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ABSTRACT

The airline schedule recovery problem is problem that dispatchers at the Airline Operations
Centre (AOC) face on daily basis. The consequences of flight schedule disturbances are
flight delays, flight cancellations, passenger loyalty loss, etc., which lead to additional airline
costs. In order to reduce negative effects of flight schedule disturbance, induced by
meteorological conditions, aircraft failure, etc. a decision support system for handling airline
schedule recovery problem is developed aiming to assist the decision makers in handling
disturbances in a real time. This system is based on a heuristic algorithm which generates a
list of different feasible schedules ordered according to the value of an objective function.
The possibilities of decision support system are illustrated by real numerical example that
concern middle size European airline's flight schedule.

Keywords: Daily Operational Flight Schedule, Airline Schedule Recovery, Disturbance,
Decision Support System

INTRODUCTION

The flight schedule is one of the main airline's products. Operational success of an airline
and its quality of service depends on the flight schedule, which is designed to fulfil passenger
demand, utilise available resources and satisfy different operational requirements. The
greater the time buffer between two flights, the greater the probability of servicing the flight
schedule according to plan. However, at the same time this means that the airline’s
resources are less employed and its income is reduced accordingly. The flight schedule
design process aims to harmonize these two conflicting criteria (punctuality and utilization), in
order to secure a reliable timetable and employ resources efficiently.

The daily schedule is the final version of the flight schedule for the considered day, which
takes into account all the changes that were undertaken during the period from its publication
till just before its realization. The daily schedule, handed to the dispatchers at the airline
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operations control centre in charge of observing its realization, is a set of aircraft and crew
(flight and cabin) routings for a one-day time period. For each planned flight within that time
interval there are defined departure and arrival times, departure and arrival airports, flight
numbers, type and registration of aircraft, which, according to the schedule, is to execute the
given flight. As the flight schedule is realised, disturbances occur that cannot be predicted by
the airline in advance. These disturbances are caused by various factors, such as
meteorological conditions, aircraft failure, crew absence or delay, errors in estimation of
block or turnaround time at certain airports, airport congestion, etc. The consequences of
flight schedule disturbance are flight delay and/or flight cancellation that leads to additional
costs, loss of passenger’s loyalty, damage to the airline’s reputation, etc (Figurel).

Meteorological conditions
Aircraft failureCrew absence or ¢ Aditional costs
delay e Passenger’s loyalty
e Errors in estimation of block or ¢ Reducing airline’s reputation
turnaround time on some airports
e Airport congestionAir traffic
control ﬁ
e Irregularity during passenger
boarding or baggage processing
Delay and/or cancellation

of certain flights

Planned flight Flight -
schedule |::> schedule |::> Flight schedule
disturbances recovery

Figure 1 — Airline schedule disturbance scheme

When disturbances make it impossible to realize the planned flight schedule, the dispatcher
at the airline operations centre (AOC) defines a new daily operational flight schedule. The
main actions that can be taken by dispatchers are:

« flight delaying, which directly affects the passengers on that flight, and indirectly the
passengers on following flight in the rotation of the considered aircraft;

« aircraft swapping which means that aircraft can service the flight which is not in its
original rotation, if the capacity matches the number of passengers on the given flight;

» flight cancellation which is an extreme option both for passengers and the airline, and it
may cause serious disturbances;

ferry flight which means flight without passengers, and
* introducing spare aircraft which is possible only if the airline has a spare resource.

The airline schedule recovery problem, which is faced by dispatchers at the AOC day-to-day,
is considered in this paper. This research presents extended work on the Airline Schedule
Optimization project (2004) in which the basic model for airline schedules recovery is
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developed. Babi¢ et al. (2010) presented this basic model in their paper. Dozi¢ (2007) and
Dozi¢ et al. (2009) modified the basic model and presented its three modifications with
corresponding special heuristic algorithms. One of them is presented in this paper.

During the recovery of the airline schedules, the dispatcher at the AOC considers airline
policy and defines a new flight schedule that will optimize an objective function and satisfy
the corresponding constraints. Depending on airline policy, when designing the new flight
schedule, the dispatcher delays or cancels some flights and/or reassigns flights to available
aircraft in order to reduce the negative effects of disturbance. In this paper airline policy
implies flight cancellation, flight delay and aircraft swapping, without ferry flights and spare
aircraft.

