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Abstract: The social distancing imposed by the novel coronavirus, SARS-CoV-2, has affected people’s
everyday lives and has resulted in companies changing the way they conduct business. The airline
industry has been continually adapting since the novel coronavirus appeared. A series of airlines have
changed their airplane boarding and passenger seat allocation process to increase their passengers’
safety. Many suggest a minimum social distance among passengers in the aisle while boarding. Some
airlines have reduced their airplanes’ capacities by keeping the middle seats empty. Recent literature
indicates that the Reverse Pyramid boarding method provides favorable values for boarding time
and passenger health metrics when compared to other boarding methods. This paper analyses the
extent to which aisle social distancing, the quantity of carry-on luggage, and an airline’s relative
preferences for different performance metrics influence the optimal number of passengers to board
the airplane in each of three boarding groups when the Reverse Pyramid method is used and the
middle seats are empty. We also investigate the resulting impact on the average boarding time
and health risks to boarding passengers. We use an agent-based model and stochastic simulation
approach to evaluate various levels of aisle social distancing among passengers and the quantity
of luggage carried aboard the airplane. When minimizing boarding time is the primary objective
of an airline, for a given value of aisle social distance, decreasing the carry-on luggage volumes
increases the optimal number of boarding group 1 passengers and decreases the optimal number
of group 2 passengers with aisle seats; for a given volume of luggage, an increase in aisle social
distance is associated with more passengers in group 1 and more aisle seat passengers in group 2.
When minimizing the health risk to aisle seat passengers or to window seat passengers, the optimal
solution results from assigning an equal number of window seat passengers to groups 1 and 2 and an
equal number of aisle seat passengers to groups 2 and 3. This solution is robust to changes in luggage
volume and the magnitude of aisle social distance. Furthermore, across all luggage and aisle social
distancing scenarios, the solution reduces the health risk to aisle seat passengers between 22.76% and
35.31% while increasing average boarding time by less than 3% in each scenario.

Keywords: airplane boarding; agent-based modeling; local search optimization; reverse pyramid;
one-door boarding; symmetrical boarding; COVID-19; social distancing

1. Introduction

According to Powley et al. [1], the aviation industry is facing the worst crisis in its
100-year history due to COVID-19. To reduce losses and recover from this crisis, the main
actors in the industry—airplane manufacturers, air transport associations, airlines, and
airports—have tried to address issues raised by air transport travelers through campaigns
and public interventions [1].
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The International Air Transport Association (IATA) conducted a survey [2] related
to the main measures which can be taken by airlines to create a feeling of safety. The
survey respondents with a frequency >30% indicated that the following measures should
be taken: screening all passengers for COVID-19 at departure (37%), mandatory wearing
of masks in airplane and airports by passengers (34%), and social distancing on airplanes
(33%). Other popular measures are: COVID-19 immunity certificate (27%), temperature
testing at departure (26%), sanitization performed throughout the airplane (25%), receiving
a personal sanitization kit to clean the seat area (24%), touchless processing throughout the
airport (24%), having hand sanitizer readily available on board (22%), and requesting that
all passengers complete a health declaration (17%) [2].

Measures implemented by airports and airlines include: boarding using groups of
passengers [3] or based on seat number [4], boarding first those passengers with seats
near the back of the airplane [5,6], keeping middle seats empty [7,8], suspending priority
boarding [9], preventing passengers carrying luggage into the cabin [9,10], requiring pas-
sengers and crews to wear masks [9], keeping a social distance among walking passengers
of 1 m [9], and using jet bridges when possible [9].

Observing the measures employed by the airlines and the passengers’ expectations,
two common practices for social distancing are: keeping a minimum distance among the
passengers walking down the aisle to their assigned seats and keeping the middle seat
between passengers empty [11].

Some airlines have adapted their carry-on luggage policy to mitigate the impact of
the novel coronavirus. Turkish Airlines [12] limited passenger carry-on luggage to one
small piece of luggage. Flights in Italy for a limited period of time (11 June–15 July 2020)
did not permit any carry-on luggage inside the airplane on national and international
flights [13]. The IATA Medical Advisory Group recommended that travelers limit their
carry-on luggage [14] to reduce the spreading of the virus.

In addition to social distance and limiting the quantity of carry-on luggage brought
inside the airplane by passengers, airlines should also be interested in providing a safe
boarding process by minimizing the potential risks generated by passengers walking down
the aisle.

When a limited number of boarding groups are permitted, recent studies during the
pandemic suggest that the Reverse Pyramid boarding method provides the smallest health
risk, accompanied by a small value for the boarding time when passengers board through
one jet-bridge or through the use of apron buses [15,16].

The present paper further analyzes how three factors (social distancing, passengers’
carry-on luggage, and relative preferences for boarding performance indicators) influence
the quantity of passengers associated with each of the three boarding groups in the Reverse
Pyramid boarding method. Expanding upon previous research [11], we increase the
number of situations to be considered related to the social distance among the passengers
when proceeding down the aisle to their assigned seats by considering aisle social distances
of 1, 1.5, and 2 m, we vary the quantity of luggage brought by passengers into the airplane
cabin, and we consider different weights for the performance indicators (boarding time,
aisle seat risk, window seat risk).

To determine how the Reverse Pyramid method with three boarding groups is influ-
enced by variations in the above-mentioned factors, we use an agent-based model, along
with stochastic simulation.

The remainder of the paper is organized as follows. Section 2 provides a short
literature review with a focus on the studies addressing the airplane boarding problem.
Section 3 summarizes our assumptions, the agent-based model, the performance indicators
we take into account, and the methods used for finding the optimal solution for each
situation. Section 4 describes the situations considered when varying the social distancing,
passengers’ carry-on luggage, and the weights associated with the performance indicators,
and discusses the results obtained through simulation. The paper closes with concluding
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remarks. The paper is accompanied by video recordings (Video V1, Video V2 and Video V3)
of a few airplane boarding situations.

2. Literature Review

The topic of airplane boarding methods has been addressed in the research literature
long before the occurrence of the new coronavirus, as the boarding time was one of the
main components of the turn time [17], which, if well handled, could have the potential of
diminishing the cost associated with each flight. Nyquist and McFadden [18] and Steiner
and Philipp [19] discussed the costs associated with a late departure due to an airplane
standing in the airport and reported values between $30 and $70 per minute.

In that context, a series of research projects have focused on analyzing the elements
that could influence a prolonged boarding time, to compare the proposed boarding methods
based on their boarding time and discomfort generated for passengers, and to improve
airplane boarding methods [20–23].

Depending on the rules used for passengers’ admission into the airplane cabin, the
methods have been divided in the research literature related to the airplane boarding into
three main categories: “random”, “by group”, and “by seat” [24].

In the case of “random” boarding, the passengers could have or not have an assigned
seat on the boarding pass, and they arrive in a random sequence to the boarding gate. The
passengers enter the airplane in a “first come, first serve” manner [25].

