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This paper presents an evaluation of the influence of aircraft configuration on the boarding and deboarding times using a simplified
model and computer simulation. Boarding and deboarding times are important to airlines since both procedures are part of the
critical path of the turnaround time (TAT) of aircraft in airports. During the TAT, a series of activities are performed in the
aircraft in order to prepare it for the next flight. A reduction in boarding and deboarding times may represent a reduction in
TAT for airlines. For the comparisons, three aircraft configurations are used: single aisle 3 × 3 (“six abreast”), single aisle 3 × 2
(“five abreast”), and single aisle 2 × 2 (“four abreast”), all with the same number of passengers. For the boarding analyses, two
boarding procedures are used: random and random outside-in. The 2 × 2 aircraft interior configuration holds the shortest
boarding times; deboarding times are similar for the three configurations. Also, a sensitivity analysis is carried out, and the
results show that the higher the aircraft occupancy and the number of passengers with carry-on baggage, the higher are
boarding and deboarding times, with the 2 × 2 having the lowest times in comparison with the other two configurations.

1. Introduction

Turnaround time (TAT) is the time taken for an aircraft in
the airport to be prepared for the next flight. A series of activ-
ities take place in the TAT, such as boarding and deboarding
of passengers, loading and unloading cargo, fueling, and
catering [1]. Some of those activities can be performed simul-
taneously; however, a few of them are part of the critical path
of TAT, such as boarding and deboarding of passengers.

Passenger boarding can be performed by queuing the
passengers in a specific way at the gate. The way the passen-
gers are queued to board the airplane is known as the board-
ing strategy. Each boarding strategy yields different results in
terms of the boarding time. Boarding strategies are usually
divided into random, by group and by seat [2]. In random
boarding, all passengers are called together in one class [3]
and board the airplane in no particular order, in a single
block including all seats. This is different from the open seat-
ing method, in which passengers choose their seats inside the
airplane. In the random method, passengers can board the

airplane in no particular order but with an assigned seat prior
to the start of the boarding process, while in open seating, the
passengers choose their seats once they are inside the
airplane. In outside-in boarding (a type of seat boarding),
passengers seated in window seats board first, followed by
middle seats, then finally aisle seats for both sides of the
airplane. In outside-in boarding, passengers also have an
assigned seat prior to the start of the boarding process. In this
paper, random outside-in boarding is used, in which the
order in terms of rows is not defined. Passenger deboarding,
on the other hand, is performed with no special order. In this
paper, since the model is a simplified one, passengers move in
the airplane by occupying empty spaces in the aircraft aisle
towards the exit door, and therefore, no special order is used.

During boarding and deboarding, passengers can block
each other when they are performing activities in the air-
plane. Passengers stowing/retrieving luggage in the overhead
bin block the passage in the aisle (aisle interference). Also,
passengers that seat first in a row block the passage for a pas-
senger that is seated closer to the window (seat interference).
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The main objective of airlines regarding the turnaround
time is to perform all the activities as fast as they can in order
to decrease the aircraft time on the ground but still consider-
ing all the safety involved in the processes. When it comes to
the boarding procedure, the main objective of the airlines is
to board the passengers in an optimal way to minimize the
time required [2]. Another objective is to increase customer
satisfaction and reduce the stress that passengers face during
the boarding procedure.

Airlines, airports, and passengers have common interests
in decreasing the boarding time for economic, operational,
and customer satisfaction reasons, respectively. Different
boarding strategies have been proposed in the literature with
the objective of reducing the time of this activity, thus reduc-
ing aircraft time on the ground, making the aerial activity
more profitable, improving the image of the airline, and
allowing more aircraft to operate at the same airport.

Airlines generate revenue only when their planes are fly-
ing [4]. Regarding the increase of airplane time on the air, for
scheduled flights, it depends on various factors such as the
airline’s fleet planning, schedule planning, passenger reserva-
tions, flight operations, ground operations, airplane mainte-
nance system, air traffic controllers, and airport authorities
[5]. For all these factors, there are improvement opportuni-
ties that can be explored by the airline. Since the present
paper deals with airplane boarding and deboarding activities,
all the analyses will focus on ground operations, especially
boarding and deboarding procedures.

The airline market is a competitive business. An increase
in fuel prices, maintenance and operation costs, and the com-
petition for customer satisfaction lead airlines to make efforts
in having the most efficient operation. Commercial airline
management has been addressing the turnaround time
because they believe it affects the overall success of the com-
pany. Nyquist and McFadden [6] suggest that for each min-
ute the airplane is on the ground, it costs US$30 to airlines.
The boarding strategy combined with the airplane configura-
tion could provide airlines a reduction in the TAT.

For Wu [1], airline operations at airports can be catego-
rized by activities on the landside and on the airside of an air-
port. The activities on the airside are the ones described
earlier included in the turnaround time of an aircraft. As
for the landside, airline operations involve passenger check-
in, baggage check-in, connecting passenger/baggage process-
ing, cargo and goods handling, catering service preparation,
and passenger boarding at the gates [1].

For all those operations, airlines have defined time con-
straints and standard operating procedures. For example,
for each flight arriving or leaving the airport, the airline has
an airport slot. An airport slot is “a permission given by a
coordinator (airport coordination manager) for a planned
operation to use the full range of airport infrastructure neces-
sary to arrive or depart the airport on a specific date and
time” (IATA 2017).

Although all the aforementioned activities on the land-
side and airside of airports have the potential for optimiza-
tion and for that are worth studying, the present work deals
specifically with the passenger deboarding and boarding
activities. Passenger deboarding is accomplished by all the

passengers getting off their seats and leaving the airplane at
the same time. Usually, airlines do not exercise control over
this process, and all the passengers deboard in no specific
order or sequence. However, it is possible for airlines to con-
trol the sequence on passenger boarding, which can represent
reducing the TAT.

A good overview of aircraft airport operations can be
found in [7]. The study presents an introduction to ground
operations focusing on the aircraft turnaround and passenger
process. Also, the study analyzes current challenges for air-
craft operators, such as airport capacity constraints, schedule
disruptions, and the increasing cost pressure (the pressure on
airlines to become more competitive). Then, a review of
existing modeling and simulation frameworks for aircraft
ground operation and ground operation research projects
(concept studies) is presented. The conclusion is that the
optimized use of airport infrastructure and the reduction of
additional buffers allow faster travels for passengers and that
passengers and airlines could benefit from shorter boarding
procedures.

Different authors in the literature aimed to develop opti-
mal boarding strategies in order to reduce passenger board-
ing times [4, 8, 9]. The authors use different approaches in
order to evaluate the boarding problem.

Bazargan [4] called his model a mixed-integer linear pro-
gram, in which its objective function has a goal to minimize
the total expected seat and aisle interferences. A good num-
ber of boarding strategies were evaluated, and a simulation
model was used to analyze the interference of the speed of
boarding the passengers in the boarding patterns. The author
recommends different variants of the reverse pyramid as
boarding strategies since they “provide a lower number of
interferences than other strategies as well as accommodating
neighboring passengers to board together” [4].

The Steffen Method is an optimal boarding method
developed by Jason Steffen [8] that allows multiple passen-
gers to load their luggage at the same time. Steffen [8] used
the Markov Chain Monte Carlo (MCMC) algorithm to find
the optimal loading order. The objective of the simulation
was to find the configuration that allows the maximum num-
ber of passengers to stow their luggage in the overhead bins at
all times during the boarding procedure. The author explains
that the Steffen Method is difficult to perform and proposes a
modified optimal method that consists of passengers being
queued in seats separated by two rows of one side of the aisle.
He then compares its optimal boarding strategy with back-
to-front, outside-in, Steffen Method, and modified optimal
method. Back-to-front had the worst performance, while
the Steffen Method performed the best.