The airline flight schedule recovery is a problem that has been addressed in literature with
several different models, objective functions, constraints and assumptions, as well as
different solution approaches. Stojkovi¢ (1990) and Teodorovi¢ and Stojkovi¢ (1990)
developed several models of airline schedule recovery problems and the corresponding
exact methods and heuristics for solving them. Stojkovi¢ et al. (2002) developed a model,
which can be solved to optimality in a real-time, but only in cases of small disturbances.
Rakshit et al. (1996) presented a decision support system incorporating the models
considered by Jarrah et al. (1993). An optimization model that reschedules legs and reroutes
aircraft by minimizing rerouting and cancellation costs is presented by Rosenberger et al.
(2003). Andersson and Varbrand (2004) and Andersson (2006) suggested using heuristics
and meta-heuristics for solving the Flight Perturbation Problem. Abdelghany et al. (2008)
presented an integrated decision-support tool for airlines schedule recovery during irregular
operations, which includes a schedule simulation model and a resource assignment
optimization model. Kali¢ and Pavkovi¢ (2003) developed a special heuristic algorithm for
solving the schedule disturbances problem and model based on two objective functions.
Nedeljkovi¢ (2004) presented a developed model and heuristic algorithm which offers several
solutions as a response to disturbances.

This paper presents a mathematical formalization for the airline schedule recovery problem
and a developed heuristic algorithm for generating new daily operational flight schedules.
The corresponding decision support system (DSS) is developed aiming to assist the
dispatcher in handling disturbances in a real time. The mathematical model is defined in such
a way that by changing penalties in the objective function, it can support different decision-
making strategies of the airline. The proposed heuristic algorithm offers a list of different
feasible solutions ordered according to the value of an objective function. During the
decision-making process the dispatcher could define a new strategy, resolve a problem and
select a solution.

The paper has five sections: the introduction and a literature review are followed by the
definition of the problem and its mathematical formalization. A heuristic algorithm proposed
for its solution is described in next section. In the last two sections a humerical example and
conclusions, including further research recommendations are presented.
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PROBLEM DEFINITION AND MATHEMATICAL
FORMALIZATION

In the case when a disturbance has occurred at an airport or on an aircraft and consequently
some flights can no longer be realized according to the planned daily schedule, a new
departure time shall be defined and/or a new aircraft shall be assigned to each such a flight,
or it shall be cancelled, in such a way that the objective function is minimized. This function
represents the additional costs of the airline caused by disturbances. In this paper the
additional costs consist of six elements: the aircraft swapping cost, the priority and the non-
priority flight cancellation cost, the passengers delay cost, the aircraft regular maintenance
disturbance cost, and the aircraft balance cost. In order to overcome disturbances and find a
new daily operational flight schedule, some assumptions are introduced:

* A disturbance may occur at an airport or on an aircraft. All disturbed airports and aircraft
are identified and the corresponding starting time for a new flight schedule is defined.

* The flight schedule recovery period, for which a new flight schedule is to be designed, is
the time period from the starting time, corresponding to the identified disturbance, to the
last moment at which the timetable for the next day is not disturbed.

* Arrotation is a sequence of flights where the first flight in the series departs from the base
airport, and the last one arrives at the base airport.

* The airline has a fleet which consists of different types of aircraft characterized by
different seat capacities, where aircraft of the same type have the same seat capacity; all
aircraft can be divided in three categories: aircraft for short-haul (category 1), aircraft for
mid-haul (category 2) and aircraft for long-haul flights (category 3). All three categories
consist of different aircraft types; the aircraft ground handling time depends on the aircraft
type and the airport where the handling occurs.

* Aircraft can be swapped — bigger aircraft can service flights originally assigned to smaller
ones and smaller aircraft can service flights originally assigned to bigger ones, only if the
aircraft is from the same or the first neighbouring category in relation to originally assigned
aircraft, and if the number of passengers on flight matches the aircraft capacity.

» There are no spare aircraft in the fleet; a set of priority flights is given (flights with the slot
time, transfer passengers, etc.); the maximal allowed delay is defined for each flight; ferry
flights (flights without passengers) are not allowed; crew constraints are not considered.

