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Abstract

Exit flow equilibrium method based on crowd evacuation dynamics theory was applied in this study to
clarify the reasons that hinder the evacuation of aircraft cabin passengers as well as reduce the
evacuation time using the A-configuration cabin layout of a B737-800 as an example. Pathfinder
simulation software was utilized to simulate and compare the evacuation efficiency of three scenarios:
no command scenario, exit equilibrium scenario, and evacuation sequence arrangement; reveal the key
reasons causing the evacuation congestion of aircraft cabin; and propose the evacuation strategy with
the minimum amount of time. Results show that the evacuation time is 99 s under the condition of no
command and 86.8 s under the condition of balanced exit utilization. The evacuation efficiency in the
case of balanced use of emergency exits reaches the maximum when passengers near the aisle are
evacuated first at an evacuation time of 79.3 seconds. The obtained conclusions provide a significantly
reference and method support for efficient emergency evacuation strategies of civil aircrafts.
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1. INTRODUCTION

Aircrafts have become a common transport tool with the rapid development of air
transportation. According to the International Air Transport Association (IATA), the aircraft
ranks first in terms of safety, but deaths are the main indicator. Various flight unsafe incidents
have also emerged in recent years due to the increase of civil aviation traffic and uncontrollable
potential risks, such as bad weather and bird strikes [1]. Flight crew members will likely
implement an emergency landing and evacuate passengers when a safety risk exists during the
flight [2, 3]. According to the National Aviation Safety Council, 95 % of passengers can survive
a plane accident. Therefore, the evacuation of passengers from the cabin within a limited
amount of time is an important factor related to their safety.

Currently many countries in the emergency evacuation security verification of the
airworthiness of the airplane passengers in case of an emergency evacuation time to the relevant
provisions in the cabin, such as China in large aircraft of public air transport carrier operation
qualification examination and approval rules that plane to land under open 50 % of the
emergency exit, passengers from the plane of time should not exceed 90 s [4]. Therefore, the
scientific formulation of an emergency evacuation strategy of civil aviation aircraft is a
prerequisite to guaranteeing and improving the efficiency of emergency evacuation of
passengers. However, previous studies on the emergency evacuation of aircraft cabin were
typically carried out as cabin drill exercises. The aircraft cabin environment is a typical airtight
and restricted space with narrow passages and dense obstacles. However, timing exercises are
labour-intensive, expensive, and may lead to safety accidents to a certain extent during large-
scale crowd evacuation drills [5]. Emergency drills are also limited by the attitude of
participants toward the drill, system implementation, disaster atmosphere, skills and
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experience, and drill burnout [6], and may lead to poor performance of the drill and failure to
reveal the movement rules of passenger evacuation in aircraft cabins in an emergency
environment. Multiple aircraft cabin passenger evacuation scenarios based on the simulation
technique, evacuation time, contrast of different situations, and space-time characteristics of
passenger evacuation is designed in this work to address these limitations, achieve the
evacuation strategy with the minimum amount of time, and improve the evacuation efficiency
of the aircraft cabin in an emergency environment comprehensively.

2. STATE OF THE ART

Crowd experiment and computer modelling have been typically used in emergency evacuation
studies [7]. However, the majority of experimental research methods have focused on small-
scale evacuation experiments due to safety and ethical considerations by organizing movement
characteristics of people in the experimental scene, exploring evacuation rules of pedestrians,
and extracting evacuation movement parameters. For example, Isobe et al. [8] simulated the
evacuation process of pedestrians in a smog-filled room under the condition of obstructed sight
by providing a fuzzy eye mask to experimenters. The use flow of different emergency exits is
analysed, and safety planning suggestions for building space are put forward. Okada et al. [9]
examined the evacuation efficiency of an escalator in the two modes of static and upward
movement by creating a scene experiment in which a crowd is evacuated using the escalator
and pointed out that slow pedestrians seriously affect the evacuation efficiency of a crowd when
the escalator is used for evacuation. The computer simulation method mainly uses mathematical
modelling and computer programming to simulate the dynamics of the crowd system and
calculate the movement results and evacuation time of the crowd. This method is characterized
by repeatability, adjustable parameters, and early prediction as well as preferred by researchers
because of its advantages over experimental methods in scope and speed. Muhammed et al. [10]
adopted Al technology and intelligent algorithm to calculate the minimum amount of time for
pedestrians to move to the safety exit in different locations and proposed a calculation model
for rapidly finding the evacuation exit. Kim et al. [11] developed a crowd evacuation route
selection model based on human organs and characteristics. Bottleneck points of different
people in the evacuation route were determined and the purpose of finding the optimal
evacuation route according to physical characteristics of pedestrians was determined by
detecting risks and conditions of the evacuation route and the density of regional crowds. On
this basis, scholars have analysed the impact of complex spatial structure and environmental
barriers in the evacuation process of dense crowds on evacuation efficiency, such as escalators,
stairs, thick smoke, limited vision, and evacuation bottleneck. However, these studies have
mainly focused on the microperspective. Studies on induction strategies for large-scale crowd
evacuation from the perspective of flow equilibrium of multiple emergency exits and the
relationship between obstacle avoidance behaviour and evacuation efficiency based on
pedestrian movement law are limited.