Similar to Steffen [8], Milne and Kelly [9] presented an
optimal boarding method that minimizes the total time to
board the airplane. The difference between the two methods
is that the Steffen Method assigns passengers to a specific
numerical position in line that depends on their seat location
[8] while the method from [9] assigns airplane passengers to
a seat based on the number of carry-on luggage they have so
that the luggage is distributed evenly throughout the plane.
The procedure for boarding in [9] consists of four steps
described as follows: (1) assign sets of carry-on bags to rows;
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(2) within each row, assign sets of carry-on bags to seats; (3)
assign passengers to seats matching the carry-on baggage
assignments from step (2); and (4) passengers board accord-
ing to the Steffen sequence based on their assigned seats.

Milne and Kelly [9] compared their boarding strategy to
the Steffen Method and concluded that their method is about
1 to 3% faster than the one proposed in [8] in terms of the
total time. The authors stated that both methods can be
implemented by airlines and that the information of the
amount of luggage carried by passengers can be obtained,
with the industry moving in this direction. Milne and Kelly
[9] concluded that their method is feasible and could provide
savings to airlines.

In contrast to those studies aforementioned, Ferrari and
Nagel [10] focus on the robustness of the strategies under dis-
turbances to the boarding process, such as a certain number
of passengers not following their boarding group (but board-
ing earlier or later), aircraft dimensions, and occupancy level
of the airplane.

The authors performed a sensitivity study, known as the
“average worst case” boarding model [10], to evaluate the
aforementioned disturbances. They concluded that as for air-
craft dimensions, in order to have a robust boarding process
for different layouts, only strategies that consider boarding by
seat, seat group, and pyramid are recommended. In the seat
group strategy, seating is divided horizontally into a specified
number of groups and horizontally by columns, with the
boarding groups coming from back to front and from outside
to inside, while the pyramid strategy is the one achieved by
merging the seat group strategy diagonally [10]. For the ear-
ly/late passenger effect, Ferrari and Nagel [10] state that for
occupancy levels greater than 50%, surprisingly, the back-
to-front strategies (boarding passengers from the back of
the aircraft to the front) reduce their boarding times when
passengers disobeyed their assigned boarding group. The
authors recommend boarding by column and seat group
strategies, as they offer good stability under the disturbances
considered with good performance.

In a recent paper, Zeineddine [11] proposes an optimal
boarding strategy called Dynamically Optimized Boarding
(DOB). The authors claimed that previous optimal strategies
did not account for the aspect of allowing families and groups
to board together in cliques. Zeineddine [11] then stated that
the objective of the proposed method is to reduce boarding
time in an optimal procedure that reduces seat and aisle inter-
ferences and allows passengers’ cliques to board together.

Zeineddine [11] compared their method to random
boarding, back-to-front, window-middle-aisle, Steffen
Method [8], and Sorted-Boarding-Groups (SBG). The DOB
strategy had the closest performance to the Steffen Method
but had a longer boarding time. The authors emphasized that
the Steffen Method did not account for passengers traveling
in groups (cliques) and concluded that DOB should be pre-
ferred by airlines in order to reduce boarding time since it
“satisfies the passenger’s crucial need to board in cliques
and it ensures the seating of passengers in their preferred
seats with minimum boarding interferences” [11].

After reviewing the most expressive studies on the pas-
senger boarding problem, some common factors can be con-

sidered. The first factor is the study approach, which could be
field studies, computer simulation, or analytical models. The
second is that the majority of the authors focused on single-
aisle, short-haul airplanes for their analyses. The third factor
is the importance of the carry-on luggage in the boarding
process, as the process of stowing the luggage in the overhead
bins could lead to passenger interferences, which increase the
boarding time. The fourth factor is the psychological aspects
and behavior of passengers, which is presented by recent
studies such as Kierzkowski and Kisiel [12] and Schultz [13].

Based on the above, the main objective of this paper is to
analyze the influence of the aircraft interior seating configu-
ration on the boarding and deboarding times. A series of
computer simulations are presented with two boarding strat-
egies: random boarding and random outside-in boarding.
Three aircraft configurations are analyzed: single aisle 3 × 3
(“six abreast”), single aisle 3 × 2 (“five abreast”), and single
aisle 2 × 2 (“four abreast”), all with 120 passengers. After that,
a sensitivity analysis is presented to evaluate the influence of
the aircraft occupancy and the number of passengers with
carry-on baggage on boarding and deboarding. It is shown
that for all boarding procedures, the 2 × 2 interior configura-
tion is the one with the shortest times, followed by 3 × 2 and
3 × 3. Different from passenger boarding, the deboarding
times for all configurations are very similar, indicating the
aircraft configuration does not exert a great influence on
the deboarding process. Since the 2 × 2 is the one that holds
the shortest boarding times and deboarding times are similar
amongst the configurations, the 2 × 2 configuration is the one
with the shortest TAT, and consequently, the greatest poten-
tial for cost savings for airlines.

The present work is divided into five sections. The first
section presents an introduction to the turnaround activities
and the boarding strategies used by airlines, the problem
description studied in this work, and the motivation for this
work. Also, a historical overview of the literature with the
main contributions to the subject is presented. The second
section describes the model used in this work for the simula-
tions, as well as all the constraints and assumptions consid-
ered for the analysis. The third section presents the results
for all the simulations performed for passenger deboarding
and boarding for three aircraft with the same number of pas-
sengers and having the configurations of single aisle 3 × 3
(“six abreast”), single aisle 3 × 2 (“five abreast”), and single
aisle 2 × 2 (“four abreast”), using random and random
outside-in boarding methods. The fourth section presents a
sensitivity analysis of the model presented in the third sec-
tion, considering different disturbances in the boarding pro-
cess. The fifth section presents the conclusions of the present
work, with the main results, analysis, assumptions, and the
limitations of the model simulations. Also, opportunities
for future studies are highlighted.

2. Model Description

The computer model used in this paper represents the inter-
actions that passengers have during the boarding and
deboarding processes. For those interactions, two classes
are defined: passenger and airplane. The tool used for the
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simulation was developed in MATLAB™. The computer
model is based on object-oriented programming, in which
the boarding and deboarding processes of an airplane are
defined within the model with different inputs and outputs.

The passenger class presents all characteristics from the
passengers, such as present position, assigned seat, time to
execute actions, and seating status. Since this is a simplified
model, all the passengers have the same average characteris-
tics and no special model of their movement in the aircraft is
adopted. Passengers perform one step at each time step in the
simulation, with each time step having 1 second. In terms of
passengers walking down the aisle, it is assumed that it takes
one time step for the passengers to pass each row. The main
characteristics that are defined within the model are the time
a passenger takes to sit down, stow/retrieve baggage, and get
up. During the sit down process, other passengers in the same
row have to wait for the passenger that is sitting down to exe-
cute this action. The same is valid for getting up. As for the
stow/retrieve baggage process, the passengers in the aisle
behind the passengers performing these actions cannot move
until the action is finished.

Some of the properties mentioned above are defined
within the computer model and are updated depending on
each passenger and simulation (time of next action, seat posi-
tion, and seating status). Nonetheless, some of them depend
on external parameters (time to sit down, time to get up, time
to stow/retrieve carry-on baggage, and carry-on baggage).
Those parameters are used to define the passenger and are
set up by the model user before the simulation starts as inputs.

The airplane class, on the other hand, presents all the
characteristics from the aircraft itself (such as interior config-

uration, seats per row, and total number of seats) and for the
boarding and deboarding procedures (such as boarding strat-
egy, number of passengers, and boarding and deboarding
times). This class represents the aircraft interior and the
boarding and deboarding procedures that are executed by
the passengers. It is the main part of the computer model
since all the tasks and activities are taking place. For this
paper, all the activities that take place outside the aircraft
are not considered, which means that as long as the passen-
gers are available to execute the actions inside the aircraft, it
does not matter what happens before they are in (boarding)
or after they are out (deboarding).

