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Abstract

:

Evacuation rules for pedestrians in emergencies are of great significance for the design of building exits, exit management, and evacuation facilities. Based on the mixed reality evacuation LVC simulation system we developed, in this paper, three kinds of pedestrian exit selection experiments were carried out, in which the influence of distance and exit selection on pedestrian exit selection was studied. In line with common sense, during the single-factor control tests, the participants preferred the exit with fewer people and at a closer distance. The two-factor combined effect of the above two factors was also studied. It can be found that the participants preferred to choose the least crowded exit with a closer distance for evacuation. Among these two factors, the participants would give priority to the number of people at the exit. In addition, participants show different trajectories for the difference in the number of people at the two exits. Their walking trajectory was close to an arc line in the case of an equal number of people at two exits. The results of this paper provide a theoretical basis for research on designing evacuation facilities and guiding evacuees, and allows us to explore a new approach for mixed reality evacuation research by conducting virtual crowd experiments in a real environment.
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1. Introduction


1.1. Research Background


In the past few decades, the proportion of urbanization has been increasing in China. On the one hand, the process of urbanization has promoted the development of the regional economy and narrowed the economic gap between urban and rural areas; on the other hand, urbanization has also brought a series of problems. With the growth of the urbanization rate, more people have poured into cities, and the distribution of the urban population is highly concentrated, especially in big cities such as Beijing, Shanghai, and Shenzhen [1]. To alleviate the living problems caused by the rapid population growth, many high-rise residential buildings, large shopping malls, high-rise office buildings, subway stations, and other buildings have been built in cities, which have brought many benefits to lives.



However, concentration also brings security risks. These buildings are densely populated and have complicated escape routes. When a dangerous event suddenly occurs, people are prone to panic and even to making irrational behavioral decisions. For example, during the evacuation process, people may not evacuate following the correct evacuation method due to their unfamiliarity with the escape route, panic, and herd behavior, and become crowded at the door [2,3,4,5]. The unreasonable design of exits and evacuation facilities in the building leads to a decrease in the evacuation efficiency of personnel [6,7]. It is very important to study the evacuation of pedestrians in buildings. During the evacuation process, the evacuation of pedestrians is not timely, the design and management of exits in buildings are unreasonable, and there are no scientific evacuation guidance measures, which will cause casualties.




1.2. Literature Review


Many researchers have used a combination of dynamics and macroscopic and microscopic characteristics in evacuation situations to establish mathematical models for crowd evacuation within bounded areas [8], including models based on macroscopic flow and microscopic forces.



The flow-based model treats crowds as a continuous medium and uses equations like fluid mechanics to describe crowd movement and evacuation behavior through the relationship between density, velocity, and flow rate. For example, Shen et al. [9] and others used a coarse network to partition and describe building scenes and proposed a personnel evacuation model (ESM) based on flow theory. Lo et al. [10]. proposed a personnel evacuation model for high-rise buildings, which introduces characteristic length for each person to describe the heterogeneity of personnel density in different network nodes, i.e., different rooms, as well as the physiological and psychological differences of personnel regarding gender and age. The advantage of flow-based evacuation models lies in their low computational complexity and fast computation speed, which played an essential role in the past when computer technology was not fully developed. The disadvantage is that the processing method needs to be simplified, and accuracy is difficult to ensure. Kim et al. [11] simulated the evacuation scenario of two groups of interacting pedestrians based on the methods of the kinetic theory of active particles. They evaluated how the geometric shape of the domain and the details of fear propagation affect the evacuation dynamics.



Force-based models mainly include social force, cellular automata, and agent-based models. These models are represented by the Social Force Model (SFM) proposed by Helbing [2]. This type of model uses mechanical theory to describe people’s force and action intentions more accurately; for example, Helbing et al. used a social force model to simulate the walking direction at narrow passages [3] and the phenomenon of “fast is slow” in emergencies [2]; Agnelli et al. [12] used game theory tools to model interactions between humans and other pedestrians and the environment, including walls, exits, and obstacles, transforming them into crowd dynamics. This model allows pedestrians to balance between two competing behaviors: searching for areas with lower levels of congestion and unconsciously following the river in panic situations. Lakoba et al. [13] added factors such as the density of the surrounding population, memory of exit positions, and whether the pedestrian applying force is facing or facing the pedestrian being subjected to force to the social force model; Han et al. [14] added information transmission between pedestrians in emergencies to the social force model, simulating herd behavior during evacuation. However, its disadvantage is that it is challenging to explain individual differences. Although it can effectively reproduce the interactions between pedestrians and the environment, it still lacks some behavioral characteristics of pedestrians. It has a large number of parameters that need to be calibrated. The computational workload will increase significantly, especially when the number of people in the scene increases. Another idea is the rule-based model, in which the interaction rules and logic between the individual, the individual, and the environment are preset, and then the group evolves according to these established rules. The main rule model is the element cellular automata model [15,16,17]. Cellular automata effectively solve the discretization problem of evacuation models in time and space dimensions through space-time modeling. However, this model also has certain limitations: since the cellular automaton only sets the conversion rules of cellular states, it is difficult to describe microscopic behaviors from the perspective of personnel fully; at the same time, the set of cellular states is limited and cannot depict the complex behaviors of personnel. Parameters also make it difficult to reflect differences between individuals. These two models have been widely used in studying the exit choice behavior of evacuees in rooms.