» Priority flights can be realized according to the so-called VIA principle. If flights i and j are
planned flight, where i is a priority flight from airport B to airport C, while j is a non-priority
one from airport A to airport C and if at airport B the aircraft assigned to flight i has a
failure, then the aircraft assigned to flight j can realize an additional unplanned flight 1’
(from A to B), and then priority flight i (Figure 2). In this way that aircraft can service both
flight i and flight j, but only if its seat capacity is not smaller than the total number of
passengers on these two flights. Therefore, for each planned priority flight (flight i) a set of
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additional non planned flights (flights i’), which can by used for its realization applying the
VIA principle, is given in advance. Obviously, such an additional flight should have the
destination airport identical to the origin airport of the priority flight. Also, there should exist
at least one non-priority flight (flight j) with the origin and the destination airports identical
to that of the origin airport of the additional flight and the destination airport of the priority
flight, respectively. The cost of passenger's delay of priority flight (if delay exists)
calculates as product of priority flight delay, sum of passengers on both flights and
average passenger’s delay cost per time unit.

A @ ®pn @ i °

J_ | : ' B Prioriy fight
] ]
/7 /i Non priority
/ / flight
/ ’
c O« c O«

Figure 2 — Servicing a priority flight using the VIA principle

* For each flight the average passenger’s delay cost per time unit (equal for all flights and
all passengers) and the cost of aircraft type swapping are known in advance. The
cancellation costs are different for priority and non-priority flights.

Starting with the previous assumptions, the following constraints of the airline schedule
recovery problem are specified:

1. Time constraints: Each flight in a new flight schedule should not depart earlier than
the known departure time planned before the disturbance occurrence. If the departure
time of a flight in a new schedule is delayed with respect to the planned time, this
delay should not be greater than the maximal delay allowed for this flight. The time
period between two consecutive flights in the rotation of an aircraft should be
sufficient for its ground handling. The take-off and landing of each flight in the new
schedule should be serviced at the corresponding airport by the end of its working
hours, i.e. by its closing time valid on the day for which this schedule is designed.

2. Aircraft maintenance constraints: Each aircraft, planned to have the regular technical
maintenance at the end of the flight schedule recovery period, should finish its
rotation at the defined airport where the maintenance is performed.

3. Aircraft balance constraints: In order to successfully service the planned flights after
the recovery period, it is necessary that at the end of this period certain types of
aircraft are available at each airport in sufficient numbers (otherwise, the disturbance
will be extended to the following day). This condition can be satisfied by requiring
that, for each of such types, a given number of aircraft with the seat capacity not
smaller than the seat capacity characterizing this type, should finish their rotation at
the given airport.
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4. Capacity constraints: The number of passengers on each flight should not be greater
than the seat capacity of the aircraft assigned to this flight. The seat capacity of an
aircraft, used to service a priority flight applying the VIA principle, should not be
smaller than the total number of passengers on that flight and a non-priority flight that
is indirectly realized in this way.

In order to make the problem definition more precise and easier to understand, we will give a
mathematical formalization of the objective function and the main constraints of the airline
schedule recovery problem.

Let us introduce the following notations of its input parameters: F: a set of flights which
should be serviced in the recovery period; Pr: set of priority flights, Prc F; VIA(i), i ePr: set of
additional flights which can be used in the realization of priority flight i using the VIA principle,
VIA()HF= ; id(i,i’), iePr, i’eVIA(i): a non-priority flight which can be indirectly realized by
servicing flights i’ and i using the VIA principle, id(i,i’) eF; F’: set F enlarged with all additional
flights which can be used for the VIA realization of priority flights, i.e. F'= FUUV|A(i); AP:

iePr

set of airports; o(i), d(i), ieF’: the origin and the destination airport of flight i, o(i), d(i) €AP;
TP(i), i eF: the departure time of flight i planned before the disturbance occurrence; delay(i),
ieF: the maximal allowed delay of flight i; pax(i), ieF: the number of passengers on flight i;
k(i), iePr: the cancellation cost of priority flight i; kx(i), ieF \ Pr: the cancellation cost for non-
priority flight i; ki: the delay cost of a flight per a time unit; ky: the cost for passenger’s delay
per time unit; d(i,l): the cost of servicing flight i by aircraft of type I; e TYPE; j*(i): the aircraft
which should service flight i according to rotation plan; AC: set of aircraft available for
servicing flights from F’; TYPE: set of aircraft types; atype(j), jeAC: the type of aircraft |,
atype(j) e TYPE; cap(l), IeTYPE: the seat capacity of an aircraft of type [; cat(l), |eTYPE: the
category of an aircraft of type I;

