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Abstract


One of the most challenging problems during disasters involving crowds is pedestrian evacuation. It is very important in such situations to improve survival rates by getting all or most of the people out in the shortest possible time. Technological intervention through augmenting the evacuation process using an unmanned aerial vehicle (UAV) exhibits great potential in improving survival rates, but the exploration of this method is still in its infancy. Therefore, this study explores the potential of utilizing UAVs for crowd management during emergency evacuations. We conducted a rigorous study, using a simulation model featuring four UAVs and differing numbers of pedestrians, with use of two UAV guidance approaches: partial guidance and full guidance. The experimental results suggest that exploiting UAVs in crowd evacuation and following the partial guidance approach can lead to a more efficient evacuation process.
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1. Introduction


As the rate of both natural and manmade disasters—fires, explosions, earthquakes, etc.—in populated areas is increasing, people are becoming more concerned about emergencies in which areas need to be evacuated promptly [1,2,3,4]. In such situations, people often panic, fearing losing their lives, and look for a quick exit to escape. The problem becomes more challenging when a large number of panicked pedestrians try to escape together, causing greater incidence of injuries and casualties. Sometimes the situation can become even worse, if the pedestrians trample each other in a stampede when they do not know where the exits are. This can lead to severe injuries and mass death. Therefore, emergency pedestrian evacuation is now considered an extremely important research problem to be solved for any crowd management process.



In this realm of research, significant effort from various fields has already been made to ameliorate the quality of crowd evacuation solutions. Nonetheless, incorporating cutting-edge technologies, such as unmanned aerial vehicles (UAVs) [1,2] remains worth exploring, given the magnitude of impact a good crowd evacuation solution has. However, the incorporation of such cutting-edge technologies in crowd evacuation solutions is still under-explored in the literature.



The existing studies on crowd evacuation cover both unguided crowd evacuation [3,4,5,6,7] and guided crowd evacuation [8,9,10,11,12,13,14,15,16,17,18]. In such studies, it has already been found that guided crowd evacuation can be expected to perform better [10,12,14]. Accordingly, guided crowd evacuation has been explored from diverse perspectives, such as single human leader [9,10], multiple human leaders [10,11,12], a single robot leader [13,14], and multiple robot leaders [15,16,17,18]. Among these studies, only a few [16,18] have concentrated on using UAVs in the evacuation process. Such studies are confined to specific tasks, such as information gathering and dissemination regarding hazards within an evacuation area [16] or the scheduling of the UAVs during evacuation [18]. However, to the best of our knowledge, none of the existing studies has focused on the aspect of different approaches to guidance when using UAVs, which can be used to guide evacuees during an evacuation process. The aspect of guidance approaches when using UAVs is of particular significance, as this can differ in real-world cases. UAVs can be used to conduct partial guidance or full guidance (these approaches will be elaborated further in Section 3) during an evacuation process. As these important factors are yet to be investigated in the literature, this paper examines the notions of crowd guidance using UAVs in depth through studying diverse scenarios.



It is also very important to explore the various options for placement of UAVs—for example, whether they should be placed at the middle of the evacuation space, near the exit, or in a random fashion – when exploring their applicability in crowd evacuation. To the best of our knowledge, this aspect is yet to be analyzed in the literature. Therefore, this study also attempts to perform rigorous analysis over diverse placements of UAVs.



It is worth mentioning that UAVs should be explored in terms of their potential to improve the efficiency of pedestrian evacuation in crowds. A UAV is an aircraft that can fly without a pilot on board [1]. It can be controlled by a remote operator or fly based on a specific program. UAVs have already been used for many applications in the context of smart cities and public safety, besides their prominent military and commercial applications [2]. However, as mentioned above, their applicability in the context of emergency pedestrian crowd evacuation from the perspectives of crowd guidance and UAV placement is yet to be explored in the literature.



Therefore, in this paper, we focus on UAV-based emergency guidance and evacuation planning to explore the applicability of UAVs in the context of emergency pedestrian guidance and the evacuation of crowds. To do so, we first propose different methodologies for UAV-augmented guidance. To evaluate the outcomes of our proposed methodologies, we built a model that can simulate pedestrian guidance and evacuation under different scenarios with regard to the number of pedestrians, the position of exits, and the positions of the UAVs.