The methods featuring a “by group” rule impose a division of the passengers into
groups based on their assigned seats. The division can be made following simple rules
such as: all the passengers with seats near the window belong to the first group, all the
passengers with middle seats belong to the second group, and all the passengers with
aisle seats belong to the third group. This division is known as the WilMA (Window-
Middle-Aisle) boarding method [25]. Another well-known “by group” method requires
the division of the passengers into groups based on the rows in which they have a seat:
rear, middle, or front, and this is the case for the back-to-front boarding method.

The Reverse Pyramid boarding method is an effective “by group” way to determine
the sequence in which passengers enter an airplane. With this method, passengers may
be divided into five groups based on their seat. The groups board in a diagonal scheme
starting with those having window seats near the rear of the airplane and concludes with
passengers having aisle seats near the front of the airplane [22]. The Reverse Pyramid
method proposed by Van den Briel et al. [22] provides good performance when compared
to other methods that segregate boarding passengers into a few groups. One variant of the
Reverse Pyramid method, the Modified Reverse Pyramid Half-zone method, features the
existence of four boarding groups and has been used by JetBlue [26]. In this variant, the first
and the fourth group comprise a number of passengers reduced by half when compared to
the number of passengers in the second and third groups. Figure 1 presents the scheme
for the JetBlue Reverse Pyramid boarding method used for a single-aisle airplane with
30 seat-rows, without considering social distancing.
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Figure 1. Modified Reverse Pyramid Half-zone method with 4 boarding groups without considering social distancing.

A division of the passengers into smaller groups can be encountered in the “by row”
boarding methods, which are part of the “by group” boarding methods, with the difference
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being that in this case, the number of groups is equal to the number of rows with seats
in the airplane [25]. To the best of our knowledge, the “by row” boarding methods (e.g.,
By-row-back-to-front, By-half-row-back-to-front [27]) have been rarely used in practice
by the airlines. This might be due to the fact that their implementation creates additional
overhead such as installing the proper infrastructure in the airport.

The “by seat” boarding methods assign a different group to each passenger. In this
case, the airport needs to provide a proper infrastructure which allows each passenger
to be called for boarding, one at a time, which makes these boarding methods hard to
implement in practice. Among the most well-known methods from this category are:
back-to-front by seating order, by-seat-descending-order, Steffen method, or variation in
the Steffen method [25,28].

As for the assumptions made when building the models used for simulating the
passengers’ boarding, various conditions have been considered in the research literature,
such as: passengers’ personal characteristics [29,30], the presence and/or the quantity of
carry-on luggage brought inside the airplane [21,31–33], airplane occupancy rates [31,34,35],
airplane characteristics [20,36,37], and seat and/or aisle interferences [38–41].

The behavior of the passengers while inside the airplane has been simulated using
a series of techniques. Some of these refer to: agent-based modelling [24,42,43], genetic
algorithms [20], grid-based simulation model [41], mixed integer programming [38,44,45],
simulated annealing [46], pedestrian flow modeling [47–49], and stochastic modeling [50–52].

The onset of the novel coronavirus stimulated further interest in the scientific com-
munity towards airplane boarding methods. Even though it has been a short time since
the World Health Organization announced the occurrence of the novel coronavirus as
a “pandemic” [53] on 20 March 2020, a series of papers have been written with respect
to this matter. Schultz and Soolaki [54] propose an analytical approach to the airplane
passenger boarding problem, while Salari et al. [55] discuss social distancing in airplane
seating assignments. The risks generated by the contact between the passengers while
boarding have been discussed by Schultz and Fuchte [56] and by Cotfas et al. [57].

Milne et al. [15] adapts the Reverse Pyramid boarding method to account for social
distancing when apron buses are used to transport passengers from the airport terminal
to the airplane. Their Adapted Reverse Pyramid method produces the best values for the
health risk indicators when apron buses are used.

Delcea et al. [11] determines the quantities of passengers to include in each of the three
Reverse Pyramid boarding groups when jet bridges are used and accounting for social
distance (Figure 2). They assume aisle social distancing among passengers of 1 m and a
luggage scenario in which 70% of the passengers carry inside the airplane one large and
one small bag, 10% carry one large bag, 10% one small bag, and the remaining 10% of the
passengers have no bag. The authors conclude that when an airline is overwhelmingly
concerned with minimizing the average time to complete the boarding of the airplane, the
first two Reverse Pyramid boarding groups should each have a large number of passengers.
If the airline is more concerned with the health risks associated with the boarding process,
then the scheme in Figure 2 is advisable. Depending on the airline’s strategy of balancing
between the performance indicators (boarding time vs. health risks), other variations in
Reverse Pyramid with three unequal size boarding groups can be considered.
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Figure 2. Reverse Pyramid boarding adapted for social distancing and to minimize health risks.
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The present paper extends the work of Delcea et al. [11] to analyze how different
values of aisle social distancing and different volumes of carry-on luggage yield changes in
the quantities of passengers to assign to each of the three Reverse Pyramid boarding groups
and the resulting impact on performance. Based on this analysis, airlines can determine
the number of passengers to include in each of the three Reverse Pyramid boarding groups
depending on the particular conditions during times of social distancing.

3. Assumptions, Metrics, and Methods for Passenger Boarding Simulation

The assumptions, metrics, and methods presented in this section are in line with the
previous studies from the field, as discussed in the following.

To model the quantities of passengers in each of three Reverse Pyramid boarding groups,
two decision variables are used, noted with g1 and g2a, as stated in Reference [11], with:

• g1 representing the number of window seats allocated to the first group on each side
of the aisle, and

• g2a representing the number of aisle seats allocated to the second group on each side
of the aisle.

Figure 3 presents the possible values and positions of the seats associated with the g1
and g2a decision variables for a 30-row airplane, with a single aisle. The figure depicts only
one side of the aisle, with an unshown identical pattern on the other side of the aisle. Once
g1 and g2a have been determined, the values of g2w and g3, the number of window seat
passengers and aisle seat passengers on each side of the aisle for groups 2 and 3, can be
determined as 30 − g1 and 30 − g2a respectively, and further the value of g2, the number
of group 2 passengers on each side of the aisle, can be determined as g2a + 30 − g1.
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Figure 3. The seat positions pointed out by the g1 and g2a variables for a 30-row airplane.

To maintain the boarding rules featured in the Reverse Pyramid method [11], the
following conditions are imposed on the decision variables:

• g1 > 0, g2a > 0, integers
• g2a ≤ g1
• g1 ≤ n − 1, with n = the number of rows in the airplane.

For the 30-row single-aisle airplane we use in this study, there are 435 feasible combi-
nations of g1 and g2a that satisfy the above conditions.

3.1. Assumptions for Passengers’ Social Distancing

Social distancing is assumed to slow down the spread of the new coronavirus [58].
It is one of the most recommended measures of the World Health Organization [59] for
virus mitigation.

While inside the airplane, the social distancing among the passengers can be kept both
when the passengers are walking down the aisle to their seats (named in the following as
aisle social distancing) and when they are seated (seat social distancing).

