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Abstract: The creation of a flight schedule and the associated crew planning are clearly among the
most complicated tasks in terms of traffic preparation. Even with a relatively small number of pilots
and aircraft, numerous specific constraints arising from real operations must be included in the
calculation, thus increasing the complexity of the planning process. However, even in a precision-
planned operation, non-standard situations often occur, which must be addressed flexibly. It is at
this point that an operational solution must be applied, the aims of which are to stabilize the flight
schedule as soon as possible and minimize the financial impacts resulting from the non-standard
situation. These problems are resolved by the airline’s Operational Control Center, which also uses
various software approaches to solve the problem. The problem is approached differently by large air
carriers, which use software products to address it, and small and medium-sized air carriers, which
resolve the issue of operational rescheduling intuitively, based on the experience of dispatchers.
However, this intuitive approach can lead to inaccuracies that can lead to unnecessary financial
losses. In this paper, we present an optimization model that can serve as a tool to support the
decision-making of employees of the operations centers of smaller and medium-sized air carriers.

Keywords: crew rescheduling; operational planning; delay; linear programming

1. Introduction—Motivation for Solution

Over its relatively short history, air transport has become an integral part of the
globalized world. Not everyone, however, is aware that the undertaking of one regularly
scheduled flight involves more than a year’s work of numerous people who are responsible
for ensuring all activities happen according to plan. Planning air traffic requires creating
many plans. The basic type of plan is the flight schedule. During the calendar year, the
flight schedule is compiled for two consecutive planning periods. The creation of the flight
schedule itself consists of three basic phases—the strategic phase, the tactical phase, and
the operational phase.

During the strategic phase of the preparation of the flight schedule, which begins
approximately one year before its taking effect, an anticipated set of destinations is cre-
ated that the carrier is interested in serving. The destinations are assigned sequences of
planned flights with estimated departure and arrival times and the types of aircraft under
consideration to be used to operate routes to the destinations.

During the tactical phase, the flight schedule is adjusted depending on the partner
companies and airport capacities. After the coordination of all interested parties, specific
aircraft are assigned to the planned flights and the flight schedule is publicly published
and published in sales and distribution systems.

The final operational phase takes place 3–6 months before the start of operations
according to the planned flight schedule. In this phase, crews are also assigned to individual
flights, thus completing the process of creating a flight schedule [1].

Mathematics 2021, 9, 2138. https://doi.org/10.3390/math9172138 https://www.mdpi.com/journal/mathematics

https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://doi.org/10.3390/math9172138
https://doi.org/10.3390/math9172138
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/math9172138
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/article/10.3390/math9172138?type=check_update&version=2


Mathematics 2021, 9, 2138 2 of 28

Assembling the crews is a chapter all on its own in air traffic planning. However,
it is very closely connected with the planning of the use of the aircraft fleet and the
implementation of the flight schedule. The process of creating flight crews and their
deployment consists of three steps—crew creation, crew pairing and crew rostering. In the
first step, it is necessary to form permissible pairs from the set of all pilots available to the
airline, which can form a crew. The creation of crews is limited by numerous restrictions,
such as the composition of the crews themselves, whereas the crew, as a rule, is always
made up of the captain and the first officer (FO). It is not possible for the crew to consist
of two first officers. It is also not recommended that the crew consist of two captains,
which could result in a threat to flight safety due to a clash of authorities. Another factor
is seniority, i.e., the division of pilots depending on work experience with the employer.
Seniority is mainly related to the knowledge of internal procedures and rules at the airline.
Pilots are thus divided into two groups—experienced and inexperienced. The aim is to
avoid having the crew made up of two pilots who are both designated as inexperienced.
In addition to seniority as such, of course, experience in the form of the real flight hours
of each pilot is also considered. The number of hours flown is calculated depending on
the type of aircraft and depending on the position (captain vs. first officer). A limiting
factor for the creation of crews is age. For safety reasons, it is not possible for the crew
to consist of two pilots over the age of 60. During various training processes (e.g., when
retraining for a new type of aircraft), pilots can be divided into two groups—instructor
pilot and trainee pilot. The crew must always consist of a combination of the two. It
is not possible for two pilots with training designation to sit side by side in the cockpit.
Finally, the creation of crews and their subsequent assignment to flights depends on the
destination, specifically on the category of the destination airport. Airports are divided
into three categories according to the complexity of the procedures for approaches and
departures—A, B, C and the crew must always consist of at least one pilot who has valid
training for the relevant category of the airport. This composition is addressed in the
conditions of B and C category airports because the category A concerns airports that are
easy to approach and take off from, and therefore all pilots have the relevant classification.
Personal and family reasons can be an important factor in assembling crews. To take these
into account, the so-called Bidding process is used, with the help of which the requirements
of pilots for the planning process are (can) be considered. Even pilots are only humans and
there is a probability that two pilots can have an aversion to each other, which could have
a negative impact on flight safety when putting together a joint crew. For the same reason,
it is not recommended to create pilot crews composed of family members.

The second step of the crew formation process is crew pairing. This step involves the
creation of short-term pilot plans, usually for a period of one month. This plan is made
up of a sequence of flight segments starting and ending usually at the home airport. The
duration of a sequence ranges from 1 to 5 days. The sequences of flight segments contain
the individual flights to be served by the pilot during the interval. The objective of this
step is to cover the set of all scheduled flights with a minimum number of crews.

The third step in the process of creating flight crews is crew rostering, sometimes called
crew assignment. During this third step, additional activities such as training, education,
study, or vacation requirements will be incorporated into the crew schedule.

In addition to the constraints mentioned above, human performance constraints, as
defined in Regulation 1899/2006 of the European Parliament and of the Council (EU-OPS),
Subpart Q [2], may also affect the crew formation process. The above-mentioned regulation
clearly states the limits on flight duty time and time on duty. The operator must ensure that:

• the crew member’s total hours of service did not exceed 190 h over 28 consecutive days,
• the crew member’s total hours of service did not exceed 60 h over 7 consecutive days,
• the total flying time on which the crew member is deployed does not exceed 900 h in

a calendar year,
• the total flying time on which the crew member is deployed does not exceed 100 h

over 28 consecutive days.
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• The regulations stipulate that the base daily flight duty time of a crew member is 13 h.
In staffing pilots for duty, the regulations recommend that the distribution of flight
performance over time should be as even as possible.

Even with the best preparation of a flight schedule, it is unavoidable that during
the validity of the flight schedule various traffic anomalies will occur which will disrupt
the scheduled operations. These disruptions may result in delays, diversion to another
airport or even cancellation of one or more flights. The causes of disruptions to regularly
scheduled operations may be varied.

Unfavorable weather conditions. Unfavorable weather conditions can significantly
affect the flight. In the event of unfavorable conditions at the departure airport, it is
necessary to wait for suitable conditions, which may delay or even result in the cancellation
of the flight. Any waiting will incur additional financial costs associated with the operation
of the aircraft itself. In addition, it also consumes the time on duty available to the
crews. In the winter, when repeated de-icing of the aircraft may be required, costs can rise
dramatically. If weather conditions, such as storms, affect a flight in progress, this again
results in additional financial costs being incurred due to the extension of the flight.

Volcanic activity in a way, also complements weather conditions. In fact, volcanic
ash is present mainly at altitudes of around 10,000–15,000 m above sea level, where it is
dispersed over large areas due to atmospheric flow, which can extend up to 3500 km from
the eruption site [3]. Aircraft may need to fly around the affected area, which increases
costs due to longer flight times. At the same time, such an extended flight uses up more of
the pilots’ allowed time on duty than originally planned. If the aircraft is within range of
volcanic ash fallout, the flight itself may also be cancelled.

A technical fault on an aircraft and the need for its subsequent rectification may not
only delay or cancel a flight, but also put the aircraft out of service for a certain amount of
time. Depending on the severity of the defect and the resulting time required to rectify it,
the airline has several solution options. If the aircraft can be repaired in a short time, only a
delay will occur. If the repair is more complicated, the flight will have to be rescheduled
for the next day and operated after the repair or another aircraft will be deployed to
operate the flight. A bigger problem arises when the technical fault occurs outside the
home airport. The airline is then forced to rely on local airport technicians or may send its
own maintenance technicians to the destination, which leads to increased costs. If repair
of the technical defect is postponed to subsequent days, additional costs related to the
accommodation of passengers and crew must again be considered.

A shortfall of fuel may cause unscheduled stopovers or extended stays at only one
of the flight’s terminal airports, which may also lead to delays. In the effort to minimize
operating costs, a method referred to in the professional literature as tankering is now
used to determine the optimum fuel quantity. This method optimizes fuel management,
which can be significantly disrupted by, for example, extended flight times due to adverse
weather conditions.

Passenger health or safety problems are other factors that can significantly affect the
course of the flight and at the same time disrupt the planned flight schedule. In the event of
a serious medical problem of a passenger or a threat to the safety of the flight by a passenger,
pilots have the right to land at any airport if it is safe to do so. Unplanned stopovers, of
course, entail financial costs, delays, and consequent flight schedule disruptions.