Fang et al. [12] established a civil aviation evacuation FGCAEM model for typical aircraft
evacuation scenarios based on aircraft structure and personnel evacuation characteristics to
simulate the aircraft cabin emergency evacuation. Wang et al. [13] used a questionnaire to
survey several passengers and revealed that passengers are inclined to obey the command of
crew members in emergency evacuation behaviour and willing to respond actively to and
cooperate with the guidance of crew members. Burigat and Chittaro [14] proposed an aviation
emergency evacuation tool based on virtual environment to show a nearly real cabin space
environment and evacuation map in the virtual environment. Haghani [15] summarized the
evacuation models in the field of evacuation dynamics in recent years and explored the
differences of research conclusions under various experimental and simulated scenarios. Liu et
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al. [16] put forward an evacuation model that comprehensively considers key physical
characteristics of cabin passengers, such as waist circumference, gender, age, and disability;
assessed the cabin evacuation situation under the background of emergencies; and developed a
set of safe evacuation routes for passengers to choose independently. Chang and Liao [17]
analysed the impact of safety education on passenger evacuation behaviour by investigating the
convenience of passengers at different positions for emergency exits during evacuation in terms
of evacuation management planning. To sum up, evacuation strategies for confined spaces has
mainly focused on the evacuation route selection and planning of passengers. However, the
minimum geometric length of the evacuation path is often used as the basis for evacuation path
planning, while the overall situation of the evacuation network is ignored in route selection.
Hence, the congestion of passengers in the evacuation path with the minimum distance results
in the bottleneck effect. Existing studies generally focus on local inducement and change of
personnel behaviour to affect the evacuation process, while investigations on dynamic planning
and organization of large-scale evacuation groups from a holistic perspective are lacking.

Therefore, this study focuses on outlet flow balance method and setting-induced evacuation
strategy to address these limitations, realize the balanced use of aircraft cabin with many
emergency exits, and design a different regional passenger evacuation order for the cabin space
layout as well as use the Pathfinder software on the airplane cabin in an emergency to provide
a reference for an efficient and effective aircraft cabin evacuation plan.

3. METHODOLOGY

3.1 Exit equilibrium

The transportation network contains many different origin-destination (OD) pairs due to the
various starting points of travellers. The traffic flow in the road network reaches the equilibrium
given that the route selection behaviour of travellers always exists. Giuseppi and Pietrabissa
[18] proposed the first principle of the definition of traffic network balance under the
assumption that all travellers fully understand the information of all road segments in the current
traffic road network in response to this phenomenon. The path with the minimum distance is
taken as the principle, and the same standard is used to calculate the impedance of all road
segments to choose the path with minimum impedance. This assumption is also called
determined user equilibrium (DUE) in actual traffic flow distribution.