The aisle social distancing can be kept inside the airplane if the passengers are cor-
rectly informed about the advised aisle social distancing length and if the passengers are
willing to respect the recommended minimum distance. According to the World Health
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Organization [59], this distance should be approximately 1 m, while the International Air
Transport Association [14] states that an ideal social distance should be between 1 and 2 m.

The seat social distancing refers to the distance among the passengers while seated.
It can be ensured by keeping the middle seat empty within the airplane. According to
Barnet [60], having a proper seat social distance can reduce the risk of spread of the new
coronavirus by half. Some airlines, such as Delta Airlines [61], have implemented seat
social distancing by blocking the middle seat.

In the following, we consider for the agent-based model and for the stochastic simu-
lations, an aisle social distance which can vary, taking values of: 1, 1.5, or 2 m, and seat
social distance resulting by leaving the middle seat empty on each side of the aisle. We
assume that all window seats and all aisle seats are occupied. We further assume that all
passengers board through the front of the airplane (such as when a jet bridge connects the
airport terminal to the airplane).

3.2. Assumptions for Carry-on Luggage Quantities and Luggage Storage Times

As this paper studies how the different values for aisle social distance, luggage quan-
tities, and performance metrics affect the performance of the Reverse Pyramid boarding
method with three passenger groups, several scenarios are used for simulating the quantity
of carry-on luggage the passengers bring inside the airplane.

In the agent-based model, we consider seven luggage scenarios as proposed in Ref-
erences [24,57,62]. The quantity of luggage varies in these scenarios between a situation
in which 90% of the passengers carry at least one luggage in the cabin (scenario S1) to the
situation in which the airline (or governing authority) prohibits carry-on luggage inside
the airplane (scenario S7). The luggage scenarios are presented in Table 1.

Table 1. The carry-on luggage scenarios.

Scenario

Percentages of Bags Carried by the Passengers

1 Large and 1
Small Bag

1 Large Bag 2 Small Bags 1 Small Bag 0 Bag

S1 70% 10% 0% 10% 10%
S2 50% 10% 5% 20% 15%
S3 30% 15% 10% 20% 25%
S4 15% 15% 10% 25% 35%
S5 10% 10% 10% 10% 60%
S6 5% 5% 5% 5% 80%
S7 0% 0% 0% 0% 100%

To model the time it takes a passenger to store carry-on luggage in the overhead
compartment, we implemented the formula suggested by Audenaert et al. [63] and ad-
justed by Milne et al. [24] in the agent-based model. The same formula has been used in
References [62,64]. In this formula, the time needed to store the luggage in the overhead
compartment depends on the size of luggage the passenger stores (small or big) and on the
quantity and sizes of luggage already stored in the overhead compartment by previously
boarded passengers.

3.3. Metrics: Boarding Performance Indicators

The boarding performance indicators refer to average values of boarding time, aisle
seat risk, and window seat risk.

Boarding time is calculated as the time between the moment the first passenger enters
the airplane and the last passenger occupies his or her seat [56]. The boarding time is
expressed in seconds.

The two health risk performance indicators (aisle seat risk and window seat risk) are
calculated as follows and are both measured in terms of the potential exposure duration (in
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seconds) from later boarding passengers for the passengers already seated in the airplane
in the aisle seats and window seats, respectfully [15,16,43,57]:

RiskAisleSeats = ∑
p

∑
r≤RowSitp



RowTimepr ∗ ∑
p′<p

AisleSeatp′r





RiskWindowSeats = ∑
p

∑
r≤RowSitp



RowTimepr ∗ ∑
p′<p

WindowSeatp′r





where

p = passenger advancing towards his or her seat
r = row
RowSitp = row in which passenger p has a seat
RowTimepr = time that passenger p spends in row r
p′ = passenger boarding before passenger p
AisleSeatp′r = 1 if passenger p′ has an aisle seat in row r, =0 otherwise
WindowSeatp′r = 1 if passenger p′ has a window seat in row r, =0 otherwise

Both health risk indicators are measured through summing the total time that a seated
passenger is exposed to later boarding passengers who pass through or stand in the row.
The summation is made for each passenger already seated in an aisle or window seat, for
every moment in which a later boarding passenger is in the row.

Another potential health metric would be the number or duration of seat interferences.
However, with the Reverse Pyramid methods, there are no circumstances in which a
window seat passenger will board the airplane after a passenger with an aisle seat in the
same row. Consequently, there are no seat interferences with Reverse Pyramid boarding.

3.4. Agent-Based Model

An agent-based model is used to simulate the passengers’ movement to their assigned
seats. The model is implemented in NetLogo [65,66]. Compared to a grid-based approach,
the agent-based modeling offers more flexibility as it allows the agents to move around
the environment, following a given path. As the agents can freely move based on a set of
given rules, the agents can stop moving at any moment of time when a particular situation
might arise (such as their path is blocked by another agent or they have arrived at their
assigned seat) and they do not need to be placed inside a cell (called patch in NetLogo) nor
do they need to advance by a fixed distance from one moment of time to another (Figure 4).
During each simulation step, the agents perform the assigned activities (such as moving
down the aisle or taking their seat) in a sequential order. These actions are executed for the
agents that have not yet taken their assigned seat, in the order in which they have entered
the airplane.

 

Figure 4. Screen capture presenting the movement of the agents down the aisle.
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Having this flexibility, the agents’ movement is similar to the movement of passen-
gers involved in an airplane boarding process. The natural walk of the agents in the
agent-based model can be observed by watching the videos accompanying this paper as
Supplementary Materials, listed as Video V1, Video V2 and Video V3.

In the agent-based model, the agents have various individual speeds. The values for
the speed are taken from the field trials conducted in an airplane boarding study [67] and
have been transformed from meters/second to patches/tick. This translation is conducted
because in NetLogo, the time is measured in ticks (1 tick corresponds to 1.2 s [64]), while the
surface on which the turtle agents (representing the passengers) are moving is represented
by a grid of squares, called patches (one patch is equivalent to 0.4 × 0.4 m [67,68]).

The speed of an agent is 1 patch/tick when the agent is not carrying any luggage.
When an agent is carrying luggage, its speed is reduced to 0.6–0.9 patch/tick (modeled
using the uniform probability distribution) [11,64]. In the case in which a passenger closely
follows a slower passenger, the faster passenger’s speed will be reduced to maintain the
imposed aisle social distance. The speed will become zero when the path of the agent is
blocked by another agent and when the agent has reached its assigned seat. Additionally,
the agents are not allowed to pass another agent in the aisle.

Other agent characteristic refers to the number of carry-on luggage pieces the agent
carries inside the airplane. To retain the value for each agent, two variables are used:
large-luggage and small-luggage.

Based on the formula suggested by Audenaert et al. [63] and adjusted by Milne et al. [24]
related to the time needed for a passenger to store his or her luggage in the overhead com-
partment, a luggage-store-time variable is used in the agent-based model. This variable
takes different values depending on the number of large-luggage and small-luggage that
the agent carries into the airplane and by the space already occupied in the overhead com-
partment by luggage stored by the agents who have already taken their seats. Generally,
the time needed to store luggage in the overhead compartment is up to 6 ticks.