Health complications of crew members, unlike the health complications of passen-
gers, are a significantly more serious problem, which, from the airline’s point of view,
must be immediately, responsively resolved, because flight safety is directly endangered.
Crew health complications can also include fatigue, which can occur for crews due to a
demanding schedule or due to transitions between time zones [4].

Air traffic control flight diversion is a situation that can occur in Europe, for example,
during the summer scheduling period when there is increased traffic density in the airspace
and some routes may reach their maximum capacity. For this reason, air traffic controllers
may decide to divert some flights away from the main flight paths. Diversions may also
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occur in emergency situations when an aircraft is in difficulty and surrounding flights need
to be diverted.

Another type of contingency is the closure of part of the airspace, which at the same
time is not an exceptional event. The closure of part of the airspace may be due to military
operations (however, only local airspace (TRA, TSA) is affected), but in some cases the
entire airspace is also closed, such as in February 2019, when Pakistan closed the entire
airspace over its territory [5]. In some extreme cases, a situation may arise when a country’s
airspace is closed to a particular type of aircraft, as happened in March 2019, when the
Boeing B-737 MAX was restricted from entering the airspace of individual nations [6]. Some
aircraft of the given type then had to land outside their final destinations and passengers
were subsequently picked up by aircraft of a different type.

Other emergencies that can significantly disrupt flight plans may be strikes by airline
staff, air traffic controllers, airport staff or handling staff.

Delays for other reasons (accumulation of delays) are mainly caused by traffic at take-
off and landing airports. These problems at airports usually occur during peak periods,
when there is an accumulation of delays that cascade to other flights.

The situations described above make it clear that crew scheduling is a very extensive
problem, with many restrictions that must be satisfied, making it a very complex task.
Today, it is virtually impossible to imagine crew scheduling in the context of large airlines
without the possibility of using IT, yet there are still airlines operating in the market where
this was common practice still not long ago. Until the 1970s, everything was planned
manually based on the experience of the employees. It took a team of eight planners
several weeks to create a crew work schedule. However, a breakthrough occurred in
the 1970s when IBM developed the first crew scheduling software. In the 1990s, most
major airlines started using IT for crew scheduling. At the same time, there was a major
development in the mathematical approaches that were used for scheduling purposes.
Depending on computing power, they were able to create crew turnarounds numbering
up to 7000 pilots within 14 h. Regardless of the solution, these software solutions can save
an airline a lot of money. This effect is particularly evident in situations where there is
an emergency that needs to be dealt with quickly, as any instability in the flight schedule
can lead to large financial losses. Despite all the progress, there are still a relatively large
number of small airlines that deal with the prompt rescheduling of crews in the event of an
emergency manually without the use of IT. This is mainly for financial reasons. These are
the relatively high acquisition costs of the software and hardware itself, as well as the costs
of training personnel to work with these systems. Another problem is the interconnection
of the software enabling crew planning with existing systems that the airline already uses in
its operations. It is therefore often necessary to spend additional funds to create interfaces
for cooperation between the systems. Therefore, many airlines prefer to incur financial
losses due to imperfect handling of operational emergencies at the expense of investing in
software support [7].

Staffing solutions for emergency situations depend primarily on the cause that requires
crew replacement and then on the location of the emergency.

Essentially, only two causes for a crew not being able to continue can be:

• Using up of the allowed daily work hours,
• Health complications.

If the crew has exhausted the permitted daily time on duty, it is possible for them
to resume duty after a specified period of rest. However, if a crew member has health
complications, his or her early return to duty is not expected. These facts must then be
considered when dealing with an emergency.

The locations in which an emergency arises can also be divided into two groups:

• An emergency arising at base (the airline’s home airport),
• An emergency arising away from base.



Mathematics 2021, 9, 2138 5 of 28

In the first instance, the airline’s operational control center has the possibility of
choosing one of the solution options:

• Deploying a stand-by crew,
• Deploying a crew originally scheduled for another flight,
• Deploying pilots fulfilling other than their direct flight obligations at the airport

(on duty),
• Deploying pilots currently on personal leave.

Most airlines maintain stand-by crews to minimize the impact of emergencies. The
stand-by mode can be implemented in two forms—either the pilots are available directly
at the airport or they are within driving distance of the airport. Both methods have their
advantages and disadvantages. The advantage of placing a backup crew directly at the
airport is its immediate availability. The disadvantage is that if the pilot performs reserve
duty at the airport, then the time spent by performing this standby duty is included in
the time allowed on duty, which limits the possibilities of using that pilot. Conversely, if
the pilot is on standby within driving distance of the airport, then the pilot’s time is not
counted as on duty. Time begins to count towards the time allowed on duty only at the
time of the pilot’s transfer to work in the event of an emergency. On the other hand, it is
necessary to consider a certain loss of time associated with the transfer of the pilot to the
airport and his or her preparation for the flight.

Another way to replace the crew affected by an emergency is to replace it with the
crew of another flight. The airline’s aim is to minimize delays, so in some situations it may
be more advantageous to deploy a crew that is the most available at the current time, i.e.,
a crew waiting for another flight at the airport. Subsequently, upon arrival, the backup
crew (considering a situation where stand-by is performed outside the airport) will replace
the crew originally waiting at the airport. A limitation of this situation may be that the
assigned crew may already have exhausted part of their time on duty as a result of the
previous flight.

In extreme cases, to mitigate the consequences of an emergency, the airline may use
pilots who are performing non-flight tasks related to their performance of duty at the
airport. These are, for example, various trainings. The pilots are at the airport and are
therefore theoretically available, even if they do not have scheduled flight duty. Similarly,
it is possible to contact a pilot who is taking personal time off. In both cases, however,
the pilot may refuse an unplanned duty deployment because he or she is not obliged to
perform actions beyond his or her long-term plan submitted by the airline.

In the event of an emergency away from the airport, the operations centers are
markedly limited and are as follows:

• Transport of the reserve crew to the airport of departure of the delayed flight,
• Deployment of a crew from another flight,
• Reassignment of the crew after the compulsory rest period.

Resolving an emergency away from the base is always a complicated problem. The
first option that presents itself is to send a backup crew. This entails great time and financial
costs associated with the transfer of the crew to the airport of departure of the flight
affected by the emergency. Depending on the distance of the airport and the possibilities
of transporting the crew, the crew can be transported by another air connection, a train
connection or the pilots may be transported by individual car transport. It is important,
however, that the time for the transfer to the airport of departure is included in the pilots’
time on duty.

Another way to solve the problem of crew replacement is to deploy another crew
that has another flight scheduled in the same destination. As in the base situation, it is
important that delays are not passed on to other flights due to crew rerouting. The backup
crew will board the originally scheduled flight, which will reach its destination later than
planned. Additionally, the airline must also solve the problem of further use of the crew
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from the delayed flight, which will be available at the destination (whether it will take
mandatory rest or will be deployed to another flight at a later time).

The final option is to re-deploy the crew. This option is only permissible in a situation
where the crew is in good health and the only reason they cannot continue is that they have
exhausted the daily on duty time limit. This solution is applied in a situation where the
airline does not have another reserve crew available or in a situation where the transport
of the reserve crew would exceed the time the original crew needs to rest to continue the
service. This applies to situations where an emergency occurs in one of the more distant
destinations from the base. In such situations, the crew and passengers are accommodated
in alternative accommodation and the flight is subsequently undertaken only after the
expiration of the statutory rest period of the crew.

All the above operational measures carry with them additional costs, which the airline
must expend to eliminate the consequences of emergencies.

As the description of the above-mentioned emergency situations, which may disrupt
the scheduled operation of individual flights, shows, delays as such do not only generate
time loss for passengers, but above all significant financial costs for the airline. Of course,
the airline does not always have to cover these costs from its own resources. It depends on
the actual cause of the incident. If it was the fault of the airline, such as a technical fault
due to lack of maintenance, then all costs arising from the subsequent emergency must
be paid by the airline. If the emergency is not caused by the airline and could not have
been foreseen by the airline, the airline is not obliged to compensate passengers financially.
However, it should also be noted that the airline is always obliged to provide care for
passengers affected by the occurrence of the extraordinary event causing the delay. If the
cause is not attributable to the airline, the airline shall recover the additional costs from the
originator of the incident, or the costs shall be covered by the airline’s insurance.

The extent of the additional operating costs incurred depends on the situation that
arises. In the event of a delay on the ground, it is important to remember that the aircraft is
still in operation and is only waiting to depart. This means that it is necessary to ensure
the functionality of all systems on board, such as hydraulic, air or pneumatic systems.
Therefore, a power source is required, which may be an engine start, an auxiliary power
unit (APU) or a connected ground source. Running engines or APUs consume fuel at
a certain cost. The connection of a ground source is burdened with a rental fee. If the
aircraft is parked on the apron for more than a certain amount of time, the airline must
subsequently pay certain charges to the airport for the occupation of that space. During
extended parking periods, the aircraft must be under the constant supervision of airport
ground staff and additional handling requirements may arise, such as repeated de-icing of
the aircraft during the winter months. These costs may also include the cost of repeated
buses to pick up or drop off passengers at the aircraft. These costs are of course eliminated
when the airport is equipped with boarding bridges. If the delay is due to a technical fault,
additional costs may be incurred to repair the aircraft. If the aircraft cannot be repaired at
the check-in point (stand), then it must be moved to a designated repair point, which is
again a chargeable service.