During the evacuation process, the selection of exits is also crucial, and many researchers have conducted extensive research based on the above models. First, based on the social force model, an exit model was modified to evaluate several important factors influencing multiple exit scenarios [18,19,20,21,22,23,24]. Cai and Tu found that the number of luggage-laden pedestrians was the main factor for the increase in evacuation time, and the relationship between time and population density is not monotonic [18]. Chen et al. pointed out that evacuation efficiency sensitively depends on the arrangement of obstacles for multi-exits configurations [20]. Hou et al. simulated the number and positions of evacuation leaders on the evacuation dynamics in rooms with limited visibility range, and they found that each leader should head to a different exit, otherwise the evacuation efficiency was slower [21].



Second, using the cellular automata model, Zhao et al. not only revealed that the spatial distance to exits and the occupant density were two important factors influencing evacuated the decision-making of the personals [25], but they studied the evacuation time with different exit widths and suggested that the symmetrical layout of the exits should be applied. Additionally, Zhao et al. [26] studied the exit-choosing behavior conserving the reserve capacity in rooms with multiple exits; similar issues were also discussed from the influencing factors, such as destination, utilization of the exit area [27], and seat pitch in aircraft [28].



A series of these studies have characterized the decision-making behavior of the pedestrians, such as the evacuation flow rate [29,30], time, and route and exit selection under the influence of the occupant density [30,31,32], obstacle, evacuation distance, exit size, and visibility in the process of evacuation [33]. However, it is notable that most published computer simulations using the pedestrian dynamics model did not consider the connection between the real space of the control experiment and the simulated space of the computer simulation, bringing a great influence on the study of micro behavior among pedestrians. For example, in previous work by Liu et al., they pointed to that because people perform more stochastic behaviors in reality than in the model, only the overall tendency of the distribution of evacuation could be well reproduced [5]. Additionally, there were few studies on exit behavior-related to personnel trajectory characteristics.



In recent years, some researchers have applied mixed reality to pedestrian research and evacuation, which helped solve this problem. Mixed Reality is an emerging technology that integrates graphics processing, human-computer interaction, computer vision, and other technologies; Mixed Reality can realize the superposition of the virtual world and the real physical world, allowing users to see the objects in each world [34]. It combines virtual elements with the real world, allowing users to perceive the natural world while interacting with virtual objects. With head-mounted devices like Microsoft’s HoloLens, MR technology can superimpose virtual objects into the user’s field of view to interact with these virtual elements in the natural environment. In 2018, Cai et al. proposed a new eye tracking method in mixed reality applications, and conducted experiments to demonstrate the feasibility of this method [35]. In 2019, Yang et al. built a fire scene visualization and interaction system based on mixed reality technology [34]. In 2022, We developed a mixed reality evacuation simulation system, providing a new method for studying crowd behavior.



In this work, the mixed reality evacuation LVC simulation system was introduced into the experiments to build the connection between human behavior and the real environment. The pedestrian evacuation process is tested on three conditions, in which the decision-making behavior for exit and the corresponding path trajectory were obtained and analyzed [36].





2. Methods and Experiments


2.1. MR Environment Set-Up


The MR environment is set up by the mixed reality evacuation LVC simulation system we developed, which is based on the MR headset and evacuation simulation modeling tools. The methodology and operation of the system are described in detail in our earlier publication [34]. Participants can see the dynamic process of computer evacuation simulation in real space through the headset. The specific workflow and system prototype are as follows:



First, as shown in Figure 1a,b, using the SLAM component in HoloLens (Microsoft, Redmond, WA, USA), a coarse building information model consistent with the physical space is obtained by walking around and looking around the room while wearing the headset; Figure 1c shows what the experimenter sees from the first perspective—a virtual character scene.