The main contributions of this paper are:




	
Two new methodologies for UAV-augmented emergency pedestrian guidance and crowd evacuation, namely, full guidance and partial guidance.



	
Amodel for the proposed methodologies which simulates pedestrian evacuation under different scenarios involving diverse UAV placements.



	
The evaluation of the proposed methodologies against alternative solutions in terms of two performance metrics: average evacuation time and mortality.








The remainder of this paper is organized as follows: Section 2 reviews related studies in the field of crowd evacuation; Section 3 illustrates our methodology; Section 4 reports and discusses the experimental results; and Section 5 concludes the paper and sheds some light on future research directions.




2. Related Work


Since crowd evacuation is an important problem in this century, many researchers from different fields are working on it. In this section, we review some ofthe previous studies on evacuation planning, summarized in Table 1, and classify them into two types: unguided crowd evacuation and guided crowd evacuation. The review is not meant to be comprehensive: the aim is merely to give some examples of each approach, especially with regard to guided crowd evacuation, which is our main focus.



2.1. Unguided Crowd Evacuation


During unguided crowd evacuation, pedestrians direct themselves through the evacuation path and exit using signage, either static or dynamic, without the need for an external agent (e.g., human leader, mobile app, robot, UAV) to lead them. A study in this regard [3] utilized the Ant Colony Optimization algorithm (ACO) to determine a feasible route and avoid a potential obstacle. The study proposed suggesting found paths over mobile messaging or broadcasting the paths to the people under evacuation. Another study [4] focused on evacuation in a simplified scenario covering a single indoor room with one exit. In such studies, simulation tools such as Unity [5] and EXODUS [6] are generally used. Another similar study [7] used an adaptive guiding protocol based on wireless sensor networks to approach congestion problem during evacuation. None of these studies focused on the utilization of UAV for evacuation.




2.2. Guided Crowd Evacuation


In a guided evacuation, a leader or leaders (sound systems, robots, humans, etc.) guide the evacuation process. A study using such an approach [8] developed a cellular automaton crowd route choice (CACR) model with audio alarms. The study presented in [9] presented a different guided evacuation approach. However, none of these studies focused on utilization of UAV for guiding evacuees. Nonetheless, to provide a glimpse of the relevant literature, we present below related studies on guided evacuation with a single human leader, multiple human leaders, a single robot leader, and multiple robot leaders.



2.2.1. Single Human Leader


The study presented in [9] reviewed various types of guidance approach using signage, human leaders, mobile devices, robots, and wireless sensor networks, and found those involving humans to be the most efficient. Another study [10] used the social force model to study evacuation in a subway station with two exits, and concluded that using a leader accelerates the evacuation process.




2.2.2. Multiple Human Leaders


The study presented in [10] studied evacuation scenarios guided by multiple leaders, concluding that the average evacuation time was longer and the number of injuries was larger in the multiple-leader scenarios than in the traditional evacuation scenarios. In [11], the researchers modeled an indoor dance hall with two exits, represented by means ofa two-dimensional Cellular Automata model. This study suggested that having a large number of leaders can negatively impact evacuation outcomes. The study presented in [12] focused on safe navigation in a virtual environment, concluding that leader-following behavior successfully led the evacuees out to a safe point in a short time.




2.2.3. Single Robot Leader


The study presented in [13] investigated robot-guided crowd navigation in indoor environments by developing a two dimensional simulation tool called MengeRos. Another study [14], evaluated the use of a robot-guided evacuation framework in both Cellular Automata and real-world evacuation scenarios. This study concluded that the evacuation process was more efficient when using a robot in terms of evacuation time.




2.2.4. Multiple Robot Leaders


The study presented in [15] investigated a framework for using multi-cooperative robots in the evacuation of pedestrians. Another study, [16], introduced a robot-assisted crowd evacuation system to provide dynamic instructions on hazards to the crowd during the evacuation process. Even though this study revealed that using robot-assisted evacuation is beneficial in both normal and panic scenarios, this study did not focus on different approaches to guidance, such as partial guidance and full guidance. Another study [17], introduced a heuristic method to deploy evacuation robots and assign them guidance roles as either attractive or repulsive entities to humans. In [18], a UAV-based crowd evacuation was proposed. However, this study mainly focused on UAV scheduling in a polluted industrial area.