1, short-haul
cat(l) =42, mid-haul ’
3, long-haul

leTYPE

a(l,k), leTYPE, keAP: the ground handling time for an aircraft of type | at airport k; dis(j),
jeAC: the airport where aircraft j is located at the starting time of the recovery period,
dis(j) €AP; t(i,)), ieF’, jeAC: block time (the time between engine start at the airport of origin
and engine stop at the airport of destination) or the duration of flight i serviced by aircraft j;
MNT: set of aircraft which should finish its rotation at certain airports for the regular technical
maintenance, MNTcAC; mnt(j), jeMNT: the airport where aircraft j should finish its rotation,
mnt(j) eAP; clo(k), keAP: the closing time of airport k valid on the day for which a new
schedule is designed; PTYPE(k), keAP: set of aircraft types which should be available at
airport k at the end of the recovery period; notype(l,k), keAP, |ePTYPE(K): the number of
aircraft with the seat capacity not smaller than cap(l), which should finish their rotation at
airport k; pen(l,k), keAP, |ePTYPE(K): the penalty cost per aircraft when the number of
aircraft, with the seat capacity not smaller than cap(l), which finish their rotation at airport k, is
smaller than notype(l,k); DAP: set of airports with detected disturbances, DAPcAP; TDAP(K),
k eDAP: the earliest possible time when airport k can start operation after the disturbance
elimination; DAC: set of aircraft with detected disturbances, DACcAC; TDAC(j), jeDAC: the
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earliest possible departure time of aircraft j from airport dis(j) after the disturbance
elimination.

The variables of the airline schedule recovery problem can be defined in the following formal
manner.

* rot(1,)), rot(2,)), ..., rot(l(j),j) : the rotation of aircraft j, where I(j) is the number of flights in
this rotation, rot(l,j) eF “for I=1, 2, 3, ...,/(j), and jeAC;

TR(i), ieF’: the earliest possible departure time for flight i;

X(i,j), ieF’ jeAC: a binary variable equal to 1 if aircraft j is assigned to flight i, O
otherwise;

« can(i), ieF: a binary variable equal tol if flight i is cancelled, O otherwise;

* ment(i), jeMNT: a binary variable equal to 1 if aircraft j, requiring the regular technical
maintenance, has not finished its rotation at airport mnt(j), O otherwise;

* sat(s,l,j,k), keAP, jeAC, |ePTYPE(K), se/1, 2, ..., notype(l,k) /: a binary variable equal to
1 if aircraft j, finishing its rotation at airport k, satisfies the s-th necessity of this airport for
aircraft type |, O otherwise.

Using the previously introduced notations the objective function of the airline schedule
recovery problem can be formally expressed by relation (1):

min F =2 > (d(i,atype(j)) - d (i, atype(j" (i)) X (i, j) +_k(i)can(i) +

+ Sk, (i)ean(i) +k, X" (TRG) ~TP() pax(i)(1 - can(i) +
notypg(l k)
+ > ks(jment()+>. D pen(l,k)(notype(l,k)— > > sat(s,1, j,k))
JEMNT keA 1ePTYPE (k) s=1 jeAC

(1)

The first term in (1) represents the cost of aircraft type swapping, while the other terms are
the priority-flight cancellation cost, the non-priority flight cancellation cost, the passenger’'s
delay cost, the aircraft maintenance disturbance cost and the balance disturbance cost,
respectively. Let us notice that, defining the objective function in the form (1), we in fact relax
the aircraft maintenance and the aircraft balance constraints, introducing the total penalized
violation of these constraints as a part of its cost. In this way, although the constraints can be
unsatisfied, the maximization of the objective function tends to minimize their violation.

The main constraints of the airline schedule recovery problem can be formally defined by (2)-
(14).

TRG) > TP(), for icF, )

TR() — TP() < delay(i), for icF, (3)
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TR(rot(l,j)) + t(rot(l,j).j) + a(atype(j),d(rot(l,j)) < TR(rot(l+1,j)),
for 1=1, 2, ..., I(j)-1, je AC, 4)

d(rot(l,j))=o(rot(1+1,), for =1, 2, ..., I()-1, jeAC,  (5)
o(rot(1,j))=dis(j), for jeAC, 6)
TR() < clo(o(i), for icF, (7)
TR() + t(i,j) < clo(d(i), for ieF", jeAC, X(i,j)=1, 8)
TR(i) > TDAC(), for jeDAC, X(i,j)=1, 9)
TR() > TDAP((o(i)), for o(i)cDAP, (10)
TR() > TDAP(d(i)) — t(ij), for d(i)eDAP, X(i,j)=1, (11)

