move further sideways (strategy 3), or shift to the side (strategy 4), which is closer to the exit in Y axis direction but remain the same in the X axis. The assumption is made because in this region the likelihood of pedestrian traffic congestion is still relatively low, and people can afford some second-best moving options. However, in scenario-2 and scenario-3, when a pedestrian gets much closer to the gates, their hope for a successful escape tends to grow stronger. In these conditions, we assume pedestrians will only adopt the movement strategies that will better their current conditions. Specifically, in scenario-2, as pedestrians move near the exit gates, we assume they would not consider moving further away from the exit gates a viable option in their moving strategic set; in scenario-3, only two options are left for pedestrians, which would bring him/her closer to the successful escape. In other words, a pedestrian will not back off in scenario-2 and scenario-3 as they see the exit gate. Every step will bring them closer to the exit gate.



If all listed moving options in the priority diagrams are not viable, meaning that the pedestrian is blocked by other pedestrians for all available moving strategies, then he/she will have to wait at the present cell and keep still for the current time step, and evaluate the moving strategies again in the next time step. The movement rules could be formulated in Equation (3) as follows. The following equations demonstrate the Nth pedestrian’s position at time step t and step t + 1,


    P N   ( t )  =  (  x , y  )  ,     P N   (  t + 1  )  =  (   x ′  ,  y ′   )  , i f   c e l l  (   x ′  ,  y ′  , t  )  = 0   



(3)




where (x’, y’) is the cell corresponding to the highest priority sequence order among all possible movement strategies.



Unit cell occupation status can then be updated,


  c e l l  (  x , y , t + 1  )  = 0 ,   c e l l  (   x ′  ,  y ′  , t + 1  )  = 1 ,  



(4)







When people getting nearer to the gate, they get increasingly crowded. Therefore, condition cell(x’,y’,t + 1) = 0 is not judged anymore, and no empty unit cell will be left after the Nth pedestrian moving out. The following equations depict the pedestrian position update, with pedestrians’ corresponding movement priority sequence indicated in Figure 3b,c for position near or at the exit gates, respectively.



Pedestrian position,


   P N   ( t )  =  (  x , y  )  ,    P N   (  t + 1  )  =  (   x ′  ,  y ′   )  ,  



(5)







Unit cell occupation status updated as,


  c e l l  (   x ′  ,  y ′  , t + 1  )  = 1 ,  



(6)







As all pedestrians are trying to move to cells nearer to the exit gates, movement conflicts could occur due to pedestrians’ concurrent choice of the same cell as their next relocation destination. To address this problem, we set the rules that the pedestrian position vector with lower y value has the higher movement priority over others. This arrangement may affect evacuation time of a specific individual, but will not affect the evacuation dynamics of pedestrians as a whole. The assumption offers a simplified simulation approximation avoiding computational conflicts. Figure 4 illustrates the above rules by demonstrating the movement strategies of three representative pedestrians for time step t + 1, when pedestrian S is forced to wait at the current time step t. As shown in Figure 4, position ① (cell (N,1)) is the optimal target relocation position for both pedestrian M and N in time step t. However, due to the conflict rule of relocation, pedestrian M possesses the priority to occupy that cell in the next time step, while pedestrian N has to move to the position that corresponds to his/her lower priority relocation strategy.




3.3. Evacuation Guiding Strategies


Giving the movement rules set up in Section 3.2, the spontaneous movement of pedestrians in emergency evacuations could be simulated on the micro level. In a multi-exits problem in a slender-shape infrastructure model, the exit gate selection would heavily rely on the guidance offered by the guiding system. In this paper, we refer to the methodologies to determine the evacuation directions for the pedestrians as the evacuation guiding strategies. The evacuation guiding strategy is an important part integrated into the digital twin through which enhanced evacuation efficiency could be accomplished that ultimately benefits the evacuation process in reality. We will introduce two types of guiding strategies in this section, in which a fixed guiding strategy will be used as a baseline to evaluate the effect of the smart guiding strategy. Figure 5 illustrates the proposed strategies in 2D schematic diagrams.




	(1)

	
Strategy 1: fixed guidance according to geometry of the infrastructure internal space









This is the common guidance approach adopted by various infrastructure in reality. These instruction arrangements would normally take the design of the infrastructure internal space as the main factor of consideration. Therefore, we assume that the pedestrians will be guided to their nearest gates by the guiding sign inside the infrastructure which change in guiding direction at midway of the two gates.