Finally, a few studies [19,20,21] have explored cooperation among multiple UAVs in a crowd evacuation scenario. The study presented in [19] used multi-UAV cooperation in the evacuation where multiple drones support disaster evacuation guidance. The UAV agent shares information about the UAVs to decide on the evacuation guidance, rerouting if the UAVs encounter any problems. The study presented in [20] generated a plan to evacuate pedestrians to the safest point and guide them using multi-UAV cooperation. The study presented in [21] provided safe evacuation guidance for when tsunamis occur using multiple UAVs. The study identified a safe route using information such as disaster situations and regional characteristics, through the cooperation of multiple UAVs.





2.3. Limitations of the Existing Literature


The existing literature has investigated different modalities of crowd evacuation involving humans and robot—both single entities and multiple ones. However, little research has been conducted on the use of UAVs as leaders for evacuation purposes. Moreover, the use of different types of guidance approach when using UAVs is yet to be covered in the literature to the best of our knowledge.



The aspect of guidance approaches is particularly important in the case of employing UAVs in evacuation situations, as UAV leader models can differ in real-world cases. The models might involve partial guidance or full guidance in an evacuation process. Nonetheless, the placement of UAVs during crowd evacuation is yet another important aspect that is under-investigated in the literature. This paper therefore examines these aspects in depth through investigating different scenarios in a rigorous manner.





3. Methodology


In this study, we used an agent-based modeling and simulation platform, NetLogo 6.1.1 [22], to model the environment and test a wide range of evacuation scenarios. The environment represented a 60 m × 60 m (3600 m2) indoor hall, as shown in Figure 1, with four exits that are 3 m wide each(white rectangles) and six randomly placed obstacles (marked in green), each representing a long pillar of1 m radius. We examined the effect of two placements of exit doors, opposite or adjacent, as shown in Figure 2, where the width of the exit doors was 3m. We considered different numbers [450, 900, 1800, 3600, and 7200] ofarbitrarily located standing pedestrians, and their walking speeds were varied depending on the crowd density (CD) [23] as shown in Table 2.



For guided evacuation, we considered four battery-powered mini-multi-rotor UAVs capable of a speed of 3.5 m/s. Each UAV was equipped with a light to guide the pedestrians in case of darkness. One depot was placed next to each exit door and four other depots were distributed in the hall based on the scenario being tested. For example, if a scenario was set up to test the central position of the UAVs, then the depots were also located in the center. In this case, when the evacuation starts, a UAV flies from a central depot to a depot near the exit. We experimented with two UAV leader models:



Partial guidance: In this approach, a pedestrian immediately goes to an exit door if it is closer to them than a UAV. Otherwise, the pedestrian follows the nearest UAV, which guides them to the nearest exit. This approach can be followed when the UAVs are positioned either randomly, near an exit, or in the middle of the hall.



Full guidance: In this approach, each pedestrian follows the nearest UAV, which guides them to the nearest exit. This approach can be followed when the UAV is positioned randomly or in the middle of the hall.



In both of the above leader models, a pedestrian can take a decision simply by observing the UAV and without following any iterative or complex process. Thus, the time complexity of decision-making by a pedestrian in our methodology is O (1). We also investigated the evacuation time when following our methodology. The results on evacuation time are presented in Section 4.



To better investigate the outcomes of our methodology, we varied the initial location of the UAVs to explore different possible positions:




	
Middle: All UAVs are located at the center of the hall. Once the evacuation starts, a UAV flies to the nearest exit where all (in case of full guidance) or some (in case of partial) of its nearby pedestrians follow it.



	
Random: Each UAV is initially placed in an arbitrary position in each area. Once the evacuation starts, a UAV flies to a different exit where all (in case of full guidance) or some (in case of partial) of its nearby pedestrians follow it.