Similar to the passenger class, some of the properties
mentioned above are defined within the computer model
and are updated depending on each passenger and simulation
(boarding time, deboarding time, and interior). Some of them
depend on external parameters (number of passengers, num-
ber of aisles, number of rows, and number of passengers per
row). Those parameters are used to define the aircraft and
are set up by the user before the simulation starts as inputs.

The aircraft configurations considered in this paper are as
follows: single aisle 3 × 3 (“six abreast”), single aisle 3 × 2
(“five abreast”), and single aisle 2 × 2 (“four abreast”), all with
120 passengers, as shown in Figure 1. Since the number of
passengers is the same for the three configurations, the num-
ber of rows is different amongst configurations to accommo-
date the passengers. The single aisle 3 × 3 has 20 rows, the
single aisle 3 × 2 has 24 rows, and the single aisle 2 × 2 has
30 rows. This choice is based on the fact that those configura-
tions usually are used in regional short-haul flights that usu-
ally perform back-to-back flights during the day. Therefore,
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Figure 1: Aircraft configuration for case studies.
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reducing the TAT for all flights for an aircraft may represent
an extra flight during the day, which may result in extra
income for the airlines. This outcome would be added to
the reduction of costs by airlines in airport operations.

Boarding and deboarding procedures are represented in
the model as a set of tasks for the passengers who have two
objectives: to sit down in the boarding and to leave the air-
plane in the deboarding. All the interferences that happen
in the passengers’ way to their objectives are defined as con-
straints in the model. Both procedures use only the front
door of the aircraft.

The boarding process is considered a network of tasks
with precedences and constraints. The airplane boarding
consists of one task per passenger, which is to sit down.
The precedence relations or constraints are the conflicts that
may appear during the passenger path to his/her assigned
seat and the obligation of stowing his/her carry-on luggage
in the overhead bin. For example, a given passenger may be
blocking the aisle stowing his/her carry-on luggage, and
while this activity is taking place, other passengers who are
behind the given passenger cannot proceed to their assigned
rows until he/she clears the aisle. During the boarding pro-
cess, passengers enter the aircraft using the front door and
queue in a single line walking down the aisle until they reach
the row of their assigned seat. The passenger then puts
his/her luggage in the overhead bin and finally sits down.

For this paper, two boarding strategies are considered:
random boarding and random outside-in boarding. In the
random outside-in boarding, passengers are aligned in the
regular outside-in way, first the window seat group, then
the middle seat group, and then the aisle seat group. Then,
the groups are mixed randomly but maintaining the
window-middle-aisle order. In order to control the boarding
sequence, call-off systems are needed. In typical boarding
procedures, gate agents announce which boarding group
is allowed to board. This is how passengers are queued
prior to boarding the aircraft. Call-off systems are not
thoroughly analyzed in this paper, and it is assumed the
airline will follow its own system considering the boarding
strategy defined.

For the simulation, the boarding process is designed as a
temporal loop that considers each passenger at a time and
consists of three main steps:

(1) Firstly, it is checked if the passenger can execute an
action, taking into consideration the precedence of
tasks mentioned before; if the passenger cannot exe-
cute an action, the program goes to the next passen-
ger; otherwise, it is checked if the passenger is
already seated or not

(2) Secondly, if the passenger is not seated, his/her posi-
tion is updated in the program. If the passenger is
not seated, it is checked if he/she is located in the
position of the right row where the seat assigned to
him/her belongs. If he/she is not located in the right
row, it is checked if the passenger can walk, consid-
ering the precedence tasks mentioned before (aisle
interference)

(3) Thirdly, if the passenger is located in the right row,
he/she stows the carry-on luggage (if he/she possesses
one) and checks if there is a passenger blocking the
seat (seat interference). If so, the blocking passenger
needs to get up in order to allow the passage of the
current passenger. After the current passenger and
blocking passenger sit down, the program goes to
the next passenger and begins Step 1 again

For the boarding procedure described above, the com-
puter model considers a time step of one second for each
round of the temporal loop. This means that actions are only
changed (if allowed to) at every second. Therefore, every
temporal loop adds one second to the total time and the sim-
ulation ends when all the passengers have been seated.

Similar to the boarding process, the deboarding process is
considered a network of tasks with precedences and con-
straints. The airplane deboarding consists of one task per
passenger, which is to get off the airplane. The precedence
relations or constraints are the conflicts that may appear dur-
ing the passenger path to the airplane door and consequently
out of the airplane.

During the deboarding process, passengers get up from
their seats, retrieve their carry-on luggage (if he/she possesses
one), and then walk down the aisle until they reach the air-
plane door, where they can finally deboard the airplane. For
this paper, the deboarding process is considered from the
moment the first passenger gets up until the moment the last
passenger leaves the airplane. Different from the boarding
procedure, the deboarding process does not take into account
any special queuing or passenger sequence. Passengers
deboard the airplane by occupying empty spaces. In terms
of sequence within one row, passengers from the closest seats
to the aisle deboard first. While the passengers closer to the
aisle are performing the getting up and retrieving baggage
actions, the passengers with the same row closer to the win-
dow have to wait, and they will just occupy the empty space
when the first passengers move further in the deboarding
process. In this model, human behavior, such as passenger
eagerness to get out of the airplane during the deboarding
process, is not taken into account.

Similar to the boarding process, the deboarding process is
designed as a temporal loop that considers each passenger at
a time and consists of three main steps:

(1) Firstly, it is checked if the passenger can execute an
action, taking into consideration the precedence of
tasks mentioned before; if the passenger cannot exe-
cute an action, the program goes to the next passenger;
otherwise, it is checked if the passenger is still seated or
not. If the passenger is not seated, then it is checked if
he/she has left the plane. If this passenger is still on the
plane, he/she waits or walks, depending if there is
another passenger blocking the way or not

(2) Secondly, if the passenger is still seated, it is checked
if he/she is seating in a middle or window seat. If this
is positive, then it is checked if the passenger seating
next has left the seat. If this is negative, then the cur-
rent passenger waits
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(3) Thirdly, if the current passenger can leave his/her
seat, it is checked if the aisle is free and also if there
is a passenger close to that position. If this is positive,
there is a 95% chance that the current passenger will
wait for that approaching passenger to walk by until
he/she may enter the aisle. If the current passenger
has carry-on luggage, he/she retrieves it from the
overhead bin and gets up to the aisle. If not, he/she
just gets up to the aisle. After the current passenger
gets up, the program goes to the next passenger and
begins Step 1 again

Similar to the boarding procedure, for the deboarding
procedure described above, the computer model considers a
time step of one second for each round of the temporal loop.
Therefore, every temporal loop adds one second to the total
time and the simulation ends when all the passengers have
left the airplane.

3. Boarding and Deboarding Analyses

The purpose of the current section is to present a discussion
of the simulations and analyses performed using the model
described in Section 2. The first subsection describes the val-
idation process that was performed in order to validate the
computer model. The second subsection presents the results
and discussions for the boarding analysis. The third subsection
presents results and discussions for the deboarding analysis,
and the fourth subsection presents an analysis combining
boarding and deboarding for the three configurations.

For all analyses in this paper, 500 simulations were per-
formed, and a histogram was created for all simulations. The
histograms were then transformed into fitted normal distribu-
tion curves since they held similar shapes and also in order to
make the comparisons between simulations easier. For all
analyses, two confidence levels are used for the results: 95%
and 50%. Here, a confidence level is defined as the probability
in which the result is shorter than the defined value. This
means that only ð100 − confidence levelÞ% of the results in
the distribution will be greater than the informed value.

3.1. Model Validation. The first analysis of the model
described in Section 2 was to perform its validation and
assure that it holds close results to real boarding and
deboarding processes. In order to do that, data was collected
for boarding and deboarding times for 3 × 3 aircraft configu-
ration with 174 passengers and 228 passengers of a major
South American airline, collected in Guarulhos International
Airport (Sao Paulo, Brazil) on August 27, 2018.