In our digital twin model, the following procedures are carried out. After registering all pedestrian locations in the CA model, location of the emergency accident and potential available exit gates are identified for each pedestrian. Afterwards, according to the location of pedestrians and available exit gates, the nearest exit gate is assigned for each pedestrian as the evacuation destination. Specifically, for the Nth pedestrian staying at cell (x,y) when the emergency accident occurs, his/her distance to the exit gates are:



Distance of the Nth pedestrian to Gate A or Gate B,


     D  N , A   o r   B   =  |   x N  −  G  A   o r   B    |  +  y N  ,  



(7)




where GA and GB are the x coordinates of the 2 exit gates shown in Figure 2. The pedestrian will be instructed to go to the nearest gate.




	(2)

	
Strategy 2: smart guidance based on estimated evacuation time









This is a strategy to instruct pedestrians picking the optimal directions considering current pedestrian distribution inside the infrastructure, so as to enhance the efficiency of the evacuation system as a whole. The general idea is that after the pedestrian locations obtained by sensors getting registered into the CA model, a smart algorithm will be activated to evaluate for the best evacuation gates for pedestrians according to the whole pedestrian population distribution, rather than solely considering their distance to the exit gates.



Ideally, a good practical smart algorithm should show improvement in evacuation efficiency over the fixed guidance system (strategy 1), meanwhile fast enough in response time to achieve real-time guidance. In this paper, to address the improvement of the evacuation efficiency, a relative simple semi-empirical approach with sufficiently good result is proposed. The methodology could be further refined by incorporating more detailed factors of more realistic behaviors of pedestrians into consideration if needed.



The proposed method aims to minimize the total evacuation time through calculating the monitored actual population distribution status. To be more practical, an assumption is made that two different movement states of pedestrians can be categorized during in an emergency evacuation process, namely, the free movement state and congested movement state. The former refers to a movement state where pedestrians are free to move at their will, with a minor influence from other pedestrians, while the latter represents a movement state where pedestrian flow becomes slow due to congestion formation. The state actually presented will largely depend on the interaction between the pedestrian flow and the evacuation capacity of the exit gate. The free movement state typically appears when the speed of people gathering around the gate is smaller than the evacuation capacity of the gate, which is most likely to happen when pedestrians are in relative low population density. The congested movement mode, however, often show up with relatively high pedestrian population density and limited evacuation capacity of the exit gates, where pedestrian crowds start to form, making the evacuation capacity of the exit gate the bottleneck for the evacuation.



In the proposed empirical method to tackle the multi-exits evacuation guidance problem, we make a simplified assumption that the movement of pedestrians heading for the same exit gate will be mainly governed by either the free movement state or the congested movement state. The assumption is based on the observation that there typically exists a clear cut over the two state depending on a critical pedestrian population density, beyond which pedestrian congestion will occur, which propagates back towards the incoming direction of the pedestrian flow, until the whole pedestrian flow becomes congested movement flow. The assumption ignores the transition period of pedestrian movement from free movement state to congested movement state around the exit gate. However, for the slender-shape infrastructure with a large number of people, this period is typically short in comparison with the whole evacuation time, and therefore the assumption should provide a sufficient accurate approximation for the main contradiction of the problem. Of course, for some particular cases, a certain degree of combination of the two states will be coexisting during the whole evacuation process. However, the intention of the proposed method is to give a simple estimation of where to separate pedestrians for different evacuation destinations rather than to reach to the most accurate separation point. Therefore, we will stick with the current method for judging the effectiveness of introducing active guidance, while more refined analysis with higher accuracy can be accomplished using more complicated methodologies.



Let TN,f denote the Nth pedestrian’s estimated time to reach to the exit gate in free movement state, while TN,c the evacuation time the pedestrian required to leave the gate due to the existence of crowds around the gate area in obstructed movement state. At the instance of the emergency accident, for the Nth pedestrian at cell    (   x N  ,    y N   )   , the distance of the pedestrian to the exit gates can be calculated according to Equation (7). If the free movement state occurs for the Nth pedestrian and all the other pedestrians ahead of him/her to the selected exit gate, we can roughly make an estimation of the time required by all pedestrians to get out of the exit gate. The following formula can be obtained by ignoring delay arising from potential congestion during the evacuation process with movement velocity of 1-unit cell per time step.