	
Near exits: Each UAV is assigned to an exit position. Once the evacuation starts, a UAV directs its nearby pedestrians to that exit.








The different settings of all considered variables are summarized in Table 3.



In [24] the average time of the evacuation process was examined, and it was found that 15 min is a reasonable time between the instant that pedestrians are made aware of an emergency and their arrival ata safe location. Therefore, in our experiments, we limited the evacuation time to15 min in both partial and full guidance models.



Two performance metrics were used to test the effectiveness of the two UAV guidance approaches:




	
Average evacuation time (AET): the average time each evacuee takesto reach the designated exit.



	
Mortality: the number of deaths that occur in the evacuation process.









4. Results and Discussion


This section presents and discusses the effect of using UAVs in the evacuation process, presenting measurements of the average evacuation time and mortality resulting from the use of partial and full guidance models with different crowd densities. When the hall is partially full, CD ≤ 0.5; when the hall is full, CD = 1; and when the hall is crowded, CD = 2; the speed of pedestrians in our model was varied accordingly. In addition, we examined two positions for the exit doors (opposite and adjacent), and three positions of UAVs (middle, random, and near exit) with partial guidance, and two positions of UAVs (middle and random) with full guidance.



4.1. Partial Guidance


In the partial guidance model, pedestrians near an exit move immediately to the exit door, while other pedestrians follow the nearest UAV, which guides them to the nearest exit. The results for AET and mortality for partial guidance models are presented below.



	(a) 

	
Average Evacuation Time







In Figure 3, the average evacuation time is plotted against different UAV locations as the number of pedestrians increases from 450 to 7200 for opposite and adjacent exit doors. AET is calculated as the average time taken by each evacuee. The results show that AET was highest when the evacuation process ran without UAVs (None); it was around 9 min when CD = 0.5; and it increased slightly, reaching 10 min, when CD = 2 for both placements of exit doors.



On the other hand, using UAVs in the evacuation process led to a decrease in AET. For instance, when CD ≤ 0.5, AET was less than 8 min; it increased slightly to just above 8 min when CD = 1 for all three UAV positions and both placements of exit doors. When the hall was crowded, that is, where two people were located within one meter of each other, AET increased to around 9 min. In all tested situations involving the partial guidance model, the two placements of the four exit doors (opposite or adjacent)had no significant effect on the AET.



	(b) 

	
Mortality







The second performance measure was percentage mortality, which examined the efficiency of the suggested evacuation approach. In Figure 4, the percentage mortality is plotted for different UAV locations as the number of pedestrians increases from 450 to 7200 for opposite and adjacent exit doors. When the evacuation process was run without utilizing UAVs, the percentage mortality was worst, especially with adjacent exit doors: approximately 30% when CD = 0.5, and rising to above 60% when CD = 2. For exit doors placed opposite each other, the mortality percentage was better with low crowd density, and increasing considerably, to more than 60%, when CD = 2.



Using UAVs in all three different positions (middle, near exit, and random) to guide pedestrians to the nearest exit show low mortality percentage when compared with a None approach. With opposite exit doors, the mortality percentage was around 0%, even when the hall is full (CD = 1), rising to around 20% with adjacent exit doors regardless of the position of UAV. Having a crowded hall with CD = 2, the mortality percentage was around 35%, but it increased to more than 40% when the exit doors were adjacent.



Overall, these results clearly show that adopting UAVs in the evacuation process leads to a more efficient evacuation process compared with using none, as it reduces AET and mortality regardless of the location of UAVs and exit doors. The two placements of exit doors gave similar results in terms of AET, but the mortality rate decreased considerably when the exit doors were opposite each other for all three UAV positions.




4.2. Full Guidance


In this approach, UAVs are the only guidance during the evacuation, where each pedestrian follows the nearest UAV to guide them to the nearest exit. The results of AET and mortality for full guidance models are as follows:




	(a) 

	
Average Evacuation Time









Figure 5 illustrates the AET results in two different UAV positions: middle and random. The lowest AET was with random UAVs, and where exit doors were opposite—a scenario which slightly outperformed adjacent exit doors. For opposite exit doors, when CD ≤ 0.5, AET was around 7 min, reaching 10 min when CD = 2. Placing UAVs in the middle of the hall with opposite or adjacent exit doors led to a high AET of approximately 11 min when CD = 2. Compared with the no-UAV approach, adopting UAVs randomly in the hall to provide full guidance in the evacuation process gave better AET outcomes.