If a delay occurs during the flight itself, when the flight must be diverted from the
original route, it is necessary, above all, to count on increased fuel costs.

In both cases, it is important to remember that regardless of the emergency situation,
the aircrew is still on duty. Although the crew is on duty during the delay, it does not
generate any profit for the airline by waiting for the situation to be resolved. Consequently,
a proportion of the crew’s salary corresponding to the length of the delay can be considered
as having been expended without purpose and can therefore be regarded as additional costs
incurred in connection with the incident. If the delay exceeds a certain value and the crew
is in danger of exceeding the permitted daily duty time, another crew must be substituted.
In such case, the cost of transporting another crew to the place of departure must be added
to the additional costs. If a situation arises when the crew cannot be replaced, the flight
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must be rescheduled until the crew is able to fly again after sufficient rest. In such case, the
airline must consider the cost of crew accommodation and travel allowances (meals, etc.).

In extreme cases, in the event of a flight delay, cancellation or re-routing due to a
technical defect, the airline must consider the cost of sending a replacement aircraft.

The second group of additional costs that an airline must consider in the event of
an emergency concerns the costs associated with passenger compensation. Each airline
is obliged to take care of passengers on its flights in case of any problems. For example,
the airline is obliged to provide passengers with refreshments to the extent adequate
to the duration of the delay. In a situation where it is necessary for passengers to be
accommodated, the airline must arrange their accommodation, transport them from the
airport to the place of accommodation and back. In addition to providing the above
services, passengers are also entitled to financial compensation for the delay.

Passengers’ claims for financial compensation for delays are governed by Regulation
No 261/2004 of the European Parliament and of the Council [8], which lays down common
rules on compensation and assistance to air passengers in the event of denied boarding
and of cancellation or long delay of flights. The level of this compensation depends on the
length of the flight and the scope of the delay. The passenger is entitled to compensation
if the operating airline has reasonable grounds to expect that, from scheduled departure
time, the flight will be delayed by:

• Two hours or more in the case of flights of 1500 km or less, or
• Three hours or more in the case of all flights within the European Community longer

than 1500 km and all other flights between 1500 and 3500 km, or
• Four hours or more in the case of all flights not falling under (a) or (b).

The Regulation entered into force on 17 February 2005 and applies to all passengers
departing from an airport located in the territory of a State to which the Treaty applies and
to passengers departing from an airport located in the territory of a third country to an
airport located in the territory of a Member State to which the Treaty applies, unless they
have already received compensation or redress, and have not received assistance in that
third country and the operating air carrier is a Community carrier [8]. The costs associated
with compensations resulting from flight delays are shown in Table 1.

Table 1. Amount of financial compensation for passengers [8].

Flight Distance (km) Minimum Length of Delay (h) Amount of Compensation
Paid to the Passenger (EUR)

〈0; 1500) 2 250

〈1500; 3500) 3 400

〈3500; ∞) 4 600

The paper is thematically related to the publication [9]. It extends the mathematical
model published in this paper in a fundamental way. While the previous mathematical
model involves pre-formed crews, the model in this paper allows these crews to be formed
from individual pilots while maintaining the requirements for interpersonal relationships.

2. Analysis of Current State of the Art

Numerous authors have dealt with the issue of flight crew scheduling, its optimization
or emergency rescheduling in the literature in the past.

The paper will mainly review the approaches published in the last 10 years. The
analysis performed shows that the above-mentioned authors approach crew scheduling
in different ways. Some address each part separately, i.e., only crew pairing or only crew
rostering. Others try to integrate both tasks into one.

The first group of authors proposes approaches that solve the two tasks separately, i.e.,
they solve the crew pairing task first and then, based on the results obtained, solve the crew
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rostering task. This gives the final form of the crew route schedule. The reason for using
this approach is mainly to reduce the computational complexity of the proposed models.
However, it is a fact that if the two tasks are addressed separately, it is not possible to fully
capture all the links that exist between them. This may lead to a situation where the solution
found may not be optimal. On the contrary, if the problems are solved simultaneously
in a single optimization experiment, there is a higher probability of finding the optimal
solution. Unfortunately, due to the nature of the problem itself, which can be classified as
NP-hard, the computation times are often very high. Therefore, various heuristic methods
are also used in the solution. As already mentioned in the introduction, flight schedule
development and the associated crew scheduling is a chain of several interrelated tasks,
which implies that they are very closely related and may influence each other. For this
reason, many authors also accept an integral solution, when they solve aircraft scheduling
together with crew scheduling, using a suitable heuristic method.

A separate chapter in the planning process is the handling of emergency situations. In
the professional literature, authors approach the problem of resolving emergency situations
in two ways. The first way is to increase the robustness of the proposed plans. This means
that the resulting flight schedule or crew pairing schedule is to some extent resilient to
emergencies or is to some extent able to eliminate the consequences of an emergency.
The second way to eliminate the consequences of an emergency is through contingency
rescheduling. The fundamental difference in both approaches is in the period when they
are implemented. While increasing the robustness of the crew work schedule is imple-
mented already during the preparation of the flight schedule, operational (contingency)
rescheduling is implemented only in a situation where an emergency arises, and it is
necessary to address its consequences.

2.1. Crew Scheduling

The first step in the crew scheduling process is the already mentioned crew pairing,
when crews are assigned to individual flights and routes are created. The solution to this
problem is dealt with, for example, in [10], where the authors formulate the problem as a
business traveler task, which they then solve using the ant colony algorithm. The authors
of the paper compare the different methods for solving the issue of crew pairing [11]. These
are the Knowledge Based Random Algorithm (KBRA), a hybrid algorithm using genetic
algorithms and the column generation method. The performance of five experiments on
model tasks showed the hybrid algorithm to be the most suitable method. The method
of generating columns also provided very good results. Therefore, the authors created a
solution that combined the hybrid algorithm and the column generation method, when
part of the results of the hybrid algorithm formed the initial solution for a solution using
the column generation method. The authors of [12] build on their research published in [13]
dealing with crew pairing. They modernize the approach by developing a new heuristic
method using column generation and a strategy to eliminate uneconomical pairings. The
economic inefficiency of the obtained pairings is evaluated according to a defined pricing
model. The crew matching problem is also addressed in [14].

The second step in the crew planning process is crew rostering, when other activities
that the pilot must complete are added to the crew routes, such as various educational,
training or other activities within the company, or, potentially, his/her personal require-
ments are added to the long-term plan. Entering personal requests from pilots increases
the complexity of the task. However, it is also a tool for improving the quality of the
working environment, so it is necessary to take this criterion into account during crew
rostering [15]. Due to specific personal requirements, some authors solve the optimization
of crew rostering in direct cooperation with airlines, such as in [16], where the authors
apply a heuristic method for the solution using the method of simulated annealing. The
authors of [17] chose an alternative approach, following up on their work presented in [18].
The optimization criterion is an even distribution of working time among all pilots. The
solution is divided into two phases. In the first phase, pilots are given duty and rest days,
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which will create a long-term crew pairing plan. The second phase of the solution can be
described as a check, which serves to identify the feasibility of the proposed plans created
in the first part. Based on the result of the second phase, there is a possible adjustment of
the routes created in the first phase of the solution and the whole procedure is repeated
until the created routes are feasible. The authors of the paper also deal with the distribution
of uniformity of working time among all pilots [19]. An untraditional approach to solving
this problem of crew rostering is offered by the authors of [20], who use the method of
coloring graphs for the solution.

As already mentioned, crew pairing, and crew rostering are two interrelated processes.
Therefore, many authors take an integrated solution of both processes. The authors of [21]
compare three models—a model for crew pairing, a model for crew rostering and an integral
model. When solving the models, the method of generating columns is used. The authors
performed three series of experiments and compared the results of individual models. The
experiments were carried out on a real network of several North American airlines. It
turned out that the integral model is more computationally demanding (almost 7 times)
but gives better results. By integrating the two problems into one model, an average saving
of 3.37% of the total costs was achieved. They build on their research [22], where the
issue of integral planning was first addressed by generating columns. However, it turned
out that the method requires much more computational time. An integrated solution
made it possible to increase the quality of the solution. This paper modernizes the above
model to reduce computational time. The modernization consists in combining column
generation methods with the bi-dynamic constraint aggregation method. The experiments
were performed on seven real flight schedules. Using integrated planning, savings of
between 4.02 and 4.76% were achieved, compared to solving both tasks separately.

As already mentioned, the issue of crew rostering is nowadays affected to a large
extent by the pilots’ personal preferences. In their integral approach, the authors of [23,24]
take the personal preferences of pilots into consideration.

2.2. More Complex Tasks Involving Crew Pairing and Crew Rostering

In addition to the fact that individual steps of crew planning can be solved integrally,
some authors also take on solving other processes together with these. This is the case, for
example, in [25], where the authors combine the optimization of the maintenance plan,
aircraft cycles and crew rotations. The result is a sequential heuristic method. The results
of these sequential calculations are the initial solution for an integral model solved by the
method of column generation. Experiments on real data have shown a cost saving of 0.6%
using this method.