   T  N , f    (  A   o r   B  )    =  |   x N  −  G  A   o r   B    |  +  y N   



(8)







If the congested movement state is assumed for the Nth pedestrian and all the other pedestrians ahead of him/her to the selected exit gate, due to existence of crowded area around the gate, we can use the following formula to estimate the time required for the pedestrian to evacuate through the exit gate:


   T  N ,   c    (  A   o r   B  )    =   ∑  (   D  i    (  A   o r   B  )    <    D  N    (  A   o r   B  )     )    k  C  e x i t        ( 0 < i ≤  N  t o t a l   ) ,  



(9)




where    C  e x i t     denotes the exit gate evacuation capacity, which equals to exit gate width per time step;    D  i    (  A   o r   B  )      denotes the distance of the ith pedestrian to the exit gate A or B; i is an integer among 0 to Ntotal, which is every pedestrian’s ID number; and k is an empirical coefficient to adjust for the exit gate evacuation capacity and a function of localized pedestrian population density around the gate, with value ranges from 0 to 1. This is because the pedestrian movement flow is stochastic in nature, and the gate width only offers the upper bound estimation of the actual pedestrian flow rate. The actual flow rate will depend on the temporal and spatial characteristics of the pedestrian flow. Therefore, parameter k could be obtained and tuned through virtual simulations, or through analysis of accumulated monitoring data in the real project over time, based on statistics or machine learning techniques. However, a detailed discussion of this will be beyond the scope of this study. For the purpose of this paper, we assume k equals to 1, namely the upper boundary of the evacuation capacity.



Estimated evacuate time of pedestrian N can be calculated as


   T  N    (  A   o r   B  )    = m a x    (   T  N , f    (  A   o r   B  )    ,  T  N ,   c    (  A   o r   B  )     )   



(10)







Starting from the location of the emergency accident, calculate the estimated evacuation time for every pedestrian until finding the Mth pedestrian, whose estimated escaping time to gate A and gate B are the same, namely


   T  M ,   A   =  T  M ,   B    



(11)







Pedestrians can then be grouped accordingly, where pedestrians to the left of the Mth pedestrian will be instructed to evacuate from Gate A, while pedestrians to the right to escape through Gate B.





4. Numerical Experiments


Simulation Initialization


To evaluate the idea of introducing smart guidance into the digital twin, and the performance of the proposed smart guiding algorithm, we conducted a parametric study using numerical experiments at different initial pedestrian population density settings to mimic different potential cases in reality which could be measured by sensors. Two basic aspects of pedestrian population density distribution are considered in the initialization process of the pedestrian locations. Namely, the overall population density and position of localized pedestrian crowds. The inclusion of the localized pedestrian crowds is to consider the potential unevenness of population distribution that can be observed in reality. This can account for, for instance, people gathering around popular stores in the context of an underground shopping street, or people pouring out of a bus inside a tunnel at an emergency scenario. Furthermore, inclusion of the crowd region also creates more complex spatial population density variations for the guiding system to cope with, and therefore creating a richer database for the evaluation of the performance of different guiding strategies. In the initialization of both the uniformly distributed region and the crowd region, the pedestrian population density is considered to be uniformly distributed over the corresponding infrastructure internal space. For a uniformly distributed region, we introduced 5 baseline population densities ranging from 0.1 to 0.5, with 0.1 indicating 10% of the unit cells being occupied by pedestrians, while 0.5 for 50% occupation. For the crowd region, a population density value of 0.9 was applied, with a length of 20 unit cells for all simulated cases. We make the position of the crowd region a major variable of consideration by creating a series of positions along the tunnel alignment. In total, 10 different positions are considered in the parametric study (CL = 1 to 10), as shown in Figure 6, which demonstrates one particular realization of pedestrian evacuation process under strategy 1.





5. Results and Discussions


Due to the stochastic nature of the simulation, we run the simulation 100 times at each density setting combination point with the final averaged results of all realizations summarized in Figure 7.