The conditions (2)-(11) express the time constraints of the problem: (2) and (3) mean that
each flight departs not earlier than the planned departure time, while its delay is not greater
than the maximal allowed value. Constraints (4) indicate that the following flight in the
rotation of an aircraft cannot take off before the previous flight has landed and the aircraft
has been ground-handled. Equalities (5) and (6) provide that in the rotation the destination
airport of a flight and the origin airport of the following flight are identical, as well as the first
flight starts from the airport where the aircraft is located stays at the starting time of the
recovery period. Inequalities (7) and (8) express that a flight should take-off before the
closing of its origin airport and it should not land after the closing of its destination airport.
Also, a flight cannot take off before repairing a breakdown of the aircraft assigned to it (9). In
the case when its origin airport has a detected disturbance, a flight cannot take off before the
airport is reopened (10), while if its destination airport is disturbed, it cannot land before the
disturbance has been eliminated (11).

cap(atype(j)) — cap(1)=0, for sat(s,l,j,k)=1, keAP, jeAC,
lePTYPE(k), se{1, 2, ..., notype(l,k)} (12)

Inequalities (12) are related to the aircraft balance constraints and provide that each aircraft,
which satisfies the need for a certain aircraft type at an airport to have the seat capacity not
smaller than the seat capacity characterizing this type.

cap(atype(j)) > pax(i), forieF, je AC, X(i,j)=1, (13)
cap(atype(j)) = pax(id(i,i)) + pax(i), foriePr, i'eVIA(), X(@i,)=1  (14)

Conditions (13) and (14) are the capacity constraints: (13) means that the number of
passengers on each flight is not greater than the seat capacity of the assigned aircraft, while
(14) expresses that the total number of passengers on that flight and an indirectly realized
non-priority flight is not greater than the seat capacity of the assigned aircraft, when a priority
flight is realized using the VIA principle.
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cap(atype(j)) > pax(i), for jeAC, ieF, X(i,j)=1 (15)
| cat(atype(j)) — cat(atype(*(i))) | < 1, for jeAC, icF, X(i,j)=1 (16)

The flights assigned to an aircraft, during the airline schedule recovery process, can be
performed only by aircraft which capacity is not smaller than the number of passenger on
that flight (15), and if that new aircraft is from the same or from the first neighbouring
category of aircraft (16).

The mathematical modelling of airline schedule recovery problem, defined by (1)-(16) is only
partial, hence many constraints, which are assumed to be satisfied, are not formalized. For
example, the objective function (1) is correct only if we assume that an aircraft cannot be
assigned to a cancelled flight, i.e. can(i)=1, if and only if X(i,j)=0 for each jeAC. But, this
mathematical formalization could be a basis for developing more sophisticated mathematical
models of the ASDP problem, such as a mixed integer programming or a constraint
programming model. As this problem is known to be NP-hard (Bazargan (2004)) and it
should be solved in a real time, instead of making a great effort to find such an appropriate
model and try to solve it using an exact method, we focus on a heuristic approach to the
problem. Therefore, in the next section we propose a special heuristic technique for
determining a list of feasible “satisfactory” (sub-optimal) new daily flight schedules, among
which the dispatcher can select and implement the most convenient one.

HEURISTIC ALGORITHM FOR AIRLINE SCHEDULE RECOVERY
PROBLEM

Before presenting the steps of a proposed heuristic algorithm for the airline schedule
recovery problem, we will describe in more details some basic notions introduced in Section
2. In this paper rotation is defined as a one-day rotation or part of multi-day rotation during a
considered day. Rotations consist of mini rotations and simple rotation segments. A mini
rotation is a series of flights attached to each other where the departure airport of the first
flight is the same as the arrival airport of the last flight in the series (A-B-A). A simple
segment of the rotation is the series of flights attached to each other where the departure
airport of the first flight and the arrival airport of the last flight in the series are different
airports (A-B-C).

The results of disturbances are flight delay and/or cancellation. The flight can be cancelled
temporarily or permanently. A temporarily cancelled flight can be realized by adding its
cancelled mini rotation/simple segment to the rotation of some of the other aircraft
(considering departure airport, arrival airport and time constraints) before the first flight in the
rotation (Figure 3), between flights in the rotation (Figure 4), or after the last flight in the
rotation (Figure 5). The temporarily cancelled flights and its cancelled mini rotations/simple
segments are permanently cancelled if there is no possibility to add them to the rotation of
one of the other aircraft by any of previously described ways. Also, a priority flight and its
mini rotation or all following flights of its simple segment by the end of the considered day,
are permanently cancelled if there is no possible way to realize it using the VIA principle.
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Figure 5 — Adding a temporarily cancelled mini rotation at the end of the rotation