2.3. Addressing Emergency Situations

As already indicated in the introduction to this section, the consequences of emergency
situations can be addressed in two ways—by increasing the robustness of crew pairing
plans or contingency rescheduling.

The robustness of the crew pairing plan in a specific situation is addressed, for example,
in [26]. This is a situation when the implementation of new flights during the already
prepared flight schedule, which are not yet included in it, is anticipated. It is therefore
important that the crew schedule remains robust enough before and after the inclusion of
new flights. The authors propose two approaches to solving the problem of crew pairing.
In the first approach, a new flight will be included, which will be included among the
existing flights so as not to disrupt their scheduled departure and arrival times and will be
served by a separate crew. The second approach envisages the interchangeable crewing of
the original flights. Interchangeable flight crewing means that their original arrival and
departure times will be maintained but will be serviced by different crews. In this situation,
there will be an unproductive transfer of one crew. To apply these approaches, the authors
use the method of generating columns. The experiments were performed on real data of
small Turkish airlines.
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The issue of crew pairing is similarly addressed in terms of the robustness of the
resulting field of crew routes. For example, paper [27] deals with this, where the authors
use the Lagrange relaxation to divide the originally nonlinear model into a set of linear
tasks, which they then gradually solve. The robustness of the created crew rotations is
subsequently verified by simulations using real data from the operation.

One of the great dangers in the event of an emergency and subsequent delay is its
transmission within the flight schedule, when due to the continuity of flights operated by
one crew or one aircraft, the delay accumulates and gradually increases. Therefore, for
example, the authors of [28] base their approach to creating a robust crew pairing plan on
their own methodology for evaluating the transmission of delays in the flight schedule.
The results of the delay analysis are incorporated into a heuristic method for crew pairing,
using a combination of the branch and bound method with the column generation method.
The optimization criterion is the cost of assigning crews to aircraft.

One of the significant negative effects of delays is exceeding the time allowed for
crews being on duty, which in combination with fatigue can lead to a significant reduction
in flight safety [4]. Paper [29] deals with this issue in more detail. The authors of the article
try to create a sufficiently robust plan of crew routes so that these situations are minimized.
Using flight data analysis, they try to determine the dependencies between flight duration,
flight times and the subsequent occurrence of delays. For this part of the research, the
authors use regression analysis. By evaluating these dependencies, they can better capture
the risk areas of crew rotations and thus prevent exceeding the permitted time on duty. The
authors use the column generation method to design an optimized crew route plan. The
proposed solution improves the reliability of decisions about the timely change of crew.
Premature change of crew leads to an increase in operating costs, but also to an increase in
air traffic safety.

Other authors use some planning steps to improve the results by mutual coordination.
This is also the case of [30], in which the authors address the issue of increasing the
robustness of the aircraft routing plan and the crew pairing plan. The article presents
a stochastic model using the column generation method, which deals separately with
crew pairing and separately with aircraft routing. A simulation model is also applied
here, modeling the transmission of delays in the flight schedule. The simulation model
was based on data on aircraft delays of European airlines during 2003 and 2006. With
the help of this data, the results of the proposed models were verified. The proposed
solution builds on [31], in which, however, the authors deal only with the issue of crews.
Paper [32] also focuses on the integrated planning of crew routes and aircraft routes, when
the authors monitor the transmission of delays during operation in the prepared plans.
The resulting plans will increase the robustness of aircraft routes and crew routes, thus
reducing the impact of emergencies. In the paper, the authors compare the results of the
sequential approach with the integrated approach and test three different situations. In
the first experiment, the plans are obtained by sequential calculation of flight schedules
and then the plans of the crews, assuming a linear transmission of delay. In the second
experiment, the plans are obtained again by sequential calculation of flight schedules and
crew plans but predict a nonlinear delay transmission. Additionally, in the last experiment,
the plans are obtained through integrated flight schedule calculations together with the
crew plans, assuming a nonlinear transmission of delays in the flight schedule. The results
of the experiments were the total delay times in the individual situations. The authors of
the paper continue the research in [33], where they test other possible scenarios and study
the transmission of delays in plans (aircraft routing, crew pairing) created based on the
proposed heuristics.

The authors of [34] also focus on the creation of robust integral plans for aircraft
routing and crew pairing, considering the planned maintenance downtimes. The authors
try to achieve this by penalizing the creation of connections between lines with a short
interval between landing and the next take-off in the proposed plan and also preferring
those connections in which crews are connected to specific aircraft over the long-term
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(crew in one aircraft performs multiple consecutive flights). The issue is solved using a
nonlinear model, where the optimization criterion is the total reward, which is formed by
the difference between rewards and penalties resulting from the created plans. The goal is
to maximize this reward.

One other possible way to increase the robustness of crew rotation (crew pairing)
plans is to use backup crews. However, this also needs to be planned, as poor timing of
their service or poor placement in the network can lead to unproductive use, which will
lead to losses due to the consequences of emergencies or inefficient use of funds for unused
backup crews. Conversely, properly planned and located backup crews can significantly
mitigate the consequences of emergencies. To do this, the authors of [35] use predictive
probability models.

Using simulation and heuristic methods, this issue is also addressed by the authors
of [36]. The authors first perform a simulation of the system operation without backup
crews. Based on the results, a backup crew is placed in the system and the suitability of
the solution is verified by re-simulation. This determines the number of backup crews
and their placement, when the criterion is to minimize delays in the simulated scenarios.
The dependence of the length of the incurred delay on the number of active crews is also
investigated by the authors of [37,38].

The authors of [39] also try to increase the robustness of the flight schedule by using
not only human resources but also aircraft technology. For aircraft technology, they mainly
focus on increasing the time windows between flights so that the incurred delays can be
covered. In the case of human resources, they focus on planning backup crews to replace the
originally scheduled crews in the event of an emergency. The authors implement changes
in the flight schedule and crew planning based on a new approach to delay prediction. For
this prediction, they applied a neural network method. The aim is to minimize the total
delay times.

The issue of robustness itself is further developed by the authors of [30], who argue
that robustness can be viewed from two different perspectives. It can be expressed as
stability or flexibility. Stability refers to the ability of a flight schedule to remain in a feasible
state under different situations. Flexibility is then seen as the ability of the plan to adapt to
changing conditions. The flexibility of crew pairing schedules is further discussed in [31].

In the previous paragraphs, papers dedicated to increasing the robustness of flight
schedules, aircraft turnaround plans, or crew turn-around plans to the consequences of
emergencies were discussed. Sufficient robustness of plans is a good tool to protect against
delays incurred. However, in practice it turns out that it is not always a sufficient tool. That
is why almost every airline has an operational planning department that deals in real time
with problems arising in the course of operations. Every decision in a crisis can have a
major impact, which can be either positive or negative, so it is also appropriate to address
these decision-making processes.

Paper [40] presents an overview of the methods used and models proposed up until
2010, dedicated to the recovery of aircraft and crew plans in the event of an emergency. A
heuristic approach for the operational re-planning of aircraft equipment is presented by
the authors of [41], who always offer the user several possible solutions from which he can
choose the most suitable one based on the chosen optimization criterion. The problem of
operational rescheduling of aircraft fleet utilization is also addressed in [42]. The authors
of [43] are the first to present an integral model, simultaneously solving the recovery of
aircraft and crews. However, the proposed model is not completely dynamic, because the
arising of an emergency is considered before it occurs. This makes it possible to prepare for
the situation and therefore is not ad-hoc re-planning as such. Thus, the models had very
high computational times. An integrated model for operational rescheduling of flight and
cabin crews is presented in [44].

The restoration of crew routes after an emergency is the subject of [45]. The authors
use multi-criteria optimization using genetic algorithms to solve the problem, where the
primary objective is to minimize the impact on the original crew turn-arounds after the
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optimization is completed, and the second objective is to minimize the size of the delay
caused by the emergency. In the experiments, the authors observed how their approach
behaves in a situation where sufficient crews are available and, in a situation, where, on
the contrary, crews are lacking.

Another paper presenting an approach for dynamic crew rescheduling is, e.g., [46].
The authors present an approach consisting of two algorithms. In the first algorithm,
possible crews are created from a set of pilots, who then work together throughout the
implementation of the plan (the crew is therefore indivisible). In the second algorithm, the
authors use a mathematical linear model. This algorithm is used to create a new set of crew
pairings following an emergency.

In this paper, we present a dynamic model for operational crew rescheduling. This
means that, unlike most of the above-mentioned authors, we approach the solution of
emergencies at the time of their occurrence, and we can resolve them immediately. In
contrast to the contributions described above (apart from [46]), the indisputable advantage
of the solution we propose is its linear nature, which guarantees that an optimal solution
is found when all the constraints are met. Thus, the user can avoid large financial losses
caused by emergencies. The expansion of rescheduling options is also made possible by
our newly designed approach, which enables an individual approach to pilots—both from
the point of view of interpersonal relationships and from the point of view of the possibility
of changing the assignment of pilots to the crew during daily duty (pilots can change the
crew during the planning period depending on the situation). The newly designed model,
in contrast to other approaches, works with the original crew pairing plan, which will
allow the maximum acceleration of the return to the original plan after the occurrence of
an emergency.