For the validation of the computer model, a series of sim-
ulations for the boarding and deboarding processes were
conducted in order to assess the parameters for the passenger
action times (get up, sit down, and stow/retrieve baggage).
For each round of the simulation, the action times were chan-
ged in order to approach the best solution. For each round,
100 simulations of the boarding process were carried out.
After that, a 95% confidence level was used for the time dis-
tribution, and a boarding time and deboarding time were
defined for each round.

The following assumptions were used for the validations
process:

(i) One carry-on baggage per passenger

(ii) One class for the airplane configuration

(iii) Boarding strategy of back-to-front with 3 groups
(similar boarding procedure to the one executed)

(iv) Airplane at full capacity (100% load factor)

The parameters to be validated were passenger action
times: get up, sit down, and stow/retrieve baggage. The
approach used for all the rounds of simulations was trial and
error based on empirical and experience data. For the valida-
tion process, first, the 174-passenger aircraft configuration
was used as the aircraft model. After a reasonable match result
for the boarding time for the 3 × 3 aircraft configuration was
reached, the vector for the action time for the passengers was
then used in other simulations with the 228-passenger aircraft
configuration to test the consistency of the results using the
action time found. The validation results are shown in
Table 1, where A1 is the 1 × 3 vector in which each term rep-
resents the time spent for each passenger to sit down, to get up,
and to retrieve/stow carry-on baggage, respectively.

The tuning parameters for passenger action times are the
same for boarding and deboarding procedures. As a result of
the validation process, the action times that held the closest
results and therefore are the ones that will be used are as
follows:

(i) Time to sit down is 3 seconds

(ii) Time to get up is 3 seconds

(iii) Time to stow/retrieve baggage is 5 seconds

Although the simulation results are close to the measured
times with the assumptions trying to closely represent the
reality, during the procedures, many variables may be

Table 1: Validation procedure results.

Round Aircraft model Procedure A1
Simulation time (min:sec)

95% confidence
Measured time (min:sec)

1 174 passengers Boarding [3 3 5] 15:30 15:00

3 174 passengers Deboarding [3 3 5] 8:21 8:00

4 228 passengers Boarding [3 3 5] 19:54 19:00

5 228 passengers Deboarding [3 3 5] 10:25 10:00
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different and it is hard to predict the behavior of all passen-
gers, especially because, as mentioned before, the model used
in this paper is a simplified one the considers that all the pas-
sengers are the same with average characteristics. That being
said, the boarding and deboarding times represented in this
paper may be slightly different from reality. However, the
most important part of this paper is the comparison of times
amongst the three aircraft configurations. The pattern for
time differences and the conclusions on what aircraft config-
uration has the shortest boarding and deboarding times are
more important in this paper than the time itself.

3.2. Boarding Analysis. After the validation process described
in Section 3.1, the boarding analyses were carried out using
random boarding and random outside-in boarding, as
described in Section 2.

For all the analyses, the parameters used for the simula-
tions and assumptions are described as follows:

(i) One carry-on baggage per passenger

(ii) One class for the airplane configuration

(iii) Aircraft with 120 passengers

(iv) Passenger action times of 3 seconds to sit down, 3
seconds to get up, and 5 seconds to stow baggage

(v) Aircraft seat configuration of 3 × 3, 3 × 2, or 2 × 2
(vi) Boarding strategy of random and random outside-

in

(vii) Airplane at full capacity (100% load factor)

In order to assess the influence of aircraft configuration
on the boarding time, the first procedure to be analyzed
was the random boarding strategy. Figure 2 shows the fitted
normal distribution curves for the three aircraft configura-
tions using the random boarding procedure. One can see
from that figure that the 2 × 2 configuration holds the short-
est boarding time, with 3 × 2 having the second shortest and
3 × 3 holding the longest. Also, configuration 2 × 2 holds the
smallest standard deviation since it has the highest peak for
the fitted normal distribution curve, with configurations 3
× 2 and 3 × 3 having almost the same standard deviation.
This means that for this boarding strategy, the 2 × 2

Time (min)

N
or

m
al

 d
ist

rib
ut

io
n

Boarding times for random boarding

5
0

0.2

0.4

0.6

0

1

1.2

6 7 8 9 10 11 12 13 

3×3
3×2
2×2

Figure 2: Fitted normal distribution curves for the three aircraft configurations using the random boarding strategy.
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configuration is less sensitive to the passenger ordering in the
boarding procedure in comparison to the other two, which
have similar sensitivity.

For random boarding, configuration 3 × 3 has a boarding
time of 9:31min for a 50% confidence level and 10:25min for
a 95% confidence level. In comparison to that configuration,
the 3 × 2 configuration has a time reduction of around 8.32%
and the 2 × 2 configuration has a time reduction of 20.16%.
The configuration 3 × 3 has more passengers to board each
row than the other two, which increases its potential for seat
and aisle interferences. Since this is a random boarding for all
the airplanes, there is a potential for passenger accumulation,
which may cause the boarding procedure to take longer.

Table 2 shows the comparison of boarding times for the three
configurations using random boarding. The time reduction
column represents the reduction in time in comparison to
the 3 × 3 configuration.

The second procedure to be analyzed was the random
outside-in boarding strategy. Figure 3 shows the fitted nor-
mal distribution curves for the three aircraft configurations
using the random outside-in boarding procedure. Similar to
the random boarding, one can see from that figure that the
2 × 2 configuration holds the shortest boarding time, with 3
× 2 having the second shortest and 3 × 3 holding the longest.
Also, configurations 2 × 2 and 3 × 2 hold almost the same
and the smallest standard deviation but with all three having
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Figure 3: Fitted normal distribution curves for the three aircraft configurations using the random outside-in boarding strategy.

Table 2: Comparison of boarding times for the three aircraft configurations using the random boarding strategy.

Configuration
Boarding times

(min:sec) STD deviation Time reduction (%) Time reduction (min:sec)
50% 95%

3 × 3 9:31 10:25 0:30 — —

3 × 2 8:44 9:33 0:29 8.23%/8.32% 0:47/0:52

2 × 2 7:40 8:19 0:23 19.44%/20.16% 1:51/2:06
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very close deviations. This means that for this boarding strat-
egy, all configurations have similar sensitivity to the passen-
ger ordering in the boarding procedure.

For random outside-in boarding, configuration 3 × 3 has
a boarding time of 6:54min for a 50% confidence level and
7:23min for a 95% confidence level. In comparison to that
configuration, the 3 × 2 configuration has a time reduction
of around 3.8% and the 2 × 2 configuration has a time
reduction of around 5.9%. One can see from Table 3 that
the boarding times for all configurations are close. The
time reduction column represents the reduction in time
in comparison to the 3 × 3 configuration. The outside-in

boarding eliminates all seat interferences, leaving only the
aisle interferences. Since the boarding times are similar
for the three configurations, neither aisle interferences nor
aisle length has a great influence on the boarding of
single-aisle commercial aircraft. This can only be concluded
for the simplified model considering passengers with the
same characteristics and the random outside-in boarding.
Therefore, seat interferences are the main reason for longer
boarding times. This is mainly due to the fact that for each
seat interference, the aisle is blocked while all the passen-
gers in the row get up and sit back down. Therefore, seat
interferences also cause aisle interferences.

Table 3: Comparison of boarding times for the three aircraft configurations using the random outside-in boarding strategy.