In order to reduce the total delay and/or the balance disturbance cost, the delayed flights can
be crossed. Crossing delayed flights can be achieved by two operations: removing part of
one and adding it to the other rotation, and interchanging parts of two rotations. Removing
part of one and adding to the other rotation refer to the delayed flights whose delay is not
directly caused by the airport disturbance. Shifting those flights to the other rotation is an
attempt to reduce its delay, i.e. to decrease the value of the objective function. Interchanging
parts of two rotations is possible only if it leads to a passenger’s delay reduction. In order to
interchange some parts of two rotations, it is necessary that these parts depart from the
same airport within the time period from the planned departure time to the time caused by
the maximal allowed delay of the considered flights. Let us mention that not only parts with
the delayed flights can be interchanged, but also with delayed and no delayed flights if the
total passenger’s delay is reduced in this way.

A special heuristic algorithm consists of the following steps.

Step 1 - Designing the basic feasible schedule: In order to create a new feasible daily
operational flight schedule, all operating aircraft are considered, both aircraft that have
landed at their arrival airports and aircraft that are in flight at the moment of the disturbance
and which capacity matches number of passengers on disturbed flight, on condition that the
aircraft is from the same or from the first neighbouring category of aircraft. For each
disturbed aircraft whose rotation does not contain priority flights, a new feasible schedule is
designed as follows:

» If the delay is less than the maximal allowed, the basic feasible solution is designed by
shifting the delayed flight by the delay time. The following flight departs either on time or
after completing the previous flight.

* If the delay of flight is greater than allowed maximum, the basic feasible solution is
designed so that the mini rotation containing the delayed flight is temporarily cancelled. If
the other flights in that rotation do not have a delay greater than the allowed maximum,
they are realized with or without delay. Mini rotations/simple segments of rotation with
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allowed delay are also temporarily cancelled if the constrain related to airport working
hours is violated.

If the flight belongs to the simple segment of rotation, and delay is greater than allowed
maximum, all flights until the end of that rotation are temporarily cancelled.

For each disturbed aircraft whose rotation contains a priority flight, a new feasible schedule is
designed as follows:

If delay of the priority flight is not greater than the maximum allowed one, then this flight
is realized with this delay, while a following flight in the rotation depart either on time or it
is shifted to start immediately after the completion of the previous flight.

If the delay of the priority flight is greater than the maximal allowed one and there is a
mini rotation(s) which precedes this flight, then this mini rotation(s) is temporarily
cancelled, until the priority flight is serviced with the allowed delay.

If the priority flight is part of a mini rotation assign the mini rotation of the considered
priority flight to other aircraft from the same or from the first neighbouring category of
aircraft.

If it is not possible to find an aircraft which can realize the priority flight's mini rotation, find
an aircraft which can realize the priority flight using the VIA principle and which is from the
same or from the first neighbouring category of aircraft as the originally assigned aircraft.
When the priority flight is a part of simple segment of rotation, realize it in the same,
abovementioned way.

If none of the abovementioned procedure led to realization of the priority flight, cancel it
permanently. If the considered aircraft has more than one priority flight in its rotation,
repeat the previous procedure for each of them.

Now the complete basic feasible schedule is designed by repeating the entire Step 1 (Figure
6) for each aircraft that is influenced by the disturbance, and the corresponding value of the
objective function value is calculated. If there are no temporarily cancelled flights in the
designed complete basic schedule, the heuristic algorithm goes to Step 3. Otherwise it goes
to Step 2.
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list according to the following procedure: partition the set of all temporarily cancelled flights
into the cancelled mini rotations and simple segments and sort them in the four groups. The
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Figure 6 — The scheme of the first step of the heuristic algorithm

groups are:

1.

2.

E

12

mini rotations that begin and end at some other airport;
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Figure 7 — The scheme of Step 2 of the heuristic algorithm

After that lexicographically sort elements (mini rotations or single segments) of each group
according to the decreasing total number of flights and the decreasing total number of
passengers. Starting from the top of the list of the temporarily cancelled flights, the heuristic
algorithm passes through all its elements and tries to add each of them to the basic
schedule, determined in Step 1 (Figure 7). The element (a mini rotation or a simple segment)
should be added to the schedule within the time period between the planned departure time
and the latest possible departure time (according to the maximal allowed delay or airport
working hours) of the first flight in this element (Figure 8). The element is added to the
rotation of an aircraft of the same or the first neighbouring category as the aircraft that was
originally supposed to realize it in order to reduce total number of cancelled flights and
additional costs. When the list of the temporarily cancelled flights is exhausted, the algorithm
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goes to Step 3 if there are the delayed flights in the current schedule. Otherwise, it stops
(Step 4).