Second, using the scan information, a building model of the same size as the experimental site is built using spatial markers in Anylogic (version 8.8.4). Then, pedestrian evacuation and exit selection logic modules were built using the module in the pedestrian library to establish a virtual human motion model to simulate the behavior selection and motion behavior of virtual humans in a dangerous scene.



Third, after completing the pedestrian simulation in Anylogic, the simulation model was exported as an independent program for secondary development into a server. Through this server, the position and status of the virtual human simulated by Anylogic could be sent to the HoloLens in real-time so that the observed situation of the experiment participants could be synchronized with the evacuation movement in the virtual scene. In other words, what the participant was watching was the virtual human evacuated in a preset manner.



Fourth, the mixed reality evacuation LVC simulation system realizes the spatial matching between the virtual space and the real space based on the built-in components of HoloLens and the Vuforia platform. During the experiments in this study, the calibration image was placed at the midpoint of the two exits as the connection point and coordinate origin between the virtual space and the real physical space. After completing the matching between the virtual space and the real space, the participant would have a virtual avatar in the virtual space whose spatial position was synchronized with the participant. The coordinates and corresponding time series information of both avatar and the virtual pedestrian in each frame would obtained and saved automatically.




2.2. Experiments


The experiments were conducted at Tsinghua University, and the participants in the experiment were all students of the university. There were 12 people invited to participate in the experiment, including 6 males and 6 females. All participants had normal or corrected-to-normal visual acuity.



The experimental scene was an open rectangular area of 6 m × 15 m. There were two exits, left and right, on one side of the space, which were recorded as exit A (left) and exit B (right). The width of the two exits was 0.84 m and the interval was 5.4 m. In the experiment, the distance between the participant and the two exits was varied by setting different initial positions. There were seven different initial positions in this study, corresponding to seven different distance scales, as shown in Figure 2. LA and LB in the figure represent the distance from the initial position to exit A and exit B, respectively. To study the influencing factors of pedestrians making exit decisions, three kinds of working cases were designed and carried out, focusing on the distance preference and exit number preference of pedestrians when making exit choices.



Case 1—There were six kinds of distance test conditions. The starting positions were marked in Figure 2, named with P1 to P6. The ratio of the distance from the starting point to the two gates, namely the value of LA/LB, is between 0.83 to 1.60. Additionally, to avoid the influence of the number of virtual pedestrians at the exit on the participant’s exit decision, the number of those at the two exits in this group of experiments was fixed at 5.



Case 2—The initial position of the pedestrian was fixed at the position P7, which was the same distance from the two exits. In the nine groups of experiments, the number of people at exit A increased sequentially from 1 to 9, while the number of people at exit B decreased from 9 to 1.



Case 3—To study the interaction influence of the two factors on pedestrian exit decision-making, the tests with varied exit distances and exit pedestrian numbers were designed. The ratio of LA/LB varied from 1.0 to 1.6. The total number of pedestrians at the two exits was 10, and the ratio of the number between exit A and exit B was 1:9, 1:4, 3:7, 2:3, and 1:1, respectively. As a result, 20 kinds (4 distance × 5 number) of tests were carried out.



Before the start of the experiments, the participants would be introduced to the background and purpose of the experiment. At the same time, participants would learn how to use the HoloLens according to the previously written guide and then perform visual calibration. The participants first needed to visually observe the AR identification code, then operate the software to fix the virtual coordinates, ensuring that the coordinates of the virtual space and the display space were coincident. In addition, a demonstration experiment was conducted to make sure the experiment participants were familiarized with the experimental scene and the virtual human in case disturbing emotions affected the experimental results.



In the formal experiment, the researcher would utilize experimental assistant software to facilitate the administration of tests. The tests would be randomly assigned to participants until all experimental procedures are completed. Participants would receive clear instructions to promptly evacuate the room upon hearing the simulated fire alarm. Specifically, the experiment would feature two indistinguishable exits positioned in front of the participants, and ten virtual human avatars would also partake in the evacuation process.





3. Results


3.1. Data Preprocessing


Due to the principle of confidentiality, the names of the relevant personnel are not displayed in the paper but are represented by experimental numbers 1~12. Since this work is mainly conducted to analyze the influence of various factors on the participant in the simulated fire evacuation situation, only the plane coordinates of the participant with the time series are needed. Figure 3 displays the trajectory of 12 subjects during evacuation in a certain group of experiments. As we can see, it is not only the plane position of the participant in the evacuation space that can be known in real-time, but the participants’ movement trajectory can also be obtained.