This paper intellectually builds on the already published paper [9], which also deals
with the issue of operational re-planning of crews. However, the newly proposed model
fundamentally changes the approach to solving this issue, especially in two respects. The
first difference is that the newly designed model works with the crew as a pair of pilots,
grouped as captain and first officer. This procedure allows an individual approach to
rescheduling the routes of individual pilots. The solution proposed in this way will enable
the employees of the operational planning department to have greater variability in dealing
with emergency situations. The second difference compared to the already published model
is the consideration of the original crew pairing plan. Indeed, if these plans are considered
in rescheduling, it will allow a faster return to a stable state, as the model tries to place
pilots on the flights and to the destinations they were originally supposed to serve. If
pilots are deployed in a different way or operate flights other than originally planned,
their actions are penalized in the objective function. This solution increases the speed of
resolving an emergency and minimizes its consequences on subsequent crew pairing plans.

3. Proposed Optimization Approach

The advantage of the proposed approach is the fact that it will be a linear mathematical
model, which in the case of sufficiently powerful computer technology will ensure finding
an optimal solution. The main optimization criteria will be the costs associated with
the rescheduling of the crews and the compensation paid to passengers in the event of
delays, i.e., the total costs that the carrier must incur to eliminate the consequences of the
emergency. This will ensure that the solution obtained is advantageous not only from the
point of view of satisfying the service of all scheduled flights, but also from the point of
view of the real financial impact on the airline. A great danger in the event of a delay is
its uncontrollable development in the flight schedule. However, due to a suitably chosen
optimization criterion, its consequences are attenuated.

This is also aided by the fact that the model considers the original crew pairing
plan and one of its goals is for crews to end their daily duty in the originally planned
destinations as often as possible. A great advantage of the proposed solution is also an
individual approach to pilots. The model works with the crew as a pair of pilots, one being
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the captain and the other the first officer. The crew is therefore not indivisible (as is common
in published optimization approaches) and it is possible to split it if necessary, to create
completely new crews. In addition to the basic limitations arising from real operation,
interpersonal relationships between pilots are also considered in the creation of crews.

The proposed model also monitors the continuous status of the pilots’ flight hours.
This will ensure that none of the constraints are exceeded and hence a sufficient level of
safety resulting from crew deployment.

In addition to the above-mentioned operational advantages, the model, after simple
modification, can also offer its users the possibility of actual scheduling of crew routes with
the aim of minimizing the number of crews needed to service the scheduled set of flights.
This modification will be presented in the computational experiments.

4. Proposed Formulation of the Optimization Problem

In this section, a linear mathematical model will be formulated for the rescheduling
of flight crew pairing. The model assumes that aircraft are always available and that the
fleet of a given airline is homogeneous. This means that all crews created can operate any
aircraft on the assigned flight.

4.1. Problem Formulation

The defined set of flights I, which have not yet flown at the time of the delay, including
the delayed flight, is defined. For each flight, i ∈ I, we know the scheduled start of pre-
flight preparation ti, the time spent by the crew in servicing it Ti, including the time
required to carry out all post-flight operations at the destination airport, and the number
of passengers Ni, who have purchased a ticket for that flight and who are entitled to
compensation in the event of exceeding the allowed duration of the delay in the amount
of oi.

The set of pilots R is defined. As described above, each pilot has a different level of
qualification, which in turn determines whether the pilots can form a crew together. Due to
the potential for a conflict of authority in the cockpit, the situation of a pilot with a captain’s
rating as the first officer will not be considered. Depending on this, the set of all pilots R
will be separated into two disjunctive subsets, a subset of captains Rc and a subset of first
officers R f (it applies therefore that R = Rc ∪ R f and, at the same time, that Rc ∩ R f = ∅).

The subsequent permissible combination of captains from subset Rc and first officers
from subset R f will result in the creation of a set of crews K meeting the requirements of
interpersonal relationships that the carrier can deploy to service flights. For each crew
k ∈ K, the amount of time that the crew has been on duty on that day sk is known (this is
the amount of time that the crew has already drawn from its daily limit). The maximum
daily time on duty is determined by the constant L.

Further, the model introduces three three-dimensional matrices D, P and Q.
The element dijk, where i ∈ I ∪ {0}, j ∈ I ∪ {0} and k ∈ K, contains information about

the original schedule of each crew, i.e., whether the crew k ∈ K in the original, long-term
schedule, after operating the flight i ∈ I ∪ {0} will move to servicing the flight j ∈ I ∪ {0}.
Deploying a crew outside the original crew pairing will be penalized. Penalties will also
occur if the crew ends their duty after servicing a different flight than originally planned
(these are cases where the crew terminates their service either at a different destination or
at the same destination but after servicing a different flight).

The element pijk expresses costs arising from the non-productive transfer of a crew
k ∈ K to the servicing of a flight j ∈ I ∪ {0} after servicing flight i ∈ I ∪ {0} (the element of
the matrix p0jk represents costs arising from the non-productive transfer of the crew k ∈ K
to the departure airport of flight j ∈ I from the base airport, and the element of the matrix
pi0k represents costs arising from the non-productive transfer of the crew k ∈ K from the
destination airport of the flight i ∈ I at the base airport).

The element qijk expresses the time spent on the non-productive transfer of the crew
k ∈ K to the servicing of a flight j ∈ I ∪ {0} after servicing flight i ∈ I ∪ {0} (the element of
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the matrix q0jk represents the time spent on the non-productive transfer of the crew k ∈ K
to the departure airport of the flight j ∈ I from the base airport, the element of the matrix
qi0k represents the time spent on the non-productive transfer of the crew k ∈ K from the
landing airport i ∈ I to the base airport). Elements of matrices P and Q are calculated
based on data on the current placement of crews.

The task is to decide on the transfer of crews between flights so as to minimize the
airline’s costs associated with the transfer of crews to operate individual flights and the
costs resulting from delays, including compensation for passengers who have suffered
delays. At the same time, the effort is for pilots to operate the flights they had in the original
route plan to the greatest extent possible, as well as to end their routes at destinations and
times that were predefined in the original plan.

4.2. Mathematical Model

To solve the model, it is necessary to prepare some of the input values related to
crews. This preparation is necessary due to the possibility of individual rescheduling for
individual pilots. This preparation mainly concerns the creation of a set of all potential
crews K and constants directly related to them. These constants are elements of matrices P,
Q and D.

Preparation of the Model

To solve the given model, an incidence matrix will be created, denoted, for example,
as E, which will express the possibility of creating crews between the captain i ∈ Rc and
first officer j ∈ R f . When the captain i ∈ Rc can create a crew with the first officer j ∈ R f ,
then eij = 1. Each potential crew created is assigned a serial number, thereby creating a
new set of potential crews K.

We consider, for example, a situation characterized by the matrix E—see Table 2.

Table 2. Incidence matrix E representing the permissibility of creating crews with the captain and
first officer.

FO/Captain 1 2 3 4

1 1 0 1 1

2 0 1 1 0

Based on matrix E, the following set of crews arises—see Table 3.

Table 3. Set of crews.

Captain 1 1 1 2 2

First officer 1 3 4 2 3

Crew 1 2 3 4 5

Based on the interpersonal relationships between the pilots, it will be necessary to
adjust some categories of input data. As each pilot may be in a different location when it is
decided to reschedule the crew routes, the input data on the time availability of potential
crews as well as the costs of their creation must be adjusted. It will therefore be necessary
to adjust the values of the elements of the matrices P and Q and also of the matrix D.

In the first place, it is necessary to expand all three matrices with elements representing
the deployment of all possible crews.

All time values will be given in minutes in the following text, calculated from a
suitably chosen time point (e.g., midnight of a given day or maximum time of the earliest
time of preparation for a given flight). The time location of individual flights corresponds
to the location during the day. For example, if the start of a flight is at 10:55, then this
corresponds to time 655.
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For example, if a potential crew is being considered, when the captain is available at
time 1245 and the first officer at time 1310, then the crew created by these pilots will be
available at time 1310. In the general position, therefore, the higher of the two values is
selected for the matrix element P. For example, if the cost of transporting the captain to the
place of departure is 500 monetary units and the cost of transporting the first officer to the
place of departure is 600 monetary units, then the cost of transporting the crew to the place
of departure is 1 100 monetary units. In the general position, the relevant element of the
matrix Q is created as the sum of the costs of transporting both crew members to the place
of departure of the flight.

Only possible values will be allowed for elements of the matrix D. The values dijk = 0
are reflected in the value of the optimization criteria in situations where the crew k, after
operating the flight i, started operating the flight j according to the original plan. The
values dijk = 1 are reflected in the value of the optimization criteria in situations when in
the crew k one of the pilots started to operate the flight j after operating flight i according to
the original plan. The values dijk = 2 are reflected in the value of the optimization criteria
in situations, when, after operating the flight i, flight crew k is deployd to service flight j
in which there is not a single pilot who was to be deployed to operate the flight j in the
original plan. The values dijk = M are used in cases when it is not possible to move the
relevant crews from a time perspective. This is in situations when i = j.