Figure 7a,b illustrate the averaged total evacuation time of the fixed guided evacuations and smart guided ones from 100 simulated realizations at different population density setting combinations. Figure 7c presents the total evacuation time saving in percentage of the smart guided evacuations over the fixed guided ones at different population density settings. As demonstrated in Figure 7a,b, the evacuation time increases with higher overall population density for both the fixed guided system and the smart guided system. As shown in Figure 7a, the evacuation time of the fixed guided system ranges from 60.3 (density = 0.1, CL = 3) to 126.6 (density = 0.5, CL = 6) time steps, with an average evacuation time for all different density combination of 93.3 time steps. The evacuation time of the smart guided system ranges from 61.3 (density = 0.1, CL = 3) to 105.6 (density = 0.5, CL = 1) time steps, with the average evacuation time for all different density combination of 85.5 time steps. Overall, evacuation time increases with higher overall densities for both the fix guided system and the smart guided system. While both the fixed guided and the smart guided system see growth in evacuation time with increased overall density, the fixed guided system experiences more rapid growth in evacuation time than that of the smart guided system, indicating that the smart guided system performs less susceptible to the influence of different overall population density levels. The shape of the evacuation time surface also indicates that the crowd location will also influence the evacuation time. The evacuation time forms a ridge shape around CL between 6 and 7 across different densities for both the fixed guided and smart guided systems. Similarly, valleys indicating short evacuation times can also be identified when CL values get to 3 and 8 for both systems. For the fixed guided system, the feature of ridges and valleys are very obvious across all different density levels. However, for the smart guided system, those features are only obvious for low density levels, and become less prominent at higher density levels. These means that the performance of the smart guided system is overall more immune to the influence of the position change of the crowd locations.



According to Figure 7c, the amount of time saving can be improved with increased overall population density. Specifically, as density level increases from 0.1 to 0.5, the corresponding average time saving of the smart guided system over fixed guided system are −0.2%, 3.7%, 8.7%, 12.6%, and 12.0%, respectively. Overall, an average value of 7.3 % improvement can be obtained for all different population density settings. Therefore, the proposed smart algorithm is found to most obviously outperform the fixed guidance system around density settings corresponding to mid to high population densities (density around 0.3 to 0.5) and when crowd locations are set between 6 to 10. These setting will give rise to time saving values ranging from 8.7% to 23.8%, with the highest value achieved at density of 0.4 and CL of 6. The smart algorithm shows little obvious improvement when the overall density is low (around 0.1 or 0.2), which could be refined by further adjusting to the guiding algorithm.



Figure 7d–f present the standard deviation (std.) distribution of the aforementioned parameters from the 100 simulation realizations with respect to different population density settings. From Figure 7d,e, we can see that the fixed guided system presents overall higher values of standard deviation over that of the smart guided system, with an average value of 3.39 and 2.62, respectively. The shape of the standard deviation surface of the smart guided system is also flatter than that of the fixed guided system. These all indicate that the smart guided system demonstrated less fluctuation over different simulation realizations and over different population density settings, therefore a more robust guiding method offering more consistent results.



In order to understand the time saving mechanism of introducing the smart guidance, we pick two representative points in the total results dataset and illustrate in Figure 8 as examples to be elaborate in detail. The solid lines in Figure 8a–d present the averaged results of 100 simulated time series realizations at Point A, where the overall population density equals to 0.4 with CL equals to 6. Likewise, Figure 8e–h presents the results at Point B, where the overall population density equals to 0.2 and CL is set to 7. Time series plotted in dashed lines in Figure 8 indicate the upper and lower boundaries of respective variables. By assuming the time series of various simulated results at a particular time step follow Gaussian probability distribution, the upper and lower boundary curves could be conveniently obtained by plus or minus two times of the standard deviation of all simulation realizations to the average value at each time step. According to the probability theories, the region encompassed by the upper and lower boundary curves corresponds to a confidence level of 95.44% probability that a realization of simulation is falling into.



Figure 8a,c presents the time series of the portion of people gathering around the exit gate areas for Point A under fixed and smart guidance respectively, while Figure 8e,g present the same variables for Point B. The exit gate area is defined in Figure 3c, incorporating in total 10 unit cells close to the exit gate. These areas are defined so that the dynamics of the crowds could be conveniently monitored. Figure 8b,d demonstrates the time series of number of pedestrians successfully evacuated through each gate and those still waiting to be evacuated for Point A under fixed and smart guidance respectively. Illustration of the same variables can be found in Figure 8f,h for Point B.



Despite the stochastic nature of the simulations, when averaging the results for all 100 realizations, the cumulative trend of the pedestrian evacuation process can be clearly observed. It is noticeable that the evacuation curves overall take similar configuration, initiating with a short curved line at the start, following by straight line sections with different slopes, which indicate changes in pedestrian evacuation rate.



It is noticeable that the evacuation curves overall take similar composition, a short curved line at the start, followed by sections of straight lines. The straight lines for both gates generally initiate with remarkably consistent slope, overlapping over a certain period of time, before the possible occurrence of curve separation at certain time step with a sudden change in curve slope. The overlapped curves indicate that the evacuation rate is largely determined by the capacity of the exit gates despite variations in pedestrian flow. Likewise, curve slope change would indicate the variation in pedestrian evacuation rate. It is a prominent contrast that curves illustrating fixed guidance and that of smart guidance behave differently in terms of this curve separation behavior. Generally, the evacuation curves for fixed guidance see curve separation earlier than that of smart guidance.