Configuration
Boarding times

(min:sec) STD deviation Time reduction (%) Time reduction (min:sec)
50% 95%

3 × 3 6:54 7:23 0:17 — —

3 × 2 6:42 7:06 0:16 2.90%/3.83% 0:12/0:17

2 × 2 6:27 6:57 0:16 6.52%/5.87% 0:27/0:26
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Figure 4: Fitted normal distribution curves for deboarding for the three aircraft configurations: 3 × 3, 3 × 2, and 2 × 2.
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3.3. Deboarding Analysis.After all the boarding analyses were
performed, the deboarding analyses were carried out. As
described in Section 2, differently than the boarding proce-
dure, since this is a simplified model, the deboarding process

does not take into account any special queuing or passenger
sequence; therefore, only one procedure is considered. As
described in Section 3.1, the deboarding tuning parameters
are the same as the boarding tuning parameters (time to get

Table 4: Comparison of deboarding times for the three aircraft configurations.

Configuration
Deboarding times

(min:sec) STD deviation Time reduction (%) Time reduction (min:sec)
50% 95%

3 × 3 5:39 6:07 0:18 — —

3 × 2 5:27 5:55 0:17 3.54%/3.27% 0:13/0:12

2 × 2 5:09 5:38 0:16 9.20%/8.01% 0:30/0:29

Table 5: Comparison of boarding and deboarding times for the three aircraft configurations.

Boarding procedure Configuration B +D (min:sec) B +D reduction (%) B +D reduction (min:sec) Cost savings (US$/turnaround)

Random

3 × 3 16:32 — — —

3 × 2 15:28 6.47 1:04 32.10

2 × 2 13:57 15.66 2:35 77.70

Outside-in

3 × 3 13:30 — — —

3 × 2 13:01 3.56 0:29 14.40

2 × 2 12:35 6.81 0:55 27.60
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up and retrieve baggage). For deboarding analysis, the
parameters describing the passengers and the aircraft for
the simulations are as follows:

(i) One carry-on baggage per passenger

(ii) One class for the airplane configuration

(iii) Aircraft with 120 passengers

(iv) Passenger action times of 3 seconds to get up and 5
seconds to retrieve baggage

(v) Aircraft seat configuration of 3 × 3, 3 × 2, or 2 × 2
(vi) Airplane at full capacity (100% load factor)

Figure 4 shows the fitted normal distribution curves for
the three aircraft configurations for the deboarding proce-
dure. One can see from that figure that the 2 × 2 configura-
tion holds the shortest deboarding time, with 3 × 2 having
the second shortest and 3 × 3 holding the longest. Also, con-
figuration 2 × 2 holds the smallest standard deviation, with
configuration 3 × 2 having the second smallest and 3 × 3
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Table 6: Complete comparison of boarding times for the three aircraft configurations using the random boarding strategy for different % of
aircraft occupancy.

Times (min:sec) for % aircraft occupancy
Configuration — 20% 30% 40% 50% 60% 70% 80% 90% 100%

3 × 3
50% 2:03 2:52 3:41 4:33 5:27 6:20 7:26 8:28 9:31

95% 2:26 3:22 4:19 5:14 6:10 7:01 8:13 9:18 10:25

STD DEV 0:13 0:17 0:20 0:22 0:23 0:25 0:28 0:31 0:30

3 × 2
50% 2:01 2:46 3:32 4:19 5:08 5:56 6:51 7:48 8:44

95% 2:26 3:12 4:02 4:56 50:45 6:39 7:36 8:35 9:33

STD DEV 0:13 0:15 0:18 0:20 0:22 0:25 0:26 0:28 0:29

2 × 2
50% 2:03 2:41 3:22 4:03 4:42 5:26 6:11 6:56 7:40

95% 2:23 3:08 3:53 4:32 5:15 6:02 6:50 7:37 8:19

STD DEV 0:12 0:15 0:17 0:17 0:19 0:21 0:21 0:23 0:23
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having the highest. This means that for deboarding, the 2 × 2
configuration is less sensitive to the randomness of the
deboarding process in comparison to the other two, which
have similar sensitivity.

One can see that the deboarding times shown in Figure 4
are relatively smaller than the boarding times found in Sec-
tion 3.2 for the random boarding strategy. This is mainly
due to the fact that during the deboarding, passengers expe-
rience only aisle interferences since, in the same row, the first
passenger to get up and leave is the aisle-seated passenger,
then the middle-seated, and then the window-seated. There-
fore, the deboarding process is similar to the random outside-
in boarding in the opposite way. Times for random outside-
in boarding are close to deboarding times, which can be seen
by comparing Figures 3 and 4.

Configuration 3 × 3 has a deboarding time of 5:39min for
a 50% confidence level and 6:07min for a 95% confidence
level. In comparison to that configuration, the 3 × 2 configu-
ration has a time reduction of around 3.3% and the 2 × 2 con-
figuration has a time reduction of around 8%. One can see
from Table 4 that the deboarding times for all configurations
are close. This means that the aircraft configuration does not
have a great influence on the deboarding procedure. The time
reduction column represents the reduction in time in com-
parison to the 3 × 3 configuration.

3.4. Turnaround Time Analysis. As described in Section 1,
boarding and deboarding are part of the critical path of the
turnaround time of an airplane in the airport. Airlines are
aimed at shortening those times in order to reduce their
costs. In this section, the previous separate analyses for
boarding and deboarding times were combined in order to
perform the comparison for the TAT for the three aircraft
configurations. For this analysis, all activities that are part
of the TAT (described in Section 1), excluding boarding
and deboarding, are considered to be the same independently
on the aircraft configuration. Therefore, the comparison for
the TAT amongst the three configurations is only dependent
on the boarding and deboarding times.

Table 5 shows the sum of boarding and deboarding
(B +D) times for the three aircraft configurations, in which
all the comparisons were made regarding the 3 × 3 configura-
tion for the same boarding strategy. As mentioned, TAT is
directly proportional to that sum. Here, all the boarding
times used are the 95% confidence level times described in
Sections 3.2 and 3.3. The cost saving comparison (presented
here as US$ per aircraft turnaround procedure) is made using
the cost reference based on [6], as described in Section 1, in
which the authors suggest that for each minute the airplane
is on the ground, it costs US$30 to airlines. This analysis is
done here for comparison purposes since, in order to have
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those results in real turnaround times, all the assumptions
described in Section 2 for boarding and deboarding proce-
dures would have to hold for the airlines, and also other pro-
cedures that are part of the TAT would have to be analyzed.
Nevertheless, the time reduction comparison is independent
of the assumptions made in Section 2 and therefore can be
used by airlines as a reference for their cost saving analysis.

For all the procedures used for this analysis, the 2 × 2 air-
craft configuration holds the shortest TAT and consequently
the greatest time reduction and cost savings. The random
outside-in procedure holds the smallest time differences
due to the fact that seat interferences are eliminated, as
described in Section 3.2. This means that if this is the board-
ing strategy adopted by an airline, the aircraft configuration
does not have a great influence on TAT. Nevertheless, ran-
dom outside-in boarding times are smaller than random
boarding times, meaning it has the cheapest TAT.

Since for all the simulations the aircraft have the same
number of passengers, the 2 × 2 configuration would have
longer fuselages or smaller seat pitch. For this paper, it is con-
sidered that all aircraft have the same seat pitch, meaning
that the 2 × 2 aircraft configuration holds the longest fuse-
lage, followed by 3 × 2 and then 3 × 3. Fuselage size is indi-
rectly evaluated in the simulations in this paper. Even with
a longer fuselage, the 2 × 2 configuration holds the shortest

TAT, meaning that fuselage size is less relevant for boarding
and deboarding than seat and aisle interferences.

4. Sensitivity Analysis

All the previous analyses were carried out considering the
aircraft is at full capacity (100% load factor) and all the pas-
sengers have carry-on baggage. Nevertheless, it is important
to evaluate if the previous results are maintained when those
two parameters are varied and also if there is an optimal
combination of aircraft configuration and those parameters
for the two boarding procedures considered in this paper.
For that, a sensitivity analysis was carried out evaluating dif-
ferent aircraft occupancies and different numbers of passen-
gers with carry-on baggage in boarding and deboarding
procedures.