The social distance between the agents while advancing through the aisle is kept
in the aisle-social-distance variable, which can take the values 2.5, 3.75, or 5 patches,
corresponding to the 1, 1.5, and 2 m values for aisle social distance. By keeping the
aisle social distance equal to the mentioned number of patches, we assume that the aisle
social distance is strictly followed and always respected by every agent. We acknowledge
that this situation might not always happen in real-world boarding situations as some
passengers might decide not to respect the imposed aisle social distance. This possibility is
not modeled in this paper. We make the same aisle social distance assumption consistently
across all scenarios conducted, and thus our experiments provide a consistent means for
comparison of the scenarios.

The time needed for an agent to take its seat, after it has stored any luggage in the
overhead compartment, is retained through the time-to-sit variable which is equal to 1 tick.

The boarding group to which the agent belongs according to its seat and the Reverse
Pyramid with three boarding groups scheme is recorded in the agent-based model through
the variable group that is attached to each turtle agent. This variable takes either 1, 2, or 3
as its value depending on whether the passenger is in the first, second, or third group of
passengers to board, respectively.

Other state variables are used to monitor the state of the turtle agents (e.g., seated?
which can take a true/false value indicating whether the agent has arrived at its assigned
seat, luggage?—a true/false variable indicating the presence or absence of carry-on luggage)
or the patch agents (e.g., is-seat?—indicating whether a patch is a seat or a portion of
the aisle).

Each simulation run begins at time zero, when one of the agents marked as belonging
to group 1 enters the airplane and proceeds to its allocated seat and ends at the moment the
last passenger takes their seat. Between the first and the last tick of the boarding process,
each agent enters the airplane after the preceding agent is an aisle-social-distance in front.
Upon arriving at the row of its allocated seat, the agent first places the carry-on luggage
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(if any) in the overhead compartment and then proceeds to its allocated seat. For each
seated passenger in the aisle or window seat, the aisle seat risks and window seat risks
are determined each time a passenger walks the aisle to its assigned seat and spends an
amount of time in the same row as the seated passenger. At the end of the simulation,
the agent-based model reports the values for the performance indicators. During the
simulation, one can observe the passengers’ movement and read in real-time the values
of the performance indicators from the monitors presented in the graphical user interface
(GUI), as illustrated in Figure 5.

 

Figure 5. Screen capture of agent-based model graphical user interface (GUI) during simulation.

The simulation uses a fixed-increment time progression, which means that within
each fixed unit of time (a “tick” in our nomenclature), the state of the system is updated to
reflect the set of activities that occurred during each tick. These activities include: move
down the aisle, wait for another passenger to advance along the aisle or to store the luggage
in the overhead compartment or to take their seat, store their own luggage, and sit down
in their allocated seat.

Regarding the agents’ interactions while boarding, fewer interactions can be encoun-
tered in this case when compared to other boarding methods due to the boarding rules of
the Reverse Pyramid method. For example, seat interactions do not occur with the Reverse
Pyramid method because passengers seated closer to the window board before passengers
seated closer to the airplane’s aisle. As a result, the only potential interaction between
agents occurs when they are in the aisle. This interaction can result in a reduction of an
agent’s speed when an earlier boarding adjacent agent is moving more slowly down the
aisle (for example, if the earlier boarding agent carries luggage and the later boarding agent
does not). The interaction can also result in a reduction of an agent’s speed when an earlier
boarding agent has paused in the aisle (for example, to store luggage). In both cases, the
interaction is based on an agent being forced to adapt its speed based on the speed of the
agent in front of it and the necessity of ensuring the imposed aisle social distance.

The agents interact with the environment by moving down the aisle and by the logic
determining in each moment the agent’s current position in connection with its allocated
seat. The state of the environment concerning the quantity of luggage stored in the overhead
compartment influences the time to store the luggage of each agent. As a result, the time
needed to store the luggage depends on both the state of the environment (quantity and
type of the luggage already stored by any previous agents which have taken their allocated
seats in the same row) and the quantity and type of luggage carried by the agent.

As the focus of the present paper is on the performance of the Reverse Pyramid
boarding method with three passenger groups when different values are used for aisle
social distance, different luggage scenarios, and different preferences (weights) for the
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performance metrics, the implementation of the agent-based model will not be discussed
in further detail here. A complete description of the implementation is provided in any of
the following papers: [11,24,57].

3.5. Local Grid Search and Full Grid Search

As described above near the beginning of Section 3, the decision variables g1 and
g2a refer to the number of window seat passengers on each side of the aisle allocated to
the first boarding group of passengers and the number of aisle seat passengers on each
side of the aisle allocated to the second boarding group. The effectiveness of the particular
combination of values chosen for g1 and g2a varies according to the aisle social distance and
luggage scenarios. These combinations are evaluated based on the relative preference for
the performance metrics. These preferences are expressed through user-specified weights.
The weight w1 applies to BoardingTime, w2 applies to RiskAisleSeats, and w3 applies to
RiskWindowSeats. All of these performance metrics are expressed in seconds. The objective
function, F, is a weighted average of the metrics as follows:

F = w1 ∗ BoardingTime + w2 ∗ RiskAisleSeats + w3 ∗ RiskWindowSeats

Given weights for the performance metrics of the objective function, we find the
optimal solution (i.e., best values of g1 and g2a) for a particular aisle social distance
and luggage scenario, by conducting a full grid search followed by a local optimization
search. The full grid search examines all feasible combinations of g1 and g2a and conducts
1000 simulation trial runs for each combination. The solution from the full grid search
that results in the best weighted objective function value becomes an input for the local
optimization search that follows.

The local search conducts 30,000 simulation runs for each combination of g1 and g2a
evaluated. Beginning with the incumbent solution resulting from the full grid search, at
each iteration, all neighboring feasible points are examined, except those that have been
examined earlier in the local search for the scenario. The best neighboring point of an
iteration—according to the objective function—becomes the incumbent solution, and the
method continues. The local search stops when all neighboring points provide worse
results than the incumbent solution or when all neighboring feasible points have been
evaluated during the local search. At this point, the incumbent solution contains the best
values of g1 and g2a for the particular aisle social distance, luggage scenario, and set of
weights chosen by the user.

For further details on the local optimization search and full grid search methods,
please see Delcea et al. [11].

4. Numerical Simulation—Scenarios and Results

We examine the four cases used in Reference [11]. For a proper comparison with
the previous results, Table 2 presents for each case the associated weight and the optimal
solution determined in Reference [11] for the high volume of luggage scenario S1. The
first three cases apply weights of 100% to the first, second, and third performance metrics
respectively, while the fourth case, C4, provides a more balanced setting of the weights.
We examine each of the four cases in turn in the following subsections.

Table 2. The cases considered and their associated weights.