For example, G is the directed graph, N is the set of left and right nodes in G, and A is the
set of all road segments in G in the transportation network G (N, A). We define P as the set of
all paths, R as the set of all starting points, S as the set of all key points, a as a road segment
(a € A), kas apath (k € P), r as a starting point (r € R), and s as an end point (s € S). According
to the description of Wardrop’s equilibrium [18], the DUE allocation for the transportation
network must meet the following conditions.
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where ¢’ is the actual impedance on the k path between OD pairs (r, s) and uys is the minimum

distance path impedance between OD pairs (r, s). Babicheva [19] proposed a mathematical
programming model to satisfy the DUE condition as follows:
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where t; is the actual impedance on road segment a with the following constraints:
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where f£ is the flow on the k path between OD pairs (r, ), Qrs is the traffic demand between
OD pairs (r, s), Prs is the set of all paths between OD pairs (r, s), and v, is the flow on road
segment a. If a is on the k path between OD pairs (r, s), then 5%=1; otherwise, the result is
equal to 0.

The layout of the aircraft cabin and the distribution of people are comprehensively
considered and an exit equilibrium algorithm is constructed on the basis of flow equilibrium
theory. This method uses the evacuation time empirical formula of Togawa, given in [20], as
the evaluation function and finds the optimal solution for exit choice of each pedestrian through
multiple iterations. At the same time, the cabin is cut into small pieces of seat distribution units
according to the space structure and specific size parameters of the cabin to form multiple small
lattice areas. Accordingly, the cellular automaton method is used for the following iterative
solution and path length calculation:

(1) Floyd algorithm [21] is utilized in the initial state of passengers to calculate the distance
from pedestrians to each exit, and the exit with the minimum path is set as the initial value of
pedestrian exit selection.

(2) According to the position of each pedestrian, the evacuation time of each exit selected
by pedestrians is estimated as follows.

or — i | Dis  PED, .
—min{——+4+—%§4.
P aa| v, F(EW,) (6)

where n is the export quantity, i is the export number, j is the pedestrian number, ET; is the
estimate of the evacuation time required to select the exit i for pedestrian j, Disjj is the distance
of pedestrian j from the exit i, Vj is the movement speed of pedestrian j, PEDj; is the number of
pedestrians who precede pedestrian j on the path to exit i, F is the outlet flow rate set to
1.0 ped/m's according to the width of the cabin emergency exit I, EW; is the width of the exit i,
and @ is the degree of pedestrian congestion on the path from pedestrian j to the exit i that
represents the large consumption of time and cost by pedestrians due to congestion in a path or
gate. Many aggregations correspond to a long time spent. The following is assumed:

1 PED, < PED,
PED,
6,= - PED, < PED; <1.5PED, @)
PED,
15 PED, >1.5PED,

Eq. (3) demonstrated that the time the pedestrian spends on the crowded path is 1.5 times
longer than that on noncrowded paths.

(3) The estimated evacuation time of each exit selected by each pedestrian is compared, and
the exit with the shortest evacuation time will be set as the exit selected by the pedestrian.

(4) Steps (3) and (4) are repeated until the results converge to obtain the final exit selection
results of all pedestrians.

3.2 Scenario simulation software

The evacuation simulation software Pathfinder is a pedestrian motion simulation system
developed by the American company Thunderhead Engineering. This software uses a 3D
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geometric space model that can be divided into a 2D planar navigation mesh, which is formed
using adjacent continuous irregular triangles. Obstacles are accurately represented as gap in this
navigation mesh; hence, pedestrians move in this navigation mesh space. Obstacles are
accurately represented as gap in this navigation mesh; hence, pedestrians move in this
navigation mesh space. Pedestrian movement and path finding in this study are both based on
the built-in movement and path finding model in Pathfinder, while the pedestrian’s emergency
exit selection is based on the exit equilibrium method.