It can be seen from the partially enlarged view in Figure 3 that the starting points of several evacuation paths have shifted. This is because during some experiments the 3D coordinates of the spatial positioning will be offset since the HoloLens gradually heats up with the operation, and the sensing ability of the spatial self-positioning becomes weaker. However, it is to be noted that the offset of the self-positioning only causes the position of the origin to move on the space plane, but the relative position of the evacuation path is still correct. As shown in Figure 3b, to eliminate the positioning error caused by the deviation of the self-positioning of the HoloLens, all the path data are processed relatively: the coordinate value of the initial point is subtracted from the coordinate point at each moment to obtain a relative path to the series. In addition, the black line is the average of the trajectories of the 12 subjects, representing the universality of the movement behavior of evacuees.




3.2. The Effect of Evacuation Distance on Exit Selection


Table 1 represents a general description of the experimenter’s exit selection in distance single-factor experiments. It can be seen from the table that when the distance to exit B is closer, the experimenter is more inclined to choose exit B, and the exit selection score is less than 0.5; as the distance gap between the experimenter and the two exits decreases, the experimenter chooses exit B. The number of experimenters who exited also gradually increased. When the distance between the experimenter and the two exits was equal, it was a turning point. The number of people who chose exit A and exit B was equal, and the score was 0.5. When the distance to exit A is closer, the experimenter is more inclined to choose to exit A.



Figure 4 shows the number of choices and trajectories of the participants on exit. Since the initial position is symmetrically distributed, only the right-side departure is shown in the figure. To facilitate statistics and data processing, during the evacuation process, the choice of exit A (left side) is recorded as “1” and the choice of exit B (right side) is recorded as “0”. The line width represents the number of people who select the track. The exit choice behavior of pedestrians in the figure can be explained by the self-driving and repulsive forces in the social force model: as participants are closer to exit B, self-driving forces make them more inclined to choose exit B. As the distance between participants and the two exits decreases, the number of participants choosing the two exits gradually approaches zero. The turning point is when the exit distance is equal, and the same number of people decide to exit A and B. When outlet A is closer, the self-driving force makes participants more inclined to select outlet A; this indicates that the exit decisions of participants are significantly influenced by the distance between the participants and the exit, and pedestrians prefer to choose exits closer for evacuation. Analysis of variance shows that evacuation distance (F (6,77) = 5.81, p < 0.01) significantly affects exit selection.



On the other hand, most participants who chose the closer exit moved to the middle of the two doors for a certain distance and then chose an exit to evacuate according to the situation at this time. In addition, the moving distance decreases as the distance difference between the initial position of the two exits increases. Participants who chose the furthest exit ran to their chosen exit more decisively. This is mainly because in the experiment, the congested virtual pedestrians at the closest exit are approximately in front of the participant, and the virtual pedestrians overlap each other, which makes it difficult to judge the actual situation. This creates the illusion that there are more pedestrians here. For the case with a farther distance, the viewing angle is larger, and the visual effect of the number of virtual pedestrians at the farther exit is closer to the actual situation. As a result, it can be concluded that the angle between the exits of the participant will have a certain impact on the evacuation behavior of the participant.




3.3. The Effect of Evacuation Numbers on Exit Selection


Table 2 represents a general description of the experimenter’s exit selection in the single-factor experiment with the number of exits. It can be seen from the table that when the number of virtual pedestrians evacuating to the left exit is small, pedestrians are more inclined to choose the left exit, and the average scores are greater than 0.8; as the number of virtual pedestrians evacuating to the left exit increases, the number of virtual pedestrians evacuating to the right exit decreases. The proportion of people choosing Exit B also increases accordingly; when the number of people at the two exits is equal, it is a turning point, and at this time most experimenters choose Exit B. When there were fewer people in exit B, all experimenters chose exit B. Figure 5 displays the number of participants who choose the exit. The abscissa is the ratio of the number of virtual people evacuated to Exit A and Exit B, and the ordinate is the exit choice of the experimental participants. When the number of virtual pedestrians evacuating to the left exit is small, pedestrians are more inclined to choose the left exit; as the number of virtual pedestrians at the left exit increases, the number of people at the right exit decreases, and the proportion of participants choosing exit B also increases accordingly. Equality is a turning point.