Case
Weights Optimal Solution [11]

w1 w2 w3 g1 g2a

C1 100% 0% 0% 25 24
C2 0% 100% 0% 15 15
C3 0% 0% 100% 15 15
C4 60% 35% 5% 16 16
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4.1. Simulation Results for C1

The first examined case is C1, in which the performance of the average boarding time
is given total priority, with w1 = 100%, while the other performance indicators are ignored
(w2 = 0% and w3 = 0%).

Based on the full grid search, the performance of the g1 and g2a combinations for 1 m
aisle social distance and S1–S6 luggage scenarios is depicted using colors in Figure 6. The
colors correspond to the values of the objective function, F, expressed in seconds.

𝒘𝟏 𝒘𝟐 𝒘𝟑

𝑤𝑤 𝑤

 

S1 S2 

 

S3 S4 

 

S5 S6 

𝑤 𝑤 𝑤

Figure 6. The performance (in colors) of the g1, g2a combinations when the objective function is determined by weights
w1 = 100%, w2 = 0%, and w3 = 0%, for the S1–S6 luggage scenarios, 1 m aisle social distance (the color scale is determined
by the average boarding time expressed in seconds and listed in the right side of each figure).
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As observed in Figure 6, the best-performing combinations of g1 and g2a are those for
which the value of g1 is between 18 and 29, while the value for g2a ranges between 17 and
26. As the quantity of luggage decreases (from S1 to S6), the best g1 and g2a combinations
tend to have higher values for g1, while the lower and upper bounds for the best values of
g2a tend to increase and decrease, respectively. This observation is further supported by
the S7 luggage scenario with 1 m aisle social distance depicted in Figure 7, where the area
containing the best-performing g1 and g2a combinations is easily distinguished, having g1
ranging between 22 and 29, and g2a between 21 and 24.

𝑤 𝑤  𝑤

26

25

24

23

25 26 27 28 29

g1

g2a

S1

S2

S3

S4

S5

S6

S7

1m

1.5m

2m

Figure 7. The performance (in colors) of the g1 and g2a combinations when the objective function
is determined by weights w1 = 100%, w2 = 0%, and w3 = 0%, for the S7 luggage scenario, 1 m aisle
social distance.

The remaining results for the full grid search (on 1.5 and 2 m aisle social distance) are
similar to the ones presented on 1 m aisle social distance, with the only difference being
that the values of the objective function calculated for each g1 and g2a combination are
higher than in the 1 m aisle social distance case (the figures depicting these situations,
Figures S1 and S2, are included as Supplementary Materials).

After the local searches are performed, the optimal solutions for the luggage scenarios
(S1–S7) for the three aisle social distances cases (1, 1.5, and 2 m) are presented in Table 3
and Figure 8.

Table 3. Optimal solution for C1 as aisle social distance and luggage scenarios change.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m (25, 24) (25, 24) (25, 23) (25, 23) (26, 23) (26, 23) (26, 23)
1.5 m (25, 25) (26, 25) (27, 24) (27, 24) (27, 24) (27, 24) (27, 24)
2 m (26, 26) (26, 26) (27, 25) (27, 25) (27, 25) (28, 25) (29, 25)

The most common combination encountered is (27, 24), which produces the best
results with 1.5 m aisle social distance and for the five scenarios with less luggage (S3
through S7), as illustrated by the five triangles at that point (27, 24) in Figure 8.

Based on the data in Table 3 and Figure 8, we observe that the best-performing
configurations for (g1, g2a) are the ones for which g1 ranges between 25 and 29, while
g2a takes values between 23 and 26. Accounting for passengers on both sides of the
airplane’s aisle, for the C1 case, the first two groups of passengers to board should have
many passengers (between 50 and 58 for group 1 and between 46 and 52 for group 2),
while the third group (with 2 ∗ (30 − g2a passengers)) should have a smaller number of
passengers (between 8 and 14).
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Figure 8. The optimal solution for C1 as a function of aisle social distance and luggage scenarios.

From Table 3 and Figure 8, we observe that for a given value of aisle social distance, as
the quantity of luggage decreases (from S1 to S7), the best values for g1 increase (or stay the
same for some luggage incremental decreases), while the best values for g2a decrease (or
stay the same for some increments). Furthermore, as luggage volumes decrease, the value
of g1–g2a grows (or stay the same) and averaged across all aisle social distances, the average
value of g1–g2a grows (never stays the same) with each decrease in luggage. This means
that as luggage volumes decrease, more passengers are placed into group 1 and fewer into
group 2. Meanwhile, for a given value of aisle social distance, the number of passengers
in group 3 increases by one passenger per side of the aisle (two total) when less luggage
(scenarios S3 to S7) is carried aboard the airplane than the higher volume of luggage
scenarios (S1 and S2). For example, when the aisle social distance is 2 m, Figures 9 and 10
illustrate the optimal solutions for the high luggage scenario S1 and no luggage scenario
S7, respectively. As illustrated, in the solution with no luggage (Figure 10), boarding group
2 has six fewer window seat passengers and two fewer aisle seat passengers than when the
luggage volume is high (Figure 9).
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Figure 9. The best-performing Reverse Pyramid scheme for 2 m aisle social distance, S1, g1 = 26, g2a = 26 for weights
w1 = 100%, w2 = 0%, and w3 = 0%.
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2 2nd  group 3 3rd group Empty seat Aisle  𝑤𝑤 𝑤Figure 10. The best-performing Reverse Pyramid scheme for 2 m aisle social distance, S7, g1 = 29, g2a = 25 for weights
w1 = 100%, w2 = 0%, and w3 = 0%.
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As observed from watching many simulated video animations of the boarding process,
in an optimal solution, the final group 2 passenger to sit, on average, may sit at about
the same time as the final group 3 passenger sits. This is achieved through a balance in
the values of g2 and g3. While a limited number of group 2 passengers have window
seats near the front of the airplane, the vast majority of the group 2 passengers sit in aisle
seats closer to the rear of the airplane than the group 3 passengers. That fact tends to lead
towards the group 2 passengers sitting down later than the group 3 passengers. On the
other hand, all group 2 passengers enter the airplane before any group 3 passengers enter.
This second factor tends to lead toward group 2 passengers sitting down earlier than group
3 passengers. Thus, an optimal solution balances those two antagonistic factors so that the
two groups complete their seating at about the same time on average. In the experiments
conducted within this paper for case C1, there are more passengers in group 2 than in
group 3.

For a given luggage scenario, when the aisle social distance between the passengers
increases, the value of g1 increases (or stays the same) for each 0.5 m increment in aisle
social distance from 1 to 2 m, and the value of g2 increases (and never stays the same) for
each 0.5 m increment in aisle social distance from 1 to 2 m. For a given luggage scenario,
the number of passengers in group 3 decreases by one passenger per side of the aisle (two
total) for each 0.5 m increase of the aisle seat social distance from 1 to 2 m. For example,
when the aisle social distance increases from 1 to 2 m in the S7 (no luggage) scenario, as
illustrated in Figures 10 and 11 respectively, there are six fewer window seat passengers
and four fewer aisle seat passengers in boarding group 2.