Planned /7: :Y\ Maximal
departure time oA C 1 allowed delay
B &—+eo ,0—¢ o—oﬁ T—.G
] re
C D o /::\ : B
i LA a8 1 C
Basic D
solution X "'* .’
w47
. [ IR
Temporarily 1,
cancelled group v
of flights which Po—oP o4&
is adding

Figure 8 — Adding a temporarily cancelled mini rotation

Step 3 - Rotation crossing: All mini rotations and simple segments of the schedule, obtained
by Step 2, which contain delayed flights, are sorted into the list of the delayed flights
according to the total delay costs of passenger. The delay cost of passengers calculates as a
product of number of passengers on flight, delay of flight obtained in the step 2 and average
delay cost per minute for each delayed flight.

[ Step 3 — the first part ]

!

> Create the delayed flights list

!

Add the following element of the
list in each rotation

!

Put in the memory the best
solution

A

Put the solution at
the first position
on the n solutions
list

The objective function
value is greater than
the best value found
so far

Put the solution at the appropriate
position on the n solutions list

Delayed flights list is
exhausted

Yes

There are delayed flights

Yes

Step 3 — the second part

Figure 9 — The scheme of the first part of Step 3
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Rotation crossing refers to removing parts of the rotation and adding them to some other
rotation (the first part of Step 3, Figure 9) and interchanging parts of two rotations (the
second part of Step 3, Figure 10) in order to reduce passenger’s delay costs. In this step the
aircraft balance and the number of realized flights are not changed. As a result of Step 3 the
final n solutions list is offered to the dispatcher, sorted in a descending order of the objective
function value. Then go to Step 4.

[ Step 3 —the second part ]

Create the delayed flights
list

!

Delayed flights are

crossing with the
corresponding group of <
flights

Y

Put in the memory the
best solution

The objective
function value is
greater than the
best value found so
far

Put the solution at
the first position on
the n solutions list

Yes

Put the solution at the
appropriate position on
the n solutions list

Delayed flights list is
exhausted

Yes

End of the second part
of the Step 3

Figure 10 — The scheme of the second part of Step 3

Step 4: The end of the algorithm.
NUMERICAL EXAMPLE

As a result of the model application, at least one feasible solution is provided. Each solution
is presented by a graphical representation of the daily schedule and table which includes
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planned and obtained data on the flight schedule (flight delay, flight cancellation, swapping
registration or type of aircraft, etc.).

In the graphical representation (user-friendly interface), the aircraft assigned to scheduled
rotations within the given day are presented on the left hand side, while the dynamic time
axis is shown at the top of the screen, from left to right, as a red vertical line, which
represents the time horizon within the system currently is observed. The status of flights at
the time horizon is defined by their colour on the screen (Figure 11):

* Green-coloured flights are those that have already been realized at the given moment of
time,

* Blue-coloured flights are operating flights at the given moment,

Flights that have yellow colour are those that should be realized, according to the daily
rotations schedule,

* Red-coloured flights are those that will be delayed,

Flights framed with the red line are priority flights,

Blue flight number point out that the aircraft is swapped.

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
O >x
05:54 08:37 N 17-
T ) = g M P i TN
07:45 10:25 16:18 19:11
n|—— » % A P
07:22 19:30
- 08:38 11:39 -
B — 4 C 412 JN 777 pRNJAﬂ——I— A
07:25 10:45 13:34 16:26
04:51 06:45 R 12:30 -
14 A — I v KB s Jugum—" ., T
05:45 07:46 11:18 15:08 21:39
05:42
15— L A
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’ A T
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08:43
) A —EETEE
11:38
08:15 13:0.
% A o MR
11:50 16:30
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Figure 11 — Graphic presentation of flight schedule in the moment of disturbance

The time axis moves each five minutes, and then the status of flights automatically changes,
as does their colour on the screen. Changes to the status of flights can also be made
manually, by activating a corresponding option in the window, which shows up if a flight in
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the rotation chart is clicked on, or by inputting corresponding changes into the model’s
database.

The algorithm is illustrated with reference to middle size European airline's timetable, which
one part is presented in the Figure 11 (only rotations directly and/or indirectly affected by
disturbance). The chosen values of penalties represent the airline policy and in numerical
examples they are:

penalty for priority flight cancellation k(i)=200,000 units per flight,

penalty for non-priority flight cancellation k(i)=100,000 units per flight,

penalty for aircraft balance disturbance pen(l,k)=3,000 units per aircraft,

penalty for passenger delay per minute k,=1 unit per passenger minute.