3.3 Scenario simulation and parameter setting

The Boeing 737-800 is an improved version of the new-generation Boeing 737NG series
aircraft and suitable for medium- and short-range flights. The Boeing 737-800 has been widely
used by major airlines worldwide due to its advantages of safety, reliability, simplicity, easy
operation, and low maintenance cost. With high order rate and service rate, it is a typical
representative. Therefore, the configuration of B737-800 is the research object in this study for
building the experimental scenario. The B737-800 configuration a contains 164 seats, including
8 seats in business class, which is located in the front of the cabin, and 156 seats in economy
class, which is located in the middle and rear of the cabin. The aircraft presents eight exits (a
total of four entrances and exits), including one on both sides of the front and rear, with a width
of 0.82 m, and two on both sides of the middle of the aircraft (a total of four emergency exits),
with a width of 0.6 m. The specific layout of the aircraft is shown in Fig. 1. On the basis of the
principle of maximum safety, the cabin in the evacuation scenario is set as a fully loaded
environment, that is, the passenger occupancy rate is 100 %. Notably, the opening of each
emergency door in the aircraft cabin requires the cooperation of one to two crew members and
three passenger volunteers, the common airline crew working group is five people, and only a
few scenarios will require the simultaneous opening of eight emergency exits during the
evacuation process. Moreover, four exits to the left are selected before opening for the
evacuation simulation analysis in the scenario design of this study given that the opening of a
single side door of the cabin is more convenient for passengers to evacuate to the safe area in a
unified manner in the real evacuation process. Each exit is labelled in Fig. 1.
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Figure 1: Cabin structure of B737-800 configuration A.

The simulation is set with the default pedestrian radius in Pathfinder after setting passengers
to each seat. The passenger speed is set to 1.2 m/s for free evacuation, and this scenario is
denoted SO (control group), as shown in Fig. 2. The exit equilibrium method is added on the
basis of SO in scenario S1. The evacuation simulation is carried out by setting the exit selection
of passengers in different areas. The exit selection of passengers is illustrated in Fig. 3. This
study aims to ensure that the utilization rate of each exit is as consistent as possible and the
convergence result does not necessarily mean that the number of pedestrians passing through
each exit is exactly the same given that multiple boundary conditions exist. The convergence
results of the export equilibrium simulation are 1:49, 2:39, 3:41, and 4:45. Each scenario is
simulated 10 times, and the evacuation results are counted and analysed.
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Figure 2: Scenario setting diagram.
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Figure 3: Exit selection of each passenger in scenario S1.

4. RESULT ANALYSIS AND DISCUSSION
4.1 Results

Exit equilibrium was applied and the Pathfinder software was used to simulate evacuation
scenarios SO and S1. The results showed that it takes an average time of 99 seconds to evacuate
all passengers in scenario SO and 86.8 seconds in scenario S1. Figs. 4 and 5 show the middle
and late periods of the evacuation in scenarios SO and S1, respectively.

b)t=80s

Figure 4: Evacuation simulation of scenario SO.

As shown in Figs. 4 and 5, the heavy counterflow crowding the aisle in scenario SO resulted
in the blockage of the evacuation exit. The excessive local density increased the difficulty for
passengers to proceed. The counterflow phenomenon was alleviated to a certain extent in
scenario S1 because the exit choice of each passenger was set. In addition, the crowd density
and congestion area of scenario S1 are lower than those of SO at the same time point. This
finding indicated that the exit equilibrium method effectively alleviated passenger congestion.
Scenario SO can be regarded as a situation of free evacuation without instructions in the real
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world, while scenario S1 is a situation wherein passengers follow the crew’s instructions and
evacuate to the set exit. Compared with free evacuation, the evacuation with instructions from
the crew saved 12.2 seconds. This finding indicated the importance of the crew’s emergency
instructions during the evacuation process.

b)t=80s
Figure 5: Evacuation simulation of scenario S1.
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Figure 6: Number of evacuees at each exit in scenario SO and S1.

Fig. 6 shows the number of evacuees at each emergency exit and the change in the total
number of evacuees over time in scenarios SO and S1. The low utility ratio of exit E1 in scenario
SO without anyone using it after about 60 seconds directly caused the decrease of the overall
evacuation efficiency. Many choices for passengers in front resulted in a low utility ratio of exit
E1, which is located in the front of the cabin, given that passengers tend to choose the safety
exit close to them during evacuation. Meanwhile, emergency exits E2 and E3 are located in the
front of the cabin. The phenomenon above was evidently alleviated from the time difference
between exits E1 and E4 for about 6 seconds as well as between exits E4 and E2 and E3 for
about 9 seconds after using the exit equilibrium. This scenario illustrated the improvement of
evacuation efficiency when the exit equilibrium method is used.