In addition to modifying the input data, the model itself will have to be modified.
Constraints must be added to ensure that two or more crews containing the same pilot,
either as captain or first officer, are not deployed simultaneously. For these purposes, a set
of crews K f

i , containing pilots—first officers will be created for each pilot—captain i ∈ Rc,
with whom he can crew, and for each pilot—first officer j ∈ R f a set of crews Kc

j will be
created containing pilots—captains with whom they can crew.

That is, the above cited example will include K f
1 = {1, 2, 3}, K f

2 = {4, 5}, Kc
1 = {1},

Kc
2 = {4}, Kc

3 = {2, 5}, Kc
4 = {3}. For the set of crews K, it then applies that K = ∪i∈Rc K f

i

or also K = ∪j∈R f Kc
j , but also even K =

(
∪i∈Rc K f

i

)
∪
(
∪j∈R f Kc

j

)
.

The resulting model will then have the following form:

min f
(

x, y, z, hk,
=
hk

)
= ∑

i∈I∪{0}
∑

j∈I∪{0}
∑

k∈K
pijk·xijk + ∑

i∈I
∑

k∈K
oi·Ni·zi+

+ε· ∑
k∈K

(
=
hk − hk

)
+ ∑

i∈I∪{0}
∑

j∈I∪{0}
∑

k∈K
dijk·xijk

(1)

subject to:
∑

i∈I∪{0}
∑
k∈K

xijk = 1 for j ∈ I (2)

∑
i∈I∪{0}

xijk = ∑
i∈I∪{0}

xjik for j ∈ I and k ∈ K (3)

yjk ≤ M· ∑
i∈I∪{0}

xijk for j ∈ I and k ∈ K (4)

∑
j∈I

x0jk ≤ 1 for k ∈ K (5)

∑
k∈K

yik ≤ bi + zi·M for i ∈ I (6)

ti + Ti + yij + qijk ≤ tj + yjk + M·
(

1− xijk

)
for i ∈ I ∪ {0}, j ∈ I and k ∈ K (7)

hk ≤ (tj − q0jk)·xojk + M·
(

1− x0jk

)
for j ∈ I and k ∈ K (8)

(ti + Ti)·xi0k + yik + qi0k·xi0k ≤
=
hk for i ∈ I ∪ {0}, j ∈ I and k ∈ K (9)
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sk +
=
hk − hk ≤ L for k ∈ K (10)

=
hk − hk ≥ 0 for k ∈ K (11)

xijk ≤ wk for i ∈ I ∪ {0}, j ∈ I ∪ {0} and k ∈ K (12)

∑
k∈K f

i

wk ≤ 1 for i ∈ Rc (13)

∑
k∈Kc

j

wk ≤ 1 for j ∈ R f (14)

xijk ∈ {0, 1} for i ∈ I ∪ {0} j ∈ I ∪ {0} and k ∈ K (15)

yik ∈ R+
0 for i ∈ I and k ∈ K (16)

zi ∈ {0, 1} for i ∈ I (17)

wk ∈ {0, 1} for k ∈ K (18)

hk ∈ R+
0 for k ∈ K (19)

=
hk ∈ R+

0 for k ∈ K (20)

Formula (1) expresses the optimization criterion whose value is to be minimized. It
consists of four terms. The first term represents the costs associated with non-productive
crew relocations, the second term the costs associated with passenger compensation in
the event of flight delays and the third term ensures that the gap between the upper and
lower daily duty time restrictions is kept to a minimum. As the value of the difference
does not fundamentally affect the resulting values of crew transfer costs and the value of
compensation paid to passengers in the event of a delay exceeding the set limits (it has also
a different unit), the difference is multiplied by the constant ε, when ε = 0.001. The main
meaning of the constant ε is that it enables to separate the value of the third term of the
objective function from the sum of the remaining terms—thanks to the chosen value of ε the
value of the third term is found after the decimal point and therefore its value can be easily
identified. Please note that the value of the constant does not affect the optimal solution.
The final, fourth, term ensures that crew relocations during rescheduling are carried out to
deviate as little as possible from the original crew pairing plan. The group of constraints
(2) will ensure that each unhandled flight is serviced. The group of constraints (3) will
ensure that continuity of crews is maintained after the end of the flight. The group of
constraints (4) will allow moving the departure time only in the case of the deployment of
a specific crew. The group of constraints (5) will ensure that each crew is deployed at most
once to operate flights not yet operated. The group of constraints (6) will ensure that the
compensation paid to passengers in case of exceeding the delay time is taken into account.
The group of constraints (7) shall ensure that in the event of a crew transfer that is not time
permissible, the transfer does not take place. The groups of constraints (8) and (9) form
links to variables representing the upper and lower duty time limits of the individual crews.
The group of constraints (10) will ensure that the daily working time limit is respected for
each crew. The set of constraints (11) ensures that the difference between these variables is
non-negative. The group of constraints (12) will provide the required logical links between
the variables xijk and wk and constraints (13) and (14) will ensure that each pilot will form
a maximum of one crew. The groups of constraints (15)–(20) are obligatory and define
domains of definition of all the variables used in the model.

5. Calculation Experiments with the Proposed Model

For experimental verification of the functionality of the proposed model, a real network
of a European airline operating a homogeneous fleet was selected. The fleet consists of
Embraer E195 aircraft. Within this network, traffic was monitored over a period of 24 h.
The airline served nine destinations within the selected day, of which two destinations
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were the selected airline’s hubs. These hubs were the airports in Frankfurt am Main (FRA)
and Munich (MUC). Other destinations served by the airline that day were Milan (MXP),
Venice (VCE), Rome (FCO), Naples (NAP), Porto (OPO), Malaga (AGP) and Stockholm
(ARN). A total of 21 flights were operated during the day. The scheme of flights to be
operated is shown in Figure 1. Data were obtained from the Flightradar24 server [47].
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Figure 1. Diagram of all planned flights during the day.

The airline has 22 pilots available to operate flights. Of these, 10 pilots are in the
position of captain and 12 pilots in the position of first officer. Based on professional
qualities and interpersonal relationships, it is possible to create 37 crew combinations. The
procedure for creating crews was described in Section 5. These possible combinations of
crews are listed in Table 4, where the rows represent the set of captains (10 pilots) and the
columns represent the set of first officers (12 pilots). In a situation where the symbol x
appears in the table, it means that the respective pair of pilots cannot create a crew. If there
is a number in the table, it is the serial number of the possible crew. For example, crew
number 13 consists of captain number 4 and first officer number 3.

As described above, the model automatically ensures that multiple crews consisting
of one pilot are not deployed. This prevents, for example, crews 13 and 14 from being
deployed at the same time because they have the same captain.

For the purposes of experimental verification of the model’s functionality, an emer-
gency will be simulated during the flight day. These contingencies will be the delay of
flight 11 from Porto (OPO) to Munich (MUC) and adverse weather at Frankfurt Airport
(FRA). These events will split the flight set into two subsets. The first subset consists of
flights 1–10. The second subset consists of flights 11–21. The experiment will be divided
into two parts:

• Crew pairing (route) plan for operating all flights (1–21).
• Re-planning of crew pairing (routes) when an emergency arises.
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Table 4. Set of admissible crews.

CAP
FO

1 2 3 4 5 6 7 8 9 10 11 12

1 x x x 1 2 3 x 4 x x 5 x

2 6 x x x x x x x 7 x x 8

3 9 10 x x x x 11 x x 12 x x

4 x x 13 x 14 x 15 x x x x x

5 16 17 x 18 x x x x x x 19 x

6 x x 20 x x 21 x x x x x 22

7 x x x x x x x 23 24 x x x

8 x 25 26 x x X x x x 27 x 28

9 29 x x 30 31 X x 32 33 x x x

10 x x x x x 34 35 x x 36 37 x

In the first part of the computational experiment, the process of planning crew routes
using a suitably modified model will be carried out. The result of the first part of the
computational experiment will be information regarding the distribution of pilots or crews
within the operated network at the time of the emergency.

Based on the information regarding the current location and the current time on duty,
the second part of the experiment will allow the design of an optimal crew turn-around
plan for operating the remaining 11 flights (flights 11–21) that may be affected by the
emergency. From this plan, it will be easy to determine the allocation of crews to the flights
already served, and at which destination they should terminate their service.

The information on this original plan will then serve as a benchmark in the third part,
in the operational rescheduling of the crews with the aim of restoring its original form as
much as possible. Thus, the model will behave in the calculation to deploy crews to operate
flights during the rescheduling so that, to the maximum extent possible, they operate the
flights that were in the original crew pairing plan.

The calculations of all parts of the experiment were performed in the Xpress-IVE opti-
mization software. The models in this software were created in the MOSEL programming
language. The software was installed on a personal computer running the Windows 10
operating system, using an Intel i5-5200U processor with a frequency of 2.2 GHz and 8 GB
of RAM.