As shown in Figure 8b, under Point A density setting, the fixed guidance curves indicate that pedestrian evacuation rate at gate A is consistent during the entire evacuation process, while gate B experienced a period with zero evacuation rate starting from time step 75. The separation of these two curves indicate that after time step 75, only gate A is still mobilized for pedestrian evacuation. Correspondingly, in Figure 8d, no obvious curve separation is observed during the entire evacuation process, indicating that both gates are effectively mobilized. In the case of Point B density setting, similar phenomenon can be observed that fixed-guidance curves see more prominent separation (around time step 65), while smart-guidance curve only see minor separation which occurs later in time (around time step 70). The curve of pedestrians remaining inside the infrastructure explain the cumulative evacuation behavior of pedestrians which also share the same position of the slope changing point as the individual gate. It is noted that the effective mobilization of the two gates for evacuation over the whole period help greatly to decrease the total evacuation time.



Characteristics of the evacuation curves could be further understood by examining the crowds around the gate areas. From Figure 8a,c,e,g, we can identify that crowds normally take within 10 time steps to accumulates over the gate areas, which explained the existence of the short transient curve sections at the beginning of the evacuation curves. After this transition period comes a relatively long and stable stage with minor changes depending on the actual population density distribution, until the final crowd’s dissipation come into play. The crowd dissipation behavior is found to be more consistent in smart guided cases. As shown in Figure 8a, for density setting at Point A, fixed guidance strategy leads to crowd dissipation at gate B starting from time step 55 and that of gate A from time step 100, while no obvious difference in dissipation initiation time for respective smart-guided cases is shown in Figure 8c. A similar outcome can be seen in Point B density setting, where under fixed guidance, gate A see crowds dissipation around time step 55, much earlier than that of gate B, while under smart guidance, the two gates almost dissipate concurrently. The dissipation period illustrated in the crowd dynamic curves corresponds to the slope changing behavior in the evacuation curves.



The above demonstration illustrates that the introduction of the smart guidance helps to more scientifically divide people to evacuate through respective gates so that crowds tends to dissipate simultaneously and more evacuation capacity is reached, resulting in shorter total evacuation time and improved safety for pedestrians collectively.




6. Summary and Conclusions


Due to the rapid exploitation of the underground space, pedestrian emergency evacuation inside slender-shaped infrastructure is becoming increasingly important, and those evacuations can be disastrous if not properly guided. Aiming at improving the overall evacuation efficiency, a digital twin based framework to cope with emergency evacuation inside slender-shape infrastructure is proposed. The system composition and calibration of the digital twin are described, leveraging the benefits of recent development in technologies such as various sensors, IoT, data driven models, and machine learning, which are becoming increasingly low in cost and popular in application in the engineering practice. A CA based model is served as the digital twin to tackle the multi-exits evacuation problem. CA movement rules are established according to relative position of the pedestrians to the exit gates. This paper introduces two types of guidance strategies to guide pedestrians to the exit gates, namely a fixed guiding strategy and smart guiding strategy. The former only determines the guiding direction by considering the geometry of the infrastructure internal space, while the latter also takes into consideration the actual population distribution obtained by the monitoring system. For the smart guidance strategy, a semi-empirical approach is proposed based on the understanding of the free movement state and congested movement state of the pedestrian flow. The two strategies are compared and discussed by running 100 simulations in different pedestrian distribution settings where the overall population density and the location of crowd are treated as the main variables. In the physical world, the instructions derived in the DT can be conducted by different approaches inside the infrastructure, like visual/audio based guiding systems, automatic physical barriers, or enforced by personals in duty. Some of the main findings based on the simulation results can be summarized below.




	(a)

	
In general, evacuation time increases with higher overall density for both guiding strategies. However, the smart-guided simulations tends to experience slower growth in evacuation time than that of the fixed guided ones for increased density settings, and thus more resilient to pedestrian population density change.




	(b)

	
Different pedestrian crowd location also influences the total evacuation time, and the performance of the smart guided system is overall more immune to the influence of the position change of these regions in comparison with the fixed guided cases.