In the full guidance model, since pedestrians follow the UAV to guide them instead of moving directly to the nearest exit, the results show a higher AET compared to analogous situations in the partial guidance approach.



	(b) 

	
Mortality







Figure 6 demonstrates the mortality rate when the evacuation process depends on UAVs as the main form of guidance for all pedestrians. In general, as with the results obtained for the partial guidance model, the positioning of exit doors opposite each other led to lower mortality compared with the adjacent exit doors. Comparing the no-UAVapproach with the full guidance model, it was found that placing UAVs in the middle, along with exit doors in opposite positions decreased the mortality to approximately 0%, even when the hall was full (CD = 1); however, mortality exceeded 20% with adjacent exit doors.



Overall, using the full guidance approach was found to enhance the evacuation process, as evidenced by reduced AET and mortality rates. Although placing UAVs in the middle of the space with opposite exit doors led to high AET, the mortality percentage was still the lowest compared with using randomly placed or no UAVs. Table 4 summarizes the results of all experiments conducted on the partial and full guidance models.




4.3. Comparison with Existing Research


We compared outcomes of our simulation with those of existing research studies. To do so, we performed a qualitative comparison. In the comparison, we considered different aspects such as exits, evacuation time, mortality rate, and scaling up (in terms of the number of pedestrians). We compared our results with the most relevant research studies, presented in [16,18,21].



Table 5 presents outcomes of the qualitative comparison. It shows variations in the focus and simulation approach/tool adopted by the studies under consideration. The table shows that our study explored greater variation in exit positions, and that our approach generated greater improvements in both evacuation time and mortality rate. Our study also demonstrates better scaling up of the results compared to the others. Thus, our study presents more comprehensive and convincing results than those reported by the others.





5. Conclusions and Future Work


This paper suggests a simulation model to show the potential of utilizing UAVs in crowd management during emergency evacuations, with two UAV guidance approaches: partial guidance and full guidance. We examined the effect of two different placements of exit doors (opposite and adjacent) and three UAV positions (middle, near exit, and random) for the partial guidance model, and two UAV positions (middle, and random) for the two exit positions for the full guidance model, testing the efficacy of the various scenarios in the evacuation of an indoor hall. The simulations were performed with low and high crowd densities, which affected the pedestrians’ walking speeds accordingly.



The performance of the models was measured according to the average evacuation time and mortality rate. The results showed the superiority of the partial guidance model with opposite exit doors, regardless of the position of the UAVs: this scenario significantly decreased the mortality rate and produced a remarkably low average evacuation time when compared to other approaches.



The results presented herein open a path toward research on various possibilities to improve emergency planning for UAV-controlled crowd evacuations. Future studies might examine different shapes and sizes of indoor hall, with different numbers of obstacles, exit doors, and UAVs. In addition, the simulation could be extended by considering various characteristics that affect pedestrians’ walking speed, such as age, gender, and medical condition.
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Figure 1. Model Elements. 
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Figure 2. Arrangements for the placement of four exits. 
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Figure 3. Average evacuation time for partial guidance model. 
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Figure 4. Mortality for partial guidance model. 
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Figure 5. Average evacuation time for full guidance model. 
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Figure 6. Mortality for full guidance model. 
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Table 1. Summary of literature focusing on guided and unguided crowd evacuation.






Table 1. Summary of literature focusing on guided and unguided crowd evacuation.