To make it possible to obtain information on the specific crew positions at the time
of the emergency, it is necessary to establish a crew routing plan for all flights to be
operated on a given day. This can be achieved by applying existing approaches or using
a model (1)–(20), in which only a partial modification will take place of the objective
function—the addition of one constraint and the omission of some input values that are
unnecessary for this type of calculation. The objective function for creating crew routes
without delays will be in the form:

min f
(

x, y, z, hk,
=
hk

)
= ∑

jεI
∑
kεK

x0jk·M + ∑
i∈I∪{0}

∑
j∈I∪{0}

∑
k∈K

pijk·xijk (21)

This objective function contains two optimization criteria. The first criterion is the
number of assigned crews and the second criterion is the cost of moving crews and pilots
to operate individual flights. The number of crew assignments is multiplied by a large
enough constant in the objective function to allow the results to easily distinguish between
the number of crew assignments and the cost of assigning them to individual flights.



Mathematics 2021, 9, 2138 19 of 28

As this calculation will create a completely new pairing plan, logically there is no
previous state or standard to follow and it is therefore not necessary to include matrix D in
the input data to describe the original state of the system.

The final modification to be made in the model will be the replacement of the group
of constraints (16) with the group of constraints (22) in the form:

yjk = 0 for j ∈ I ∪ {0} and k ∈ K (22)

The stated group of constraints will not allow delay of any kind on any flight.
In the initial crew pairings, individual pilots were placed at the following airports—see

Table 5.

Table 5. Initial placement of pilots.

FRA MUC MXP

Captains FO Captains FO Captains FO

1,2,3,4,5 1,2,3,10,11,12 6,7,8,10 4,6,7,8,9 9 5

The model input values are shown in Tables 6–9.

Table 6. Input values of constants ti and Ti for flights 1–10.

i 1 2 3 4 5 6 7 8 9 10

ti [min] 510 510 535 640 640 655 655 740 785 810

Ti [min] 90 70 70 80 90 105 120 180 75 115

Table 7. Input values of constants ti and Ti for flights 11–21.

i 11 12 13 14 15 16 17 18 19 20 21

ti [min] 825 880 930 970 1000 1020 1045 1105 1110 1250 1255

Ti [min] 230 120 135 175 70 85 125 75 130 120 70

Table 8. Input values of constants Ni , oi and bi for flights 1–10.

i 1 2 3 4 5 6 7 8 9 10

Ni 110 80 85 90 110 105 75 70 90 110

oi 250 250 250 250 250 250 400 400 250 250

bi 120 120 120 120 120 120 180 180 120 120

Table 9. Input values of constants Ni , oi and bi for flights 11–21.

i 11 12 13 14 15 16 17 18 19 20 21

Ni 70 90 110 75 100 95 85 110 105 95 115

oi 400 250 250 400 250 250 250 250 250 250 250

bi 18 0 120 120 180 120 120 120 120 120 120 120

Most pilots did not yet log any activity related to the performance of duty on that day.
The exception is the three crews who were completing their night flights. These were crews
No. 6 (Captain No. 2, FO No. 1), 24 (Captain No. 7, FO No. 9) and 31 (Captain No. 9, FO
No. 5). Depending on the pilots who took part in the flights, the current sum of the time
of on duty (sk) time for the day will also be reflected in all potential crews in which the
mentioned pilots may appear–see Table 10.
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Table 10. Input values of the constant sk .

k 1 2 3 4 5 6 7 8 9 10

sk [min] 0 120 0 0 0 150 150 150 150 0

k 11 12 13 14 15 16 17 18 19 20

sk [min] 0 0 0 80 0 150 0 0 0 0

k 21 22 23 24 25 26 27 28 29 30

sk [min] 0 0 120 120 0 0 0 0 150 80

k 31 32 33 34 35 36 37

sk [min] 80 80 80 0 0 0 0

Other input information for the model are data from matrices P and Q. The element
of matrix P expresses costs incurred from the unproductive transfer of the crew k ∈ K k
to operate the flight j ∈ I ∪ {0} after operation of the flight i ∈ I ∪ {0} and the element of
matrix Q expresses the time required for the unproductive transfer of the crew k ∈ K to
operate the flight j ∈ I ∪ {0} after operating flight i ∈ I ∪ {0}.

The results of the experiment showed that seven crews will be needed to operate
the planned set of flights. These crews are crew numbers 6, 12, 13, 19, 24, 31 and 35. The
schedule of routes of these crews and their daily time on duty after completing these flights
are described in Table 11.

Table 11. Routes of active crews to service planned sets of flights.

Crew Captain FO Route (Crew Pairing)
Plan Time on Duty [min] Color

6 2 1 15-18-21 475
12 3 10 12-17-20 490
13 4 3 6-10 270
19 5 11 3-4-9-16 570
24 7 9 13-19 430
31 9 5 2-7-11 625
35 10 7 1-5-8-14 635

Figure 2 schematically shows the routes of individual crews and the subsequent
location of pilots after the end of the scheduled set of flights. After completing their daily
duty, the pilots will be deployed at four airports—Frankfurt am Main, Munich, Milan and
Venice. Captains’ numbers are shown in bold, FO numbers are indicated in italics. The
route plan and the final placement of the pilots will be the input to create a matrix D, which
will be used in the next part of the experiment to consider the original crew pairing plan.

The second part of the experiment is devoted to the verification of the functionality of
the proposed model (1)–(20), i.e., the contingency rescheduling of crew routes. The input
values depend on the moment of occurrence of the emergency. It is definitely necessary to
identify from the original plan the positions of pilots and their running time on duty up
to the actual time of occurrence of the delay. Furthermore, it is necessary to introduce a
matrix D into the model, the elements of which create a penalty in a situation where pilots
operate flights in a different way than specified in the original pairing plan.

Emergencies will be simulated on three flights. On flight number 11 from Porto, and
on flights 12 and 15, which are operated from Frankfurt n. M. airport, the estimated delay
time for the arrival of flight 11 will be set at 50 min. According to the original plan, crew No.
31 is deployed for this flight. The estimated time of delay in the arrival of each flight from
Frankfurt am Main will be 220 min. Crew No. 12 is deployed on flight 12 and crew No. 6 is
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deployed on flight 15. The occurrence of an emergency will be modeled by introducing
predefined values of variables yjk, see constraints 23, 24 and 25.

y11 31 = 50 (23)

y12 12 = 220 (24)

y15 6 = 220 (25)
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The input values will correspond to the moment when the airline’s operations center
receives information on the occurrence of an emergency. In this case, it will be the time 825,
corresponding to the planned start of flight No. 11. Depending on the determination of
this moment, it is necessary to adjust the input values. The rescheduling process will only
apply to unhandled flights. These are therefore flights 11–21. Depending on the current
position of the crews, it will also be necessary to adjust the matrices P and Q, and also the
values of the constant sk, which determine the daily time on duty for each crew, and hence
for the pilots. As already mentioned, the input values will be supplemented by a matrix D,
to minimize the deviations of the newly created crew routes from the original plan. The
input values for the constants ti and Ti are taken from Table 7. The input values for the
constants Ni, oi and bi are taken from Table 9. The values of the constant sk are shown in
Table 12. Please note that matrices P, Q and D will not be presented in this paper due to
their scope—they are available in the external files—see the Data Availability Statement.

Table 13 provides information on the current deployment of pilot crews within the
network at the time of the emergency (time 825 min). The pilots are deployed in a total
of five destinations, with pilots 5 and 11, forming crew No. 19, not yet physically present
in Venice, but operating flight No. 9 to this destination. Likewise, pilots 4 and 3, forming
crew No. 13, are on their way to Frankfurt am Main. Pilots who are not physically at the
airport at the time of the emergency are indicated in italics in the table.
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Table 12. Initial values of the constant sk .

k 1 2 3 4 5 6 7 8 9 10

sk [min] 0 345 0 0 325 150 150 150 150 0

k 11 12 13 14 15 16 17 18 19 20

sk [min] 410 0 270 345 410 325 325 325 325 270

k 21 22 23 24 25 26 27 28 29 30

sk [min] 0 0 120 120 0 270 0 0 345 345

k 31 32 33 34 35 36 37

sk [min] 345 345 345 410 410 410 410

Table 13. Placement of pilots at the time of the occurrence of an emergency.

FRA MUC AGP OPO VCE

CAP FO CAP FO CAP FO CAP FO CAP FO

1,2,3,4 1,2,3,10,12 6,7,8 4,6,8,9 10 7 9 5 5 11

The results of the optimization calculation with the proposed model (1)–(20) showed
that in the event all three emergencies arise, the number of active crews will increase to
nine. This increase is caused by two factors, which are exhaustion of the maximum time
of daily in-flight duty allowed for the crews operating delayed flights as well as efforts to
minimize the costs incurred in reimbursing passengers due to flight delays.

The routes of active crews after operational re-planning are shown in Table 14.

Table 14. Routes of active crews after operational re-planning.

Crew Captain FO Route Plan Duty Time [min] Color
6 2 1 15 440

12 3 10 12 340
13 4 3 6-10 270
19 5 11 3-4-9-16 570
21 6 6 17-20 325
24 7 9 13-19 430
26 8 3 18-21 670
31 9 5 2-7-11 675
35 10 7 1-5-8-14 635

The above crew pairing plan also shows evidence that the model works with crews as
a pair of pilots that can be divided during the day. Such a case occurred with crews No.
13 and No. 26. FO No. 3, originally assigned to crew 13, which terminated its activities
after completing Flight No. 10 in Frankfurt n. M. at time 925, is subsequently deployed to
Flight No. 18 as part of crew No. 26. This flight is operated from Milan with a departure
time of 1105. The time to move between these airports is determined in the matrix Q and
corresponds to a value of 170 min. The time between the arrival of flight No. 10 and the
departure of flight No. 18 is 180 min. A transfer time of 170 min is therefore permissible
for such transfer. In total, nine captains and eight FOs will be involved in the operation
after rescheduling.