The analysis of the crowd density distribution during the evacuation in Scenario S1
demonstrated that congestion still occurs when passengers in different seating areas are
simultaneously evacuated despite being arranged to evacuate at set exits (Fig. 7). The excessive
local crowd density that caused congestion in the evacuation process in turn led to the
unsatisfactory improvement of evacuation efficiency.
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Figure 7: Local density distribution of passengers at 50 s in scenario S1.
4.2 Evacuation strategy optimization

Optimization of the evacuation sequence of passengers in scenario S1 is proposed in this study
to alleviate the congestion during the evacuation process on the basis of exit equilibrium
(scenario S1). The start time of evacuation of passengers from different seating areas was set
via optimization to ensure that the simultaneous movement of the local crowd density caused
by passengers can be reduced and avoid collision. Crew members can guide passengers from
different seating areas through the evacuation sequence in the real world by communicating
instructions prior to evacuation. We set the following evacuation sequences based on the exit
utility equilibrium (Scenario S1) and determine the optimal strategy on the basis of the time
spent evacuating all passengers according to the spatial layout of seats and safety exits of
Boeing 737-800.

(1) Scenario S2: Passengers in the column near the aisle were evacuated first, followed by
those in the middle and the line near the window (Fig. 8).
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Figure 8: Diagram of passengers being evacuated first in columns near the aisle.

The evacuation process will be delayed until passengers in column H are evacuated given
that passengers in columns J and K will pass those in column H on their way to emergency
exits. Therefore, passengers in columns near the aisle of each seating area were prioritized in
the evacuation in scenario S2 (passengers in columns C and H are outlined in red in Fig. 8),
followed by passengers in columns B and J (outlined in black) and those near the window. The
next batch of passengers can only begin to move when each batch of evacuees reach the front
end of the column. In addition, the evacuation of passengers in business class with those
prioritized can provide more space for subsequent evacuees because they can easily access the
exit given that the space in business class is larger than that in economy class. The total
evacuation time for scenario S2 is 79.5 seconds.

(2) Scenario S3: Passengers in the same row were evacuated in sequence (Fig. 9).
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Figure 9: Diagram of the evacuation sequence of passengers in the same row.
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An original row of passengers in the cabin were set as the evacuation unit in scenario S3.
Passengers in rows nearest the emergency exit were evacuated first, followed by those in the
next row. The next row can only begin to move when the first row of passengers have all left
their seats. As shown in Fig. 9, passengers in row 31 were evacuated first, and those in row 32
and subsequent rows only began to move after proceeding to the aisle. The total evacuation
time for scenario S3 is 85.9 seconds.

(3) Scenario S4: Passengers in alternate rows were evacuated in sequence (Fig. 10).
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Figure 10: Diagram of passengers in alternate rows evacuating in sequence.

Passengers in rows nearest the exits and those in alternate rows in each seating area were
set as priority evacuation groups in scenario S4 to alleviate the congestion in the middle and
rear areas of the cabin in scenario S3. The next evacuation group can only begin to move when
passengers in the latter rows succeed the former. As shown in Fig. 10, rows 31 and 33 were the
priority evacuation group. The evacuation group formed by those in rows 32 and 34 and so on
can only begin to move when passengers in row 33 proceeded to row 31. In this way, passengers
in the latter row of the evacuation group were assured not only of enough time to proceed
forward but also the reduction of waiting time in the evacuation in scenario S3, thereby
improving the evacuation efficiency. The total time for evacuation is 83.8 seconds.