23 24 252221204 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19Front 
door

1 2 3 302827

 

2926

 
1 1st group

2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11

3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22

3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22

2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11

2 2nd  group 3 3rd group Empty seat Aisle  𝑤𝑤 𝑤Figure 11. The best-performing Reverse Pyramid scheme for 1 m aisle social distance, S7, g1 = 26, g2a = 23 for weights
w11 = 100%, w2 = 0%, and w3 = 0%.

The values for the three performance indicators (average boarding time, average aisle
seat risk, and average window seat risk) for case C1 are presented in Tables 4–6.

Table 4. Average boarding time for C1.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 891.2 853.9 815.0 778.3 725.9 652.4 504.3
1.5 m 1157.4 1110.4 1061.9 1015.4 941.4 843.4 671.7
2 m 1402.5 1351.5 1295.6 1240.7 1148.2 1028.0 838.3

Table 5. Average aisle seat risk for C1.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 2338.0 2227.8 2000.1 1889.7 1740.9 1571.6 1353.0
1.5 m 2423.3 2333.0 2223.9 1980.2 1808.1 1648.0 1422.0
2 m 2554.1 2449.0 2199.2 2086.5 1912.1 1627.1 1521.2
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Table 6. Average window seat risk for C1.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 8768.1 8340.9 7963.4 7551.1 7255.0 6540.9 4885.7
1.5 m 8534.5 8517.8 8451.1 7726.7 6771.5 6690.4 5713.6
2 m 8736.8 8355.4 8350.7 7931.2 7269.9 6291.7 6179.1

From Table 4, we observe, as expected, that as the quantity of luggage brought inside
the airplane by the passenger decreases, the boarding time decreases as well. The boarding
time difference between the S1 and S7 luggage scenarios varies between 40.22% and 43.43%
across the three aisle social distances. Observe that as the aisle social distance increases,
the average boarding time increases. The boarding time increase varies between 57.37%
and 66.23% across the seven luggage scenarios.

The results for average aisle seat risk and average window seat risk (Tables 5 and 6)
show that as the quantity of luggage decreases, both risks decrease. In the case of aisle seat
risk, the decrease is between 40.44% and 42.13% when comparing results of the S1 and S7
luggage scenarios, while the window seat risk decreases between 29.27% and 44.27%.

The relationship between luggage volumes and health risk can be understood as
follows. The aisle and window seat risks are based on the duration of time that later
boarding passengers are in the aisle while earlier boarding passengers are seated. That
duration depends on both the number of later boarding passengers that pass them and the
duration each of those later boarding passengers spend in the aisle. As luggage volume
increases, the later boarding passengers spend longer in the aisle, on average, due to
increased delays (Table 5). Consequently, as their time waiting in the aisle increases, the
risk of later boarding passengers infecting those previously seated increases.

The relationship between aisle seat risks and aisle social distance does not exhibit a
consistent pattern. That is because of the impact of aisle social distance on the optimal
solution. As the aisle social distance increases, the optimal solution has an increasing value
of g2a, which worsens aisle seat risk as more group 2 aisle seat passengers walk to their
seats passing others from the same group already seated. Had the optimal solution not
changed when the aisle social distance increased, then aisle seat risk would have decreased.
For example, with luggage scenario S1, a solution of (25, 24) will result in the decreasing
values of aisle seat risk of 2338.0, 2295.3, and 2254.8 s for aisle social distancing of 1, 1.5,
and 2 m respectively, and a solution of (26, 26) would have decreasing aisle seat risks of
2628.4, 2583.2, and 2554.1 for aisle social distancing of 1, 1.5, and 2 m, respectively. This
pattern is consistent with Reference [16], that found aisle seat risk durations decrease when
aisle seat risk durations increase. However, as noted above, that relationship holds only
when the optimal solution is held constant.

4.2. Simulation Results for C2

The second examined case is C2. In this case, the average aisle seat risk is given total
priority with w2 = 100%, while all the other performance indicators are ignored (w1 = 0%
and w3 = 0%).

For C2, the performance of the g1 and g2a combinations for 1 m aisle social distance
and S7 luggage after running the full grid search is depicted using colors in Figure 12. The
values of g1 and g2a for which the Reverse Pyramid boarding method performs best are
in the range between 10 and 29 for g1 and 10 and 20 for g2a. The results obtained for the
remaining luggage scenarios for all three values of aisle social distance are depicted in
Figures S3–S5 (as Supplementary Materials). Considering all these figures, observe that in
all situations, the range of the values for g1 and g2a that provide the best results in terms of
full grid search is almost the same (g1 between 10 and 29 and g2a between 10 and 20).
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𝑤 𝑤 𝑤Figure 12. The performance (in colors) of the g1 and g2a combinations when the objective function
is determined by weights w1 = 0%, w2 = 100%, and w3 = 0%, for the S7 luggage scenario, 1 m aisle
social distance (the color scale is determined by the average aisle seat risk expressed in seconds and
listed in the right side of the figure).

After running the local grid search for all combinations of luggage and aisle social
distance scenarios, the best performing Reverse Pyramid method with three unequal
groups is obtained for g1 = 15 and g2a = 15 (Figure 2). The results are consistent with the
findings in Reference [11] for S1, 1 m aisle social distance. This consistency is insightful
because it confirms that the results of that earlier study continue to apply regardless of
the volume of luggage and the value of aisle social distance. The earlier work [11] shows
that the combination of g1 = 15 and g2a = 15 results in the fewest number of later boarding
passengers passing previously seated aisle seat passengers. As explained above, aisle seat
risk depends on the number of later boarding passengers who pass them and also on the
duration those later boarding passengers are in the aisle. Of those two contributors to aisle
seat risk, the former factor (number of passing passengers) appears to have a larger impact
on the best values of g1 and g2a than the latter factor. That is, even though the values of
g1 and g2a affect waiting time in the aisle and vary with luggage volumes and aisle social
distance, the best values for g1 and g2a (in terms of minimizing aisle seat risk) are the same
regardless of luggage volume and aisle social distance. The solution of g1 = 15 and g2a = 15
is thus robust to changes in luggage volume and the magnitude of aisle social distance—at
least over the broad ranges tested.

Table 7 presents the average boarding times for all luggage scenarios and aisle social
distances for C2. Similar observations as in the previous case can be made with respect
to the diminishing of the boarding time as the luggage quantity becomes smaller and the
increase of boarding time as the aisle social distance is increased. Compared to the best
solutions obtained in the C1, the values obtained for the boarding time are up to 2.83%
higher. This is not surprising given that average boarding time metric had 100% weight in
the objective function in C1 and zero weight in C2.

Table 7. Average boarding time for C2—optimal solution (15, 15).