Figure 3 schematically shows the rescheduled crew pairings. The numbers at the
peaks show the final position of the pilots after completing the operation of all scheduled
flights. The locations of the captains are shown in bold and the FO locations are indicated
in italics.
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The resulting placement differs in part from the original plan. The difference is mainly
in the location of the pilots of crew No. 12 (Captain No. 3 and FO No. 10) at the airport in
Naples, because originally, it was not planned to end their activities here. This location is
related to the delay of flight No. 12 From Frankfurt n. M. to Naples. Due to the long delay
(220 min), the crew could not operate the connecting flight No. 17, which had a scheduled
departure already 45 min after the arrival of flight No. 12. Therefore, a new crew was
chosen to operate Flight No. 17, namely crew No. 21 (consisting of Captain No. 6 and
FO No. 6). In other cases, these are only pilots located in a different way than originally
planned, but while maintaining the airports, where they were deployed in the original plan
of crew routes.

Figure 4 shows the output of the Xpress-IVE program, where it can be seen that the
value of the total optimization criterion is 47 886.2655. The values after the decimal point
are not important for the interpretation of the results, because in the calculation they only
serve to ensure that the range of the beginning and end of the on-duty time of individual
crews is minimal. It is therefore necessary to deal in more detail only with the value 47,886,
which is the sum of the results of three partial optimization criteria.

The primary criterion is costs for non-productive transfers of crews, expressed in the
objective function by the following formula:

∑
i∈I∪{0}

∑
j∈I∪{0}

∑
k∈K

pijk·xijk (26)

In this case, two non-productive transfers took place, and their costs added up to
370 monetary units.

Another criterion that affects the value of the objective function is the cost of com-
pensating passengers for the occurrence of a delay. The minimum delay value at which
passengers can claim compensation has been exceeded for two flights. These are the already
mentioned flights flying from Frankfurt am Main. Here, the total cost of compensation was
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calculated at 47,500 monetary units. In the optimization criterion, this criterion is expressed
by the following term:

∑
i∈I

∑
k∈K

oi·Ni·zi (27)

The final term affecting the value of the optimization criterion, are penalties related to
non-compliance with the original schedule of crew rotations. In the optimization criterion,
this criterion is expressed by the following formula:

∑
i∈I∪{0}

∑
j∈I∪{0}

∑
k∈K

dijk·xijk (28)

In this case, eight transfers were penalized, and the total value of the penalty was
16 monetary units.
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By adding up the values of all the above-listed expressions, a value of 47, 886 was
achieved, which corresponds to the value of the optimization criterion.

Another positive aspect of the proposed rescheduling is that the delays caused by the
proposed solution were not passed on to other flights or crews. This is also evidenced by
the Xpress-IVE output shown in Figure 4, where it can be seen that the variable takes on
non-zero values only in situations that were deliberately set in the model.

The optimality of the found solution is confirmed in the Xpress-IVE report in Figure 5
in the Status line. The rounded value of the objective function can again be seen in the Best
solution item. The computation time, indicated in the Time line, was 7.5 s.
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6. Conclusions

All airlines encounter occasional operational emergencies during their operations.
They must organize their solutions to satisfy their customers while keeping costs to a
minimum. One of the issues that is usually addressed in the event of an emergency is the
rescheduling of the work of flight crews. Dealing with these situations is the responsibility
of the operational planning department. To solve the problems that arise, the staff of these
departments of the major airlines use specialized software for the operational rescheduling
of crew runs. Smaller airlines must also deal with the same issues, except in most cases
they do not use expensive software they cannot afford to run or they do not have sufficient
funds to integrate new software into their existing systems. Therefore, their employees rely
primarily on their experience and solve the problem using intuitive decisions. However,
these intuitive decisions may not always be optimal and their impact on the airline may be
more negative than strictly necessary.

In this paper, we present a mathematical model that can be used as a tool to support
the decision-making of operational planning department employees when operational
rescheduling of crew routes is required due to an emergency arising.

The proposed mathematical model is linear, and therefore ensures finding of an opti-
mum solution. The model’s main optimization criterion is reducing costs associated with
rectifying the consequences of an emergency. The optimization criterion mainly includes
the costs of compensation of passengers if the statutory length of delay is exceeded, and
the costs of transfers of pilots between individual destinations. Supportive optimization
criteria are penalties accrued in a situation where pilots do not operate the same flights
after rescheduling or do not end their duty in destinations that were in the original crew
flight plan. This criterion allows the original flight schedule to be taken into account when
rescheduling, thus speeding up the return to the original state. Such appropriately selected
optimization criteria then in a certain way prevent the transmission of delays within the
operated network of routes. Unlike other approaches, this model approaches pilots sepa-
rately, and not the crew as a whole, but as a pair of pilots, being always a combination of
captain and first officer. Thanks to this approach, it is possible to flexibly split the crews
during rescheduling and thus, using the pilots, create optimal variants of crews for the
operation of the planned set of flights, as needed. The proposed model also takes into
account strict safety restrictions ensuring that pilots limit their daily time on duty. The
model continually monitors the daily service time of each pilot, eliminating the possibility
that the flight will be endangered by crew fatigue.

Another advantage of the model is that with a simple modification, the model can
also be used for the actual planning of crews. The optimization criteria are then the cost
of moving pilots between destinations and the number of deployed crews. The goal of
optimization is then to minimize the values of these criteria.

To verify the functionality of the model, a computational experiment was performed
in the Xpress-IVE optimization software. This experiment was divided into two parts. In
the first part, based on the real network of a small airline, one operating day was monitored,
when the airline operated 21 flights. Using a modified model, an admissible crew rotation
plan was created to operate the planned set of flights. In the second part of the experiment,
the occurrence of an emergency was simulated and the model (1)–(20) was applied for the
needs of operational rescheduling of crews. The results of the first part of the experiment
then served as a measure of effectiveness in trying to return to the original schedule of
routes. The results confirmed the functionality of the presented model.

In the future, it would be appropriate to deal with the interconnection of the bond
between crews and aircraft during operational rescheduling, because it is not a rule that
aircraft are always available or in all destinations. It is also necessary to consider that the
emergency may be caused by technical problems of the aircraft itself. It will also make sense
to look for ways to reduce the computational complexity of the model or its application in
a more user-friendly environment.
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Notation

Symbol Meaning
I Set of un-serviced flights
K Set of crews
Kc

j Set of crews including captains, with whom a first officer j ∈ R f can form a crew

K f
i Set of crews including first officers, with whom a captain i ∈ Rc can form a crew

R Set of pilots
Rc Subset of pilots with captain qualification
R f Subset of pilots with first officer qualification
D Three-dimensional matrix of values of penalty constants

E
Incidence matrix expressing permissibility of the combination of captain and
first officer

P Three-dimensional matrix expressing costs for transfer of crews
Q Three-dimensional matrix expressing time demand for transfer of crews
bi Delay time of flight i ∈ I, which when exceeded entitles passengers to compensation

dijk
Element of matrix D, penalizing deployment of crews k ∈ K between flights
i ∈ I ∪ {0} and j ∈ I ∪ {0}, which deviate from the original plan

eij
Element of the incidence matrix expressing link between captain i ∈ Rc and the first
officer j ∈ R f

L Maximum permitted daily duty hours
M Large enough constant
Ni Estimated number of passengers on flight i ∈ I
oi Financial compensation of passengers for delay on flight i ∈ I

pijk
Element of matrix P expresses costs generated by non-productive transfer of crew
k ∈ K to operate flight j ∈ I ∪ {0} after operating flight i ∈ I ∪ {0}

qijk
Element of matrix Q expresses time necessary for non-productive transfer of crew
k ∈ K to operate flight j ∈ I ∪ {0} after operating flight i ∈ I ∪ {0}

sk Current elapsed on duty time for the crew k ∈ K
ti Planned pre-flight preparations for flight i ∈ I ∪ {0}
Ti Time necessary for operation of flight i

hk
Variable modeling delimiting the lower limit of the daily time in the crew’s
duty k ∈ K

=
hk

Variable modeling delimiting the upper limit of the daily time in the crew’s
duty k ∈ K

https://www.mdpi.com/article/10.3390/math9172138/s1
https://www.mdpi.com/article/10.3390/math9172138/s1
http://homel.vsb.cz/~dor028/Data_files
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xijk
Variable deciding on the transfer of the crew k ∈ K after operating flight i ∈ I ∪ {0}
to operate flight j ∈ I ∪ {0}

yjk
Variable modeling the real value of delay in arrival of flight i ∈ I, operated by the
crew k ∈ K

zi Variable deciding on payment of financial compensation to passengers on flight i ∈ I
wk Variable deciding on crew creation k ∈ K
ε Separation constant
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