4.1. Aircraft Occupancy Influence. The first factor to be ana-
lyzed is the aircraft occupancy and its influence on the board-
ing time using the two aforementioned boarding strategies
and the deboarding time for all three configurations. In order
to assess the influence of aircraft occupancy, it was varied
from 20% to 100% occupancy, by steps of 10%. The seats that
will have the passengers are assigned randomly, and then
passengers are queued according to the boarding procedure.
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The parameters and assumptions used for the simulations
were as follows:

(i) One carry-on baggage per passenger

(ii) One class for the airplane configuration

(iii) Aircraft with 120 passengers

(iv) Passenger action times of 3 seconds to sit down, 3
seconds to get up, and 5 seconds to stow/retrieve
baggage

(v) Aircraft seat configuration of 3 × 3, 3 × 2, or 2 × 2
(vi) Boarding strategy of random and random outside-

in

(vii) Airplane capacity from 20% to 100% occupancy, by
steps of 10%

Figure 5 shows the fitted normal distribution curves for
each aircraft configuration using the random boarding pro-
cedure for different aircraft occupancies. One can see from
Figure 5 that for all configurations, the aircraft occupancy
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Figure 9: Fitted normal distribution curves for deboarding for the three aircraft configurations for different % of aircraft occupancy.

Table 7: Complete comparison of boarding times for the three aircraft configurations using the random outside-in boarding strategy for
different % of aircraft occupancy.

Times (min:sec) for % aircraft occupancy
Configuration — 20% 30% 40% 50% 60% 70% 80% 90% 100%

3 × 3
50% 1:50 2:32 3:09 3:47 4:24 4:59 5:41 6:19 6:54

95% 2:11 2:51 3:28 4:08 4:48 5:25 6:08 6:46 7:23

STD DEV 0:10 0:11 0:12 0:13 0:14 0:15 0:16 0:16 0:17

3 × 2
50% 1:54 2:29 3:05 3:42 4:15 4:51 5:30 6:06 6:42

95% 2:11 2:51 3:26 4:06 4:39 5:14 5:55 6:31 7:06

STD DEV 0:10 0:12 0:12 0:13 0:14 0:14 0:16 0:16 0:16

2 × 2
50% 1:57 2:32 3:06 3:37 4:13 4:43 5:21 5:54 6:27

95% 2:14 2:52 3:27 3:58 4:37 5:10 5:46 6:23 6:57

STD DEV 0:10 0:12 0:13 0:13 0:14 0:14 0:15 0:16 0:16
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has an influence on the boarding process since boarding
times are shorter for 20% occupancy than for 100%. Also,
the sensitivity to the passenger ordering increases with
increasing occupancy since the standard deviation is higher
for higher occupancies.

Figure 6 shows the fitted normal distribution curves for
each percentage of aircraft occupancy using the random
boarding procedure for all aircraft configurations. One can
see from Figure 6 that the boarding time for 20% occupancy
is practically the same and that the boarding time difference
amongst the three configurations increases with increasing
occupancy. Also, the sensitivity to the passenger ordering is
similar for all configurations for 20%, and as the occupancy
increases, the sensitivity for 3 × 3 and 3 × 2 configurations
tends to be the same, with 2 × 2 always having the lower
sensitivity.

For random boarding, all configurations have the same
boarding time for 20% occupancy, which is around 2
minutes. Also, with 60% occupancy, the difference in board-
ing times for all configurations is not very expressive, and it is
considerable for 100%. This indicates that the aircraft config-
uration has an influence on the boarding time for aircraft
occupancies higher than 60%. Table 6 shows the comparison
of boarding times for the three configurations using random
boarding for different aircraft occupancies.

Figure 7 shows the fitted normal distribution curves for
each aircraft configuration using the random outside-in

boarding procedure for different aircraft occupancies. Similar
to random boarding, for all configurations, the aircraft occu-
pancy has an influence on the boarding process since board-
ing times are shorter for 20% occupancy than for 100%. Also,
the sensitivity to the passenger ordering increases with
increasing occupancy since the standard deviation is higher
for higher occupancies.

Figure 8 shows the fitted normal distribution curves for
each percentage of aircraft occupancy using the random
outside-in boarding procedure for all aircraft configurations.
One can see from Figure 8 that the boarding time for 20%
occupancy is practically the same and that the boarding time
difference amongst the three configurations increases with
increasing occupancy, but the difference in boarding times
is not very expressive, similar to what was found in Section
3.2 for the random outside-in boarding. Also, the sensitivity
to the passenger ordering is similar for all configurations
for all aircraft occupancies, except for 100% occupancy, in
which the sensitivity is higher for 3 × 3 configuration and
almost the same for 3 × 2 and 2 × 2 configurations.

For random outside-in boarding, all configurations have
practically the same boarding time for 20% occupancy, which
is around 2 minutes. However, this is the only result in which
the 2 × 2 configuration holds the longer boarding time, which
is 1.95min. This is probably due to the fact that this configu-
ration has a bigger aisle and there is a possibility of a few pas-
sengers having their assigned seats in the back of the airplane,
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Figure 10: Fitted normal distribution curves for deboarding for each aircraft configuration for different % of aircraft occupancy.
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which will take longer to get to. In this case, the aisle length has
more impact on the boarding time than the interferences since
both the aisle and seat interferences have a low probability of
occurring with 20% occupancy. Even though there are no
models for passengers moving in the aircraft, this conclusion
is valid for the simplified model. Table 7 shows the compari-
son of boarding times for the three configurations using ran-
dom outside-in boarding for different aircraft occupancies.

Figure 9 shows the fitted normal distribution curves for
each aircraft configuration for deboarding for different air-

craft occupancies. Similar to the two boarding procedures,
for all configurations, the aircraft occupancy has an influence
on the deboarding process since deboarding times are shorter
for 20% occupancy than for 100%. Also, the sensitivity to the
randomness of the deboarding process increases with
increasing occupancy since the standard deviation is higher
for higher occupancies.

Figure 10 shows the fitted normal distribution curves for
each percentage of aircraft occupancy for the deboarding
procedure for all aircraft configurations. One can see from
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Table 8: Complete comparison of deboarding times for the three aircraft configurations for different % of aircraft occupancy.

Times (min:sec) for % aircraft occupancy
Configuration — 20% 30% 40% 50% 60% 70% 80% 90% 100%

3 × 3
50% 1:15 1:46 2:18 2:52 3:26 3:57 4:34 5:08 5:39

95% 1:26 2:01 2:35 3:12 3:48 4:23 4:59 5:35 6:08

STD DEV 0:07 0:08 0:10 0:11 0:13 0:14 0:14 0:16 0:17

3 × 2
50% 1:11 1:41 2:10 2:41 3:14 3:44 4:21 4:53 5:27

95% 1:23 1:53 2:26 3:01 3:36 4:07 4:48 5:21 5:55

STD DEV 0:06 0:06 0:09 0:11 0:12 0:13 0:15 0:16 0:17

2 × 2
50% 1:09 1:35 2:03 2:32 3:04 3:32 4:05 4:38 5:08

95% 1:21 1:46 2:19 2:50 3:22 3:55 4:29 5:03 5:38

STD DEV 0:06 0:07 0:08 0:10 0:11 0:13 0:14 0:15 0:16
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Figure 10 that the deboarding time for 20% occupancy is
practically the same for all configurations and that the
deboarding time difference amongst the three configurations
increases with increasing occupancy. Also, the sensitivity to
the randomness of the process for 20% and 60% is higher
for 3 × 3, followed by 3 × 2 and 2 × 2; for 100% occupancy,
sensitivity is higher for 3 × 2, followed by 3 × 3 and 2 × 2.

For deboarding, for all aircraft occupancies, the differ-
ence in deboarding times for all configurations is practically
the same. This indicates that for deboarding, the time saving
amongst the three configurations is constant and is not
dependent on aircraft occupancy. Table 8 shows the compar-
ison of deboarding times for the three configurations for dif-
ferent aircraft occupancies.