	Ref.
	No. of Agents
	Crowd Model
	Guidance Model
	Simulation Approach/Tool
	Environment Model
	Performance Measure
	Leader Role





	[4]
	10–100
	NA
	Unguided
	EXODUS, Unity
	Indoor single floor building—1 exit
	Evacuation time
	NA



	[7]
	500–2500
	NA
	Unguided
	NA
	Indoor building
	Survival rate
	NA



	[8]
	70
	Micro
	Sound System
	CACR
	Indoor gymnasium—4 exits
	Evacuation time
	Give directions



	[9]
	Large-scale
	Micro
	Multiple robots
	Real world
	Indoor building—2 exits
	NA
	Guide pedestrians



	[10]
	Multiple
	Micro
	1–8 human leaders
	NA
	Indoor subway station—2 exits
	Evacuation time, number of evacuees
	Give directions



	[11]
	10–70
	Micro
	1–6 human leaders
	Simulation based on 2D CA
	Indoor dance hall—2 exits
	Evacuation time
	Guide pedestrians



	[12]
	20–400
	Micro
	4 human leaders
	NA
	Indoor building single floor—1 exit
	Agent speed, evacuation time
	Guide pedestrians



	[13]
	Up to 141,000
	NA
	Multiple autonomous robots
	MengeRos
	Indoor
	NA
	Guide pedestrians



	[14]
	70
	Micro
	Single robot
	CA
	Indoor building—2 exits
	Evacuation time
	Guide pedestrians



	[15]
	Large-scale
	NA
	Multiple cooperative robots
	NA
	Indoor mall—2 exits
	Evacuation time
	Guide pedestrians



	[16]
	NA
	Micro
	Quadcopter
	Unity3D game engine
	Indoor building
	Evacuation time
	Locate dangerous areas and guide pedestrians



	[17]
	Large-scale
	Hybrid
	Mobile robot
	Numerical gradient descent
	Indoor building
	NA
	NA



	[18]
	Large-scale
	Macro
	Multi-UAV
	NA
	Indoor factory 400 × 400 mrectangle—1 exit
	NA
	UAV scheduling in a polluted area



	[19]
	Multiple
	NA
	Multi-UAV
	Real world
	Outdoors
	NA
	Guide pedestrians



	[20]
	NA
	NA
	Multi-UAV
	Real world
	Outdoors near the sea
	NA
	Guide pedestrians



	[21]
	Multiple
	NA
	Multi-UAV
	Real world
	Outdoors
	NA
	Guide pedestrians










 





Table 2. Walking speed as a function of crowd density.






Table 2. Walking speed as a function of crowd density.





	Number of Pedestrians
	Crowd Density (Person/m2)
	Walking Speed (m/s)





	450, 900, 1800
	≤0.5
	1.2



	3600
	1
	1.03



	7200
	2
	0.66










 





Table 3. Simulation parameters and assigned values.






Table 3. Simulation parameters and assigned values.





	
Parameter

	
Assigned Value






	
Environment

	
Indoor square hall of 3600 m2




	
UAV

	
No.

	
0, 4




	
Position

	
Middle, random, near exit




	
Speed

	
3.5 m/s




	
Guidance Model

	
Partial, Full




	
Pedestrians

	
No.

	
450, 900, 1800, 3600, 7200




	
Position

	
Random




	
Speed

	
Varies based on Table 2




	
Exit

	
No.

	
4




	
Position

	
Opposite, adjacent




	
Obstacles

	
No.

	
6




	
Size

	
Long pillar of 1 m radius




	
Evacuation time

	
15 min











 





Table 4. Summary of results.
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	UAV Leader Model
	Recommended UAV Position
	Recommended Exit Placement





	Partial
	Middle, random, or near exit
	Opposite



	Full
	Middle
	Opposite










 





Table 5. Qualitative comparison of our proposed methodology with other existing research.






Table 5. Qualitative comparison of our proposed methodology with other existing research.





	Ref.
	Focus
	Simulation Approach/Tool
	Exit (s)
	Evacuation Time
	Mortality Rate
	Scaling Up (# of Pedestrians)





	[16]
	Providing instructions on hazard
	Unity3D game engine
	Multiple at fixed locations
	Improved
	NA
	Up to 400



	[18]
	UAV scheduling
	NA
	Single at a fixed location
	NA
	NA
	NA



	[21]
	Multi-UAV cooperation
	DASH
	Single at a fixed location
	NA
	NA
	NA



	Ours
	Crowd guidance
	NetLogo
	Multiple at different locations
	Improved
	Improved
	Up to 7200
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