This indicates that the participant’s exit decision is affected by the number of pedestrians at the exit and that pedestrians prefer to choose exits with fewer people to evacuate. In the social force model, repulsion describes the interaction forces between pedestrians, who tend to avoid crowded areas to reduce the risk of collision with other pedestrians. This is consistent with our experimental results, which suggest that pedestrians tend to choose exits with fewer people for evacuation, thereby reducing the likelihood of collisions and crowding. This can be verified by the results of the evacuation number (F(8,99) = 50.722, p < 0.01). It is worth noting that owing to the initial starting point being located at the midpoint directly below those exits, there is no obvious difference in the personnel trajectory under different working conditions.




3.4. The Coupling Effect of Evacuated Number and Distance on Exit Selection


Figure 6 shows the heat map of exit choices of pedestrians under different experimental conditions in the two-factor experiment. The abscissa is the ratio of the number of people at exit A and exit B, and the ordinate is the ratio of the distance between the initial position of the participants and exit A and exit B. During the evacuation process, the participants tended to choose exits with fewer exits and closer distances. Under the condition of the same number of exits, the participant is more inclined to choose the exit with a closer distance. In cases with the same distance ratio, the participant is more inclined to choose the exit with a smaller number of virtual exits. This is consistent with the previous results obtained in the single-factor experiments.



To further examine the influence of distance and exit number on pedestrian exit decisions in the evacuation process and the interaction between those factors, a two-way analysis of variance was carried out in this paper. It can be found that the main effect of the number (F = 23.20, p < 0.01) and the distance (F = 3.422, p < 0.01) on the exit choice of pedestrians are significant. The interaction effect was not significant (F = 0.978, p = 0.471 > 0.05), which is consistent with the conclusions obtained in the previous single-factor experiments. Among these two factors, the exit number factor has a greater impact on the exit choice, and the participant will give priority to the number of virtual pedestrians at the exit compared to the distance.



Figure 7 can better confirm and explain the above phenomenon. The line width represents the number of people who select the track. It is to be noted that Figure 7a displays the trajectory of the participants for comparison, where the virtual numbers of exits A and B are 1 and 9, respectively. Due to the large difference in the number of people at the two exits, the distance ratio does not affect the probability of personnel selection. At the same time, the trajectory shows that the choice of participants is relatively decisive, and they all directly arrive at the left exit from the starting point, which is different from the single factor experiment of distance influence when the number of people is equal (Figure 4). In comparison to the number of people evacuated (Figure 7b), the probability of choosing the left exit decreases as the population increases at this exit. In addition, the trajectories of the personnel have a high degree of overlap, indicating that the difference in the number of people does not affect the personnel path selection.





4. Discussion


This paper builds an experimental platform based on the mixed reality evacuation LVC simulation system and conducts experimental research on various factors that affect pedestrian evacuation decision-making and path trajectory during the evacuation process.



The evacuation distance and numbers of people had a significant impact on the exit choice of the participant, and the participant was more inclined to choose the exit with a closer distance or a smaller number of people. It also can be concluded that the angle between the exits and the participant would have a certain impact on the evacuation behavior of the participant.



In the two-factor coupling influence experiment, it was found that the number of exits had a greater impact on the exit choice of the experimenter, and the participant would give priority to the number of exiting virtual pedestrians compared with the distance. At the same time, the large difference in the number of people made the decision of pedestrians more decisive, and the walking track of evacuees was close to a straight line.



Although the LVC simulation system provides an experience that combines virtual and natural environments, it still cannot restore the emotions and pressure of pedestrians in the real environment, as well as the complexity of conditions such as noise and light. The control of experimental variables and the representativeness of the experimenters are also tricky. It has certain limitations. Future research should improve the complexity and authenticity of the simulation environment, expand the diversity of participants, comprehensively analyze multiple influencing factors, and further improve the effectiveness and applicability of the evacuation plan.
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Figure 1. Buildings and models of the experimental sites, they should be listed as: (a) Real scene; (b) 3−D Model; (c) Virtual pedestrians. 
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Figure 2. Experimenter’s initial positioning map. 
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Figure 3. Experimental data processing process, they should be listed as: (a) Original evacuation trajectory; (b) Evacuation trajectory after calibration. 
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Figure 4. Choices number and trajectory of the participants under different distance ratios, they should be listed as: (a) The pedestrian selecting the exit A; (b) The pedestrian selecting the left B. 
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Figure 5. Exit choices and trajectory of the participants under different distance ratios. 
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Figure 6. The selection probability heat map of exit A. 
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Figure 7. Comparison of exit choices and trajectory of the participants for different starting positions and virtual pedestrian ratio, they should be listed as: (a) pedestrian ratio 1:9; (b) distance ratio 1:1.6. 
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