4.2. Carry-On Baggage Influence. The second factor to be
analyzed is the percentage of passengers having carry-on
baggage and its influence on the boarding time using the
two aforementioned boarding strategies and the deboarding
time for all three configurations. In order to assess the influ-
ence of carry-on baggage, the number of passengers with
carry-on was varied from 20% to 100%, by steps of 10%.
The seats that will have the passengers with carry-on baggage
are assigned randomly, and then passengers are queued
according to the boarding procedure. The parameters and
assumptions used for the simulations were as follows:

(i) One class for the airplane configuration

(ii) Aircraft with 120 passengers

(iii) Passenger action times of 3 seconds to sit down, 3
seconds to get up, and 5 seconds to stow/retrieve
baggage

(iv) Aircraft seat configuration of 3 × 3, 3 × 2, or 2 × 2
(v) Number of passengers with carry-on from 20% to

100%, by steps of 10%.

(vi) Passengers with carry-on are carrying only one
baggage

(vii) Boarding strategy of random and random outside-in

(viii) Airplane capacity of 100% occupancy

Figure 11 shows the fitted normal distribution curves for
each aircraft configuration using the random boarding proce-
dure for different percentages of passengers with carry-on bag-
gage. One can see from Figure 11 that for all configurations,
the percentage of passengers with carry-on baggage has an
influence on the boarding process since boarding times are
shorter for 20% baggage than for 100%, with 60% having
intermediate times. Also, the sensitivity to the passenger
ordering slightly increases with increasing percentages since
the standard deviation is higher for higher percentages.
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Figure 12: Fitted normal distribution curves for each aircraft configuration using the random boarding strategy for different % of baggage.
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Figure 12 shows the fitted normal distribution curves for
each percentage of passengers with carry-on baggage using
the random boarding procedure for all aircraft configura-
tions. One can see from Figure 12 that the difference for
boarding time for all percentages of carry-on baggage
amongst the three configurations is practically the same.
Also, the sensitivity to the passenger ordering has similar
behavior for all percentages, with the 3 × 3 having the highest
sensitivity, followed by 3 × 2 and 2 × 2.

For random boarding, for all percentages of passengers
with carry-on baggage, the difference in boarding times for
all configurations is practically the same. This indicates that
for random boarding, the time saving for each configuration
is constant and is not dependent on the percentage of passen-
gers with carry-on baggage, meaning that there is no optimal
combination of aircraft configuration with the percentage of
passengers with carry-on baggage. This is due to the fact that
in the random boarding procedure, the passengers are
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Figure 13: Fitted normal distribution curves for the three aircraft configurations using the random outside-in boarding strategy for different
% of baggage.

Table 9: Complete comparison of boarding times for the three aircraft configurations using the random boarding strategy for different % of
carry-on baggage.

Times (min:sec) for % carry-on baggage
Configuration — 20% 30% 40% 50% 60% 70% 80% 90% 100%

3 × 3
50% 7:08 7:29 7:48 8:05 8:25 8:41 9:00 9:14 9:31

95% 7:55 8:20 8:43 8:56 9:15 9:31 9:53 10:09 10:25

STD DEV 0:26 0:29 0:31 0:30 0:29 0:31 0:32 0:32 0:30

3 × 2
50% 6:31 6:51 7:08 7:31 7:42 7:56 8:10 8:27 8:44

95% 7:09 7:31 7:54 8:09 8:28 8:49 9:05 9:14 9:33

STD DEV 0:23 0:25 0:27 0:26 0:28 0:28 0:30 0:28 0:29

2 × 2
50% 5:40 5:58 6:15 6:31 6:46 7:03 7:16 7:28 7:40

95% 6:12 6:35 6:52 7:12 7:27 7:37 7:53 8:13 8:19

STD DEV 0:20 0:20 0:23 0:23 0:23 0:23 0:23 0:24 0:23
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randomly ordered, and the pattern for increasing probability
of one passenger interfering with the other in the aisle while
stowing the carry-on baggage remains the same for all config-
urations (the more passengers with carry-on baggage, the
more the probability of aisle interferences due to baggage
stowing).

The boarding times for each percentage of passengers
with carry-on baggage follow the previously observed pattern
for random boarding in Section 3.2, with 2 × 2 configuration
having the shortest boarding times, followed by 3 × 2 and
then 3 × 3. Table 9 shows the comparison of boarding times
for the three configurations using random boarding for dif-
ferent percentages of carry-on baggage.

Figure 13 shows the fitted normal distribution curves for
each aircraft configuration using the random outside-in
boarding procedure for different percentages of passengers
with carry-on baggage. One can see from Figure 13 that for
all configurations, the percentage of carry-on baggage has
an influence on the boarding process since boarding times
are shorter for 20% baggage than for 100%. Different from
all previous results, the sensitivity to the passenger ordering
is higher for 60% carry-on baggage than for 100%, meaning
that sensitivity to passenger ordering does not increase
monotonically.

Figure 14 shows the fitted normal distribution curves for
each percentage of passengers with carry-on baggage using

the random outside-in boarding procedure for all aircraft
configurations. One can see from that figure that the board-
ing time for 20% carry-on baggage is practically the same
and that the boarding time difference amongst the three con-
figurations increases with increasing percentages of carry-on
baggage, but the difference in boarding times is not very
expressive, similar to what was found in Sections 3.2 and
4.1. Also, the sensitivity to the passenger ordering is similar
for all configurations for all percentages of carry-on baggage,
except for 100% baggage, in which the sensitivity is higher for
3 × 3 configuration and almost the same for 3 × 2 and 2 × 2
configurations.

For random outside-in boarding, the difference in board-
ing times for all configurations increases with the increase in
the percentage of carry-on baggage. This indicates that for
random outside-in boarding, the more passengers with
carry-on baggage the airplane has, the more efficient the 2
× 2 configuration is in comparison to the other two configu-
rations, but here it is not an expressive time saving.

Differently than random boarding, here, the passengers
have a greater probability of interfering with each other due
to the concentration in the aisle. This probability increases
with the increase in the percentage of passengers with carry-
on. For the 3 × 3 configuration, more passengers have to sit
in each row in comparison to the other two configurations,
and therefore, the probability of passenger concentration is
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Figure 14: Fitted normal distribution curves for each aircraft configuration using the random outside-in boarding strategy for different % of
baggage.

19International Journal of Aerospace Engineering



greater. This explains why the difference in boarding times for
the three configurations increases with the increase in the
number of passengers with carry-on. Table 10 shows the com-
parison of boarding times for the three configurations using
random outside-in boarding for different percentages of
carry-on baggage.

Figure 15 shows the fitted normal distribution curves for
each aircraft configuration for deboarding for different per-
centages of passengers with carry-on baggage. One can see
from Figure 15 that for all configurations, the percentage of

carry-on baggage has an influence on the deboarding process
since deboarding times are shorter for 20% carry-on baggage
than for 100%. Also, the sensitivity to the randomness of the
deboarding process increases with increasing percentages of
carry-on baggage since the standard deviation is higher for
higher percentages.

Figure 16 shows the fitted normal distribution curves for
each percentage of passengers with carry-on baggage for the
deboarding procedure for all aircraft configurations. Similar
to random boarding, the difference for deboarding time for
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Figure 15: Fitted normal distribution curves for deboarding for the three aircraft configurations for different % of baggage.

Table 10: Complete comparison of boarding times for the three aircraft configurations using the random outside-in boarding strategy for
different % of carry-on baggage.