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 907.7 867.3 828.8 795.0 741.9 668.6 518.0
1.5 m 1173.8 1125.4 1077.9 1034.1 958.5 867.3 686.0
2 m 1416.3 1366.6 1311.8 1259.8 1168.4 1052.1 853.1

The average values for aisle seat risk are presented in Table 8. As the aisle social
distance increases from 1 to 2 m, we observe that the average aisle seat risk decreases up
to 4.28%. Again, this makes sense. As aisle social distance increases, the average waiting
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times of passengers to enter the airplane increases, but their average waiting times in the
aisle would be expected to decrease (consistent with Table 8). In the case of the no luggage
scenario (S7), we observe that the increase in the aisle social distance has little impact on
the overall aisle seat risk. Without the need to store luggage, none of the passengers are
waiting in the aisle long regardless of aisle social distance.

Table 8. Average aisle seat risk for C2—optimal solution (15, 15).

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 1745.8 1655.1 1536.6 1440.1 1336.2 1195.6 1045.1
1.5 m 1719.5 1636.4 1507.2 1438.0 1323.9 1188.1 1045.3
2 m 1679.2 1584.3 1504.9 1400.3 1293.7 1153.1 1044.5

Compared to the best combinations of the Reverse Pyramid boarding method obtained
in the C1 case, we observe that when choosing the Reverse Pyramid with g1 = 15 and
g2a = 15, the average aisle seat risk is reduced between 22.76% and 35.31% depending on
the luggage and aisle social distance scenarios.

In terms of average window seat risk, the values in Table 9 have been obtained for the
optimal solution (15, 15). Even in this case, we observe that for the S7 luggage scenario,
similar values for this risk have been obtained. As a result, the increase in the aisle social
distance has no particular influence in reducing the window seat risk if the passengers
are travelling with no carry-on luggage (there is incidental variation in results due to
randomness). As for the S1–S6 luggage scenarios, the increase in aisle social distance from
1 to 2 m contributes to a decrease in the value of the average window seat risk up to 3.24%.

Table 9. Average window seat risk for C2—optimal solution (15, 15).

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 7192.3 6808.3 6473.2 6055.1 5562.3 5009.2 4287.7
1.5 m 7074.9 6744.9 6341.4 6014.4 5484.5 4951.5 4283.8
2 m 6959.2 6651.9 6265.7 5906.1 5434.6 4904.3 4283.4

Compared to the results obtained in C1 for this type of risk, observe that in the case of
the optimal solution found for C2, namely (15, 15), the average window seat risk is reduced
between 12.24% and 30.68%.

4.3. Simulation Results for C3

The third examined case is C3. In this case, the average window seat risk is given total
priority with w3 = 100%, while all the other performance indicators are ignored (having
w1 = 0% and w2 = 0%).

The full grid search in the C3 case reveals that the best-performing results have
different combinations for g1 and g2a than in the previous two cases, and in fact, the shape
(pattern) of the best-performing (red) colors in Figure 13 changes. This figure depicts the
performance of the Reverse Pyramid boarding method in terms of window seat risk for
the S7 luggage scenario, 1 m aisle social distance. Similar results are obtained for the other
considered scenarios (please see the Supplementary Materials Figures S6–S8).



Symmetry 2021, 13, 544 18 of 24

𝑤 𝑤 𝑤

𝑤 𝑤 𝑤

𝑤 𝑤 𝑤

Figure 13. The performance (in colors) of the g1 and g2a combinations when the objective function
is determined by weights w1 = 0%, w2 = 0%, and w3 = 100%, for the S7 luggage scenario, 1 m aisle
social distance (the color scale is determined by the average window seat risk expressed in seconds
and listed in the right side of the figure).

After performing the local grid search, the best-performing combination of g1 and g2a
has been (15, 15) for all the luggage scenarios and for the three values of aisle social distance
considered. The reason for this is analogous to the reasoning described in the previous
subsection because minimizing window seat risk is conceptually similar to minimizing
aisle seat risk. The values for the three performance indicators have been presented above
in Tables 7 and 9.

4.4. Simulation Results for C4

The fourth and final case examined is C4. The objective function of this case considers
all three performance metrics, with w1 = 60%, w2 = 35%, and w3 = 5%.

The full grid search in this case reveals a different area in which the best-performing
Reverse Pyramid boarding methods are located—marked in red in Figure 14. Similar
results, namely g1 between 10 and 26 and g2a between 10 and 20, have been obtained for
all the considered luggage scenarios in all the three aisle social distance cases (please see
Supplementary Figures S9–S11).

𝑤 𝑤 𝑤

𝑤 𝑤 𝑤

𝑤 𝑤 𝑤Figure 14. The performance (in colors) of the g1 and g2a combinations when the objective function is
determined by weights w1 = 60%, w2 = 35%, and w3 = 5%, for the S7 luggage scenario, 1 m aisle social
distance (the color scale is determined by the average value of the evaluating function expressed in
seconds and listed in the right side of the figure).

After running the local grid search, the best-performing solutions have been deter-
mined, as presented in Table 10. The optimal solution for C4 is (15, 15) in most of the
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scenarios. The optimal solution is (16, 16) for the S1 luggage scenario with 1 and 1.5 m aisle
social distance and the S2 luggage scenario with 1 m aisle social distance.

Table 10. Optimal solution for C4.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m (16, 16) (16, 16) (15, 15) (15, 15) (15, 15) (15, 15) (15, 15)
1.5 m (16, 16) (15, 15) (15, 15) (15, 15) (15, 15) (15, 15) (15, 15)
2 m (15, 15) (15, 15) (15, 15) (15, 15) (15, 15) (15, 15) (15, 15)

For the three scenarios leading to (16, 16) for C4, the second-best solution is (15, 15),
which has similar performance. The value of the objective function for the second-best
solution is no more than 0.06% worse than the optimal value across all three scenarios.

The average boarding time, average aisle seat risk, and average window seat risk for
C4 are presented in Tables 11–13. Comparing the three situations in which (16, 16) has been
obtained as an optimal solution for C4 with the values obtained in the case of C2 and C3,
we observe that the average boarding time is up to 3.6 s lower in the case of the (16, 16)
solution than in the case of the (15, 15) solution (Tables 7 and 11).

Table 11. Average boarding time for C4.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 904.5 864.7 828.8 795.0 741.9 668.6 518.0
1.5 m 1170.2 1125.4 1077.9 1034.1 958.5 867.3 686.0
2 m 1416.3 1366.6 1311.8 1259.8 1168.4 1052.1 853.1

Table 12. Average aisle seat risk for C4.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 1749.8 1655.4 1536.6 1440.1 1336.2 1195.6 1045.1
1.5 m 1719.8 1636.4 1507.2 1438.0 1323.9 1188.1 1045.3
2 m 1679.2 1584.3 1504.9 1400.3 1293.7 1153.1 1044.5

Table 13. Average window seat risk for C4.

Aisle Social
Distance

Luggage Scenarios

S1 S2 S3 S4 S5 S6 S7

1 m 7200.5 6833.9 6473.2 6055.1 5562.3 5009.2 4287.7
1.5 m 7097.3 6744.9 6341.4 6014.4 5484.5 4951.5 4283.8
2 m 6959.2 6651.9 6265.7 5906.1 5434.6 4904.3 4283.4

Compared to the C2 and C3 cases, observe that the values for the average aisle risks
are slightly worse in the C4 case, with up to 4 s of difference (Tables 8 and 12).