4.3 Analysis of optimization strategy

The optimal evacuation efficiency was achieved in scenario S2, and the total evacuation time
was 19.7 seconds less than that in scenario SO, in which passengers were evacuated without
instructions, and also 7.3 seconds less than that in scenario S1, in which passengers were
evacuated simultaneously on the basis of exit equilibrium. The comparison of simulations
showed that situations in the middle period of scenario S2 significantly improved with
passengers mainly waiting in the middle of the aisle compared with those of scenario S1. Hence,
this evacuation strategy effectively reduced the occurrence of congestion. Compared with that
of scenario S1, congestion in the cabin alleviated to some extent in the middle period of scenario
S3 and some passengers still suffered heavy congestion, especially in the middle and rear parts
of the cabin. Scenario S4 was similar to scenario S3 and can be regarded as an improved version
of scenario S3. The comparison of crowd density in the middle period of evacuation in scenarios
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S3 and S4 demonstrated that more passengers are in the aisle and local congestion happens less
frequently in scenario S4. Therefore, the average evacuation time in scenario S4 was slightly
less than that in scenario S3. Notably, the average evacuation time in optimized scenarios S2,
S3, and S4 was significantly less than that in scenario SO, which was set as the control scenario.
Compared with scenario S1, the time was also slightly less. This finding showed that optimizing
the passenger evacuation sequence on the basis of exit equilibrium is effective. Moreover,
different seating areas and evacuation sequences exert strong influences on evacuation
efficiency. However, evacuating passengers in columns near the aisle first, followed by those
in the middle columns and near the window, is more efficient than that in the original seat
sequence in the cabin regardless of the seating area of passengers. The utility ratio of each exit
of the overall evacuation strategy is higher than that of the local evacuation strategy. Fig. 11
presents the number of evacuees at different emergency exits in scenario S2. The analysis of
curves among the three evacuation scenarios indicated that the slope of the curve of exit E4 is
the largest. This finding demonstrated that the flow rate and utility ratio of exit E4 increase in
the early period of evacuation in this scenario.
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Figure 11: Number of evacuees at each exit in scenario S2.
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Figure 12: Local crowd density distribution of scenarios S2, S3, and S4 at 50 s.

Fig. 12 shows the comparison of the local crowd density in three optimized scenarios when
t=50 s. The results showed that passengers in scenario S2 are more evenly distributed mainly
in the middle part of the aisle in the cabin in the three optimized scenarios, thereby avoiding
collision and congestion between evacuees and passengers to be evacuated and reducing the
waiting time for evacuation. However, passengers in scenario S3 were heavily congested in the
front and rear parts of the cabin. Although the strategy of evacuating passengers in the same
row in sequence was optimized and congestion was alleviated to some extent in scenario S4, it
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divided the large area of congestion in scenario S3 into several small congestion areas.
Consequently, a minimal amount of time was saved in the evacuation, and the overall
evacuation efficiency is unsatisfactory.

5. CONCLUSION

The A-configuration cabin of B737-800 is used as an example in this study to improve the
efficiency of emergency evacuation in the aircraft cabin. The Pathfinder simulation software is
used on the basis of exit flow equilibrium theory to simulate three scenarios of evacuation,
including evacuation without instruction, based on exit equilibrium, and in specific sequence,
and the efficiency when different evacuation strategies are applied is compared. The evacuation
strategy with the minimum amount of time is proposed to analyse the main reasons for cabin
congestion in evacuation. The following conclusions can be drawn from this study:

(1) The special structure of aircraft cabin is the key factor affecting passenger evacuation
efficiency. The evacuation time is 99 seconds in the case of emergency without effective
instruction from crew members. However, the average evacuation time can be saved by 12.2
seconds when evacuation exits for passengers are arranged in a reasonable and balanced manner,
thereby indicating that instructions of crew members play a crucial role in the evacuation
efficiency.

(2) The occurrence of counterflow and local crowd density in the cabin can be reduced to a
certain extent according to exit equilibrium and a reasonable evacuation sequence of passengers
in different seating areas to improve evacuation efficiency.

(3) On the basis of exit equilibrium, the optimal evacuation efficiency can be achieved by
evacuating passengers first in columns near the aisle, followed by passengers in the middle and
near the window. This evacuation strategy can effectively alleviate congestion in the cabin aisle,
reduce the waiting time for evacuation, and facilitate the movement of passengers to the cabin
aisle as soon as possible. Hence, the minimum evacuation time is achieved.

In conclusion, the Pathfinder simulation software can be used to analyse the efficiency of
crowd evacuation in a confined space, such as an airplane cabin, and identify the bottleneck in
the evacuation process effectively. Combined with traffic flow equilibrium theory, a safe and
efficient evacuation strategy can be formulated on the basis of the distribution of emergency
exits in different spatial structures to provide time safety for emergency management and rescue
work of air transport. The concept of noncompletely rational person in emergency evacuation
can be introduced into future evacuation investigations to improve the authenticity and accuracy
of the simulation.
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