Times (min:sec) for % carry-on baggage
Configuration — 20% 30% 40% 50% 60% 70% 80% 90% 100%

3 × 3
50% 4:48 5:09 5:28 5:43 6:00 6:15 6:29 6:42 6:54

95% 5:10 5:33 5:56 6:10 6:27 6:44 6:56 7:09 7:23

STD DEV 0:14 0:16 0:17 0:17 0:17 0:17 0:17 0:17 0:17

3 × 2
50% 4:42 4:59 5:17 5:33 5:49 6:04 6:18 6:30 6:42

95% 5:04 5:23 5:45 6:02 6:17 6:31 6:44 6:56 7:06

STD DEV 0:13 0:14 0:15 0:17 0:17 0:17 0:16 0:16 0:16

2 × 2
50% 4:37 4:53 5:10 5:26 5:39 5:52 6:05 6:18 6:27

95% 5:00 5:19 5:34 5:52 6:08 6:21 6:34 6:46 6:57

STD DEV 0:13 0:15 0:15 0:16 0:17 0:17 0:17 0:16 0:16
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all percentages of carry-on baggage amongst the three config-
urations is practically the same. The sensitivity to the ran-
domness of the process has similar behavior for 20% and
100%, with the 3 × 2 having the highest sensitivity, followed
by 3 × 3 and 2 × 2; for 60%, configurations 3 × 2 and 2 × 2
have similar sensitivity, with 3 × 3 having the highest.

For deboarding, the difference in deboarding times for all
configurations is similar to the increase in the percentage of
carry-on baggage. This indicates that for deboarding, the
amount of passengers with carry-on does not change which
configuration has the best potential to cost savings.

Table 11 shows the comparison of deboarding times for the
three configurations for different percentages of carry-on
baggage.

5. Conclusions

This paper presented the analysis of the influence of com-
mercial aircraft interior configuration on the boarding and
deboarding procedures. Computer simulation was used to
assess boarding and deboarding times, considering two
boarding strategies: random boarding and random outside-
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Figure 16: Fitted normal distribution curves for deboarding for each aircraft configuration for different % of baggage.

Table 11: Complete comparison of deboarding times for the three aircraft configurations for different % of carry-on baggage.

Times (min:sec) for % carry-on baggage
Configuration — 20% 30% 40% 50% 60% 70% 80% 90% 100%

3 × 3
50% 4:03 4:18 4:32 4:47 5:00 5:11 5:22 5:32 5:39

95% 4:26 4:44 4:58 5:13 5:26 5:39 5:50 6:00 6:07

STD DEV 0:12 0:14 0:14 0:16 0:16 0:17 0:17 0:17 0:17

3 × 2
50% 3:55 4:11 4:25 4:36 4:46 4:57 5:07 5:18 5:27

95% 4:17 4:32 4:52 5:01 5:14 5:27 5:34 5:46 5:55

STD DEV 0:12 0:12 0:14 0:14 0:15 0:16 0:16 0:17 0:17

2 × 2
50% 3:48 4:02 4:14 4:25 4:35 4:44 4:55 5:04 5:08

95% 4:07 4:23 4:34 4:50 5:02 5:10 5:19 5:31 5:38

STD DEV 0:11 0:11 0:13 0:14 0:14 0:14 0:16 0:17 0:16
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in boarding. The tool used for the simulation was developed
in MATLAB™ using object-oriented programming. All the
analyses have statistical treatment in order to make compar-
isons more feasible. Three aircraft configurations, all with
120 passengers, were used for the comparisons: single aisle
3 × 3 (“six abreast”), single aisle 3 × 2 (“five abreast”), and
single aisle 2 × 2 (“four abreast”). After the analysis of the
influence of interior configuration, a sensitivity analysis was
performed to evaluate the influence of two factors on the
results: the aircraft occupancy and the number of passengers
with carry-on luggage.

For all boarding procedures, the 2 × 2 interior configura-
tion is the one with the shortest times, followed by 3 × 2 and
3 × 3. The 2 × 2 configuration has less probability of having
seat interferences per row since it has only two passengers
per row on both sides of the aircraft.

For the random outside-in boarding, the boarding times
for all configurations are close, and this is the boarding strat-
egy that holds shorter boarding times in comparison to ran-
dom boarding. The outside-in boarding eliminates all seat
interferences by boarding the passengers from the window
seat to the aisle seat, leaving only aisle interferences to cause
disturbances in the process. This result is consistent with
what is found in the literature. Nevertheless, studies state that
this method is difficult to implement since it may cause
groups that travel together (and usually sit in the same row)
to board the airplane in different moments, which may cause
passenger dissatisfaction and also passenger confusion dur-
ing the boarding process. Since seat interferences are elimi-
nated and the boarding time is similar to the three aircraft
configurations, for the boarding procedures evaluated, it
can be concluded that aisle interferences do not exert a great
influence on the boarding of single-aisle commercial aircraft,
leaving seat interferences to be the main reason for longer
boarding times.

Different from passenger boarding, the deboarding times
for all configurations are very similar, indicating the aircraft
configuration does not exert a great influence on the
deboarding process. Deboarding is accomplished by each
passenger occupying empty spaces in the aircraft, meaning
that passengers can execute actions simultaneously in the
whole aircraft, decreasing the influence of the aircraft config-
uration on this procedure. However, the 2 × 2 configuration
has a slight advantage in comparison to the other two.

Since the 2 × 2 is the one that holds the shortest boarding
times and deboarding times are similar amongst the config-
urations, the 2 × 2 configuration is the one with the shortest
TAT and consequently the greatest potential for cost sav-
ings for airlines. In order to have those results in real turn-
around times, all the assumptions described in this paper
for boarding and deboarding procedures would have to
hold for the airlines, and also other procedures that are part
of the TAT would have to be analyzed to assess if they do
not become part of the critical path after boarding time
reduction.

For the two boarding procedures evaluated and for
deboarding, the results indicate that aircraft occupancy exerts
an influence on the boarding and deboarding times for all
configurations. For random boarding, the aircraft configura-

tion exerts an influence on the boarding time only for aircraft
occupancies higher than 60%. For all aircraft occupancies in
all boarding strategies evaluated, the 2 × 2 configuration is
still the one that holds the shortest boarding and deboarding
times. The only exception is in the random outside-in
boarding with 20% occupancy in which the 2 × 2 configura-
tion holds the longer boarding time. This is probably due to
the fact that this configuration has the biggest aisle and
there is a possibility of a few passengers having their
assigned seats in the back of the airplane, which will take
longer for them to get to. This situation does not happen
in all other analyses because of the effect of aisle and seat
interferences, which is less likely to happen with 20% occu-
pancy. Even though there are no models for passengers
moving in the aircraft, this conclusion is valid for the sim-
plified model.

For the two boarding procedures and for deboarding, the
results indicate that the percentage of passengers with carry-
on baggage exerts an influence on the boarding and deboard-
ing times for all configurations. For all carry-on baggage per-
centages in all boarding strategies, the 2 × 2 configuration is
still the one that holds the shortest boarding and deboarding
times. For random outside-in boarding, the more passengers
with carry-on baggage the airplane has, the more efficient the
2 × 2 configuration is in comparison to the other two config-
urations, but here it is not an expressive time saving. For ran-
dom boarding, the behavior of time reduction of 2 × 2 in
comparison to the other two configurations is constant for
all baggage percentages.

Therefore, based on the results and discussions, the air-
craft interior configuration exerts an influence on the board-
ing and deboarding times. Also, the aircraft occupancy and
number of passengers with carry-on baggage influence the
results.

An interesting approach with this model is to use it as a
constraint for a Multidisciplinary Design Optimization
(MDO). When designing an aircraft, manufacturers perform
several trade-offs with a wide range of parameters. A reduced
TAT can be one of those parameters, and a fair interior con-
figuration can be achieved when this parameter is part of the
MDO process performed by those manufacturers. For future
work, enhancements to the model should allow the following
studies:

(i) For the deboarding process, the model could be used
to simulate emergency evacuation procedures using
multiple doors and emergency exits over the wing

(ii) A model for passengers walking inside the aircraft
could be implemented

(iii) AnMDO process can be performed using this model
and other parameters to perform a preliminary inte-
rior configuration design of an aircraft
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