In terms of average window seat risk, the values recorded for the optimal solution of
C4 are up to 22.4 s higher than the ones recorded for the C2 and C3 cases (Tables 9 and 13).

Based on the cases examined above, observe that depending on the relative importance
an airline places on the three performance indicators, the luggage policy the airline uses,
and the aisle social distance imposed by the epidemiological situation, the three-groups
Reverse Pyramid scheme can be adapted to best fit the conditions.
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5. Concluding Remarks

The present paper analyzed how different values of aisle social distance and different
volumes of carry-on luggage change the optimal number of airplane passengers to assign
to each of the three Reverse Pyramid boarding groups and the resulting performance.

We measured performance through three metrics: the average boarding time, the aver-
age aisle seat risk, and the average window seat risk. Based on the relative importance an
airline assigns to those performance indicators and the particular conditions encountered,
the airline can determine the number of passengers to include in each of the three Reverse
Pyramid boarding groups.

We examined four cases involving different weights for the performance metrics.
Stochastic simulation results indicated that, in most of the cases, increasing the aisle social
distance leads to increasing boarding time and decreasing aisle seat risk and window seat
risk, while increasing the quantity of luggage increases all three performance indicators
(boarding time, aisle seat risk, and window seat risk).

When boarding time is the primary performance objective of the airline, for a given
value of aisle social distance, as the quantity of luggage decreases, the best solution is
characterized by an increase in the value of g1 (number of boarding group 1 passengers)
and a decrease of g2a (number of group 2 aisle seat passengers). On the other hand, for a
given volume of luggage, as the aisle social distance increases, the best value of g1 increases
or stays the same, while the best value of g2 increases and never stays the same. Increases
(decreases) in g2 are associated with a corresponding increase (decrease) in the number of
passengers boarding in group 3. Similarly, as the number of group 1 passengers increases
(decreases), the number of group 2 window seat passengers decreases (increases). For all
scenarios tested with boarding time as the primary objective, most window seat passengers
are assigned to boarding group 1 and most aisle seat passengers are assigned to boarding
group 2.

When an airline places top priority on minimizing the health risk to passengers
(i.e., minimizing the health risk to aisle seat passengers or window seat passengers), the
solution g1 = 15 and g2a = 15 provides the safest boarding process. This solution divides
the window seat passengers equally between groups 1 and 2 and divides the aisle seat
passengers equally into groups 2 and 3. This solution is robust to changes in luggage
volume and the magnitude of aisle social distance. Furthermore, depending on the luggage
and aisle social distancing scenarios, the (15, 15) solution reduces the health risk to aisle
seat passengers between 22.76% and 35.31% when compared with the best solution that
minimizes average boarding time, while incurring average boarding times that are less
than 3% higher than the latter solutions. Consequently, the (15, 15) solution is an attractive
possibility for airlines wanting to minimize health risk to their passengers.

The research can be extended by increasing the number of groups in Reverse Pyramid
and observing how the results change when different levels of aisle social distance are
considered, while varying the quantity of carry-on luggage brought by the passengers
inside the airplane. Additional research could be conducted to ascertain the impact of the
aisle and window seats being partially occupied due to unsold seats.

The paper is accompanied by three videos (Video V1, Video V2 and Video V3 avail-
able as Supplementary Materials). Each video contains a visual animation of passengers
boarding the airplane in a simulation trial of a best solution of the g1 and g2a variables
corresponding to a particular condition of Section 4.

Supplementary Materials: The following results of full grid simulations are available as Supple-
mentary Materials. The following are available online at https://www.mdpi.com/article/10.3390/
sym13040544/s1, For Figures S3, S6, and S9, the results for S7 luggage scenario are included in the
main body of the manuscript and thus omitted from the Supplementary Materials. Figure S1: The
performance (in colors) of the g1, g2a combinations when the objective function is determined by
weights w1 = 100%, w2 = 0%, and w3 = 0%, for the S1–S7 luggage scenarios, 1.5 m aisle social distance.
Figure S2: The performance (in colors) of the g1, g2a combinations when the objective function is
determined by weights w1 = 100%, w2 = 0%, and w3 = 0%, for the S1–S7 luggage scenarios, 2 m aisle

https://www.mdpi.com/article/10.3390/sym13040544/s1
https://www.mdpi.com/article/10.3390/sym13040544/s1
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social distance. Figure S3: The performance (in colors) of the g1, g2a combinations when the objective
function is determined by weights w1 = 0%, w2 = 100%, and w3 = 0%, for the S1–S6 luggage scenarios,
1 m aisle social distance. Figure S4: The performance (in colors) of the g1, g2a combinations when the
objective function is determined by weights w1 = 0%, w2 = 100%, and w3 = 0%, for the S1–S7 luggage
scenarios, 1.5 m aisle social distance. Figure S5: The performance (in colors) of the g1, g2a combina-
tions when the objective function is determined by weights w1 = 0%, w2 = 100%, and w3 = 0%, for the
S1–S7 luggage scenarios, 2 m aisle social distance. Figure S6: The performance (in colors) of the g1, g2a

combinations when the objective function is determined by weights w1 = 0%, w2 = 0%, and w3 = 100%,
for the S1–S6 luggage scenarios, 1 m aisle social distance. Figure S7: The performance (in colors) of
the g1, g2a combinations when the objective function is determined by weights w1 = 0%, w2 = 0%, and
w3 = 100%, for the S1–S7 luggage scenarios, 1.5 m aisle social distance. Figure S8: The performance
(in colors) of the g1, g2a combinations when the objective function is determined by weights w1 = 0%,
w2 = 0%, and w3 = 100%, for the S1–S7 luggage scenarios, 2 m aisle social distance. Figure S9: The
performance (in colors) of the g1, g2a combinations when the objective function is determined by
weights w1 = 60%, w2 = 35%, and w3 = 5%, for the S1–S6 luggage scenarios, 1 m aisle social distance.
Figure S10: The performance (in colors) of the g1, g2a combinations when the objective function is
determined by weights w1 = 60%, w2 = 35%, and w3 = 5%, for the S1–S7 luggage scenarios, 1.5 m
aisle social distance. Figure S11: The performance (in colors) of the g1, g2a combinations when the
objective function is determined by weights w1 = 60%, w2 = 35%, and w3 = 5%, for the S1–S7 luggage
scenarios, 2 m aisle social distance. Video V1: Agent-based boarding for S1 luggage situation, 1 m
aisle social distance, g1 = 25 and g2a = 24. Video V2: Agent-based boarding for S3 luggage situation,
1.5 m aisle social distance, g1 = 15 and g2a = 15. Video V3: Agent-based boarding for S2 luggage
situation, 1 m aisle social distance, g1 = 26 and g2a = 26. The videos can be accessed at the following
link: https://github.com/liviucotfas/symmetry-social-distance-luggage-reverse-pyramid-3-groups
(accessed on 26 February 2021).
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