	(c)

	
The smart-guided system is found to most obviously outperform the fixed-guided system in mid to high population densities (density around 0.3 to 0.5), which results in time saving ranging from 8.7% to 23.8%. In relative lower density settings, improvements of the smart guided system over fixed guided ones are not obvious.




	(d)

	
Simulation results indicate that the smart guided system demonstrates smaller discrepancy over different simulation realizations, demonstrating more consistent results, and therefore a more robust guiding system.




	(e)

	
A closer examination of the pedestrian evacuation behavior shows that the introduction of the smart guidance helps to more scientifically divide people to evacuate through respective exit gates so that crowds tend to dissipate simultaneously, and therefore, more evacuation capacity of the exit gates can be mobilized, resulting in shorter total evacuation time and improved safety for pedestrians collectively.









In summary, a system under smart guidance tends to have a shorter evacuation time and performs more stable for pedestrian evacuations over the traditional fixed guided systems, which provides insight for potential real applications of a similar kind. Comparing to the previous works in the literature that only concerned pedestrian flow characteristics or passive interactions between pedestrians and the geometry of the infrastructure internal space, this work showcased for the first time the potential benefits from an active smart-guidance system in the context of pedestrian emergency evacuations. The system based on the application of digital twin concept, created a risk mitigation mechanism dynamically adaptable for various scenarios, and therefore enhanced substantially the efficiency and robustness of the system response for emergency evacuations. Expanded applications could be easily devised based on similar ideas to benefit various interactive environments in the fast-evolving smart city context. In the current research, a relatively simplified guidance algorithm was adopted with limited evacuation efficiency improvement. Our next step is to develop a guidance algorithm with self-evolving capability for complex and more realistic infrastructure geometry settings.
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Figure 1. Digital Twin Concept for a Pedestrian Tunnel. 
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Figure 2. Cellular Automaton Model for Pedestrian Evacuation in a Slender-Shape Infrastructure. 
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Figure 3. Pedestrian Movement Strategy Diagram. (a) Far Away From Exit Gate; (b) Near the Exit Gate; (c) at the Exit Gate. 






Figure 3. Pedestrian Movement Strategy Diagram. (a) Far Away From Exit Gate; (b) Near the Exit Gate; (c) at the Exit Gate.



[image: Sustainability 12 09701 g003]







[image: Sustainability 12 09701 g004 550] 





Figure 4. Pedestrian Movement Priority Diagram. 
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Figure 5. Pedestrian Movement Priority Diagram. (a) Pedestrians Evacuate Through the Nearest Exit Gate; (b) Pedestrians Evacuate Through Exit Gate Based on Estimated Evacuation Time. 
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Figure 6. Pedestrian Evacuation Process with Pedestrian Crowd. 
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Figure 7. Evacuation Time in Different Density Distribution Settings. (a) Total Evacuation Time Under Fixed Guidance; (b) Total Evacuation Time Under Smart Guidance; (c) Total Time Saving; (d) std. of Total Evacuation Time Under Fixed Guidance; (e) std. of Total Evacuation Time Under Smart Guidance; (f) std. of Total Time Saving. 






Figure 7. Evacuation Time in Different Density Distribution Settings. (a) Total Evacuation Time Under Fixed Guidance; (b) Total Evacuation Time Under Smart Guidance; (c) Total Time Saving; (d) std. of Total Evacuation Time Under Fixed Guidance; (e) std. of Total Evacuation Time Under Smart Guidance; (f) std. of Total Time Saving.



[image: Sustainability 12 09701 g007]







[image: Sustainability 12 09701 g008a 550][image: Sustainability 12 09701 g008b 550] 





Figure 8. Evacuation Simulations at Particular Density Settings. (a) Pedestrians at Gate Areas Under Fixed Guidance (Point A); (b) Pedestrians Leaving the Infrastructure Under Fixed Guidance (Point A); (c) Pedestrians at Gate Areas Under Smart Guidance (Point A); (d) Pedestrians Leaving the Infrastructure Under Smart Guidance (Point A); (e) Pedestrians at Gate Areas Under Fixed Guidance (Point B); (f) Pedestrians Leaving the Infrastructure Under Fixed Guidance (Point B); (g) Pedestrians at Gate Areas Under Smart Guidance (Point B); (h) Pedestrians Leaving the Infrastructure Under Smart Guidance (Point B); 15% Saving of Total Evacuation Time is Achieved for Smart-Guided Evacuations Over Fixed-Guided Ones for Point A Density Combination, while 7% is Obtained for Point B Density Settings. 
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