In the considered example maximum allowed delay for domestic flight is 360 minutes and
maximum allowed delay for international flight is 180 minutes. Within the given day,
operations were executed by 29 aircraft (9 different aircraft types), assigned to 126 flights
(only 2 aircraft types (1 and 2) and 7 flights (5 flights operating by aircraft type 1 and 2
operating by type 2) are presented in the Figure 11). Because there is no data about aircraft
maintenance within the technical maintenance system for this day, it was assumed that all
aircraft introduced into the realization of scheduled operations were available till the end of
given day and the constraint related to the technical base is not considered. The costs of
realization flight by appropriate aircraft type are calculated for each flight, and they are put,
together with the other flight data, in the software data base. The solutions list offered to the
dispatchers consists of a maximum of 10 solutions.

Example: Aircraft 11 is failed and it is being repaired from 14:00 till 20:00. This aircraft is
planned to realize one priority flight 415 (A-C) (Figure 11). The software offered 8 solutions,
but only first three solutions will be illustrated.

Solution 1: The disturbance directly affected priority flight's mini rotation A-C-A (priority flight
415 and non-priority flight 416). In the first step of the algorithm, this mini rotation is assigned
to aircraft 12, where both flights are realized on time, without delay. Flight 307 (A-P) will be
delayed 123 minutes, because of servicing abovementioned mini rotation. There are no
temporarily cancelled flights in the first step of the algorithm, so we move to the third step.

In the first part of step 3, delayed flights are added in the rotation of the other aircraft in order
to reduce the value of objective function. In this case, the flight delayed in the step 1 (flight
307), is added to aircraft 13 where it is realized on time. All flights are realized on time, so
there are no passenger’s delay costs, and value of the objective function is equal to 0 (Figure
12, Table I).
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Figure 12 — Solution 1, graphic presentation

Table | — Data on flights influenced by disturbance, solution 1

22 23 24

Flight 415 416 307
Departure airport A C A
Arrival airport C A P
Planned departure time 14:14 |17:09 | 17:53
Real departure time 14:14 [ 17:09 |17:53
Delay (min) 0 0 0

A/C planned to realize the flight 11 11 12
A/C which actually realized the flight | 12 12 13
Number of passengers on flight 137 136 145
Value of objective function 0

Solution 2: The second solution is obtained after the first part of the step 3 (the first two steps
are the same as in solution 1, meaning that priority flight’s mini rotation is assigned to aircraft
12). In this solution also there are no delayed flights. In the first part of the step 3 (adding
flights), flight 307 is assigned to aircraft 23 instead of 12. Because of aircraft type changing
(flight 307) the cost of planned aircraft type swapping is appeared in the objective function.
The aircraft balance is violated. So, the value of objective function is sum of the cost of
planned aircraft type swapping and cost of aircraft balance disturbance (Figure 13, Table II).

12" WCTR, July 11-15, 2010 — Lisbon, Portugal

18



Decision support system for ai

rline schedule recovery

DOZIC, Slavica; KALIC, Milica; BABIC, Obrad

00 01 02 03 04 05 06 07 08 09 10 11 12 1

3 14 15 16 17 18 19 20 21 22 23 24

X========= >X
05:54 08:37
" A — ST o T A
07:45 10:25
05:49 14-14
22— P A C A
07:22 16:18 19:11
N 08:38 11:39 14:29
Bl c BT, BEZEER A
07:25 10:45 13:34 16:26
1 A ——fiil v Nt - wowm . 0 T
05:45 07:46 11:18 15:08 21:39
05:42 R 11:58 18:07
15 L — T 1 TP A A
07:57 11:00 14:30 19:26
08:15 13:0:. 17:53
23 A o A
11:50 16:30 19:30

00 01 02 03 04 05 06 07 08 09 10 11 12 1

3 14 15 16 17 18 19 20 21 22 23 24

Figure 13 — Solution 2, graphic presentation

Table Il — Data on flights influenced by disturbance, solution 2

Flight 307 415 416
Departure airport A A C
Arrival airport P C A
Planned departure time 17:53 14:14 17:09
Real departure time 17:53 14:14 17:09
Delay (min) 0 0 0
A/C planned to realize the flight 12 11 11
A/C which actually realized the flight 23 12 12
Number of passengers on flight 145 137 136

_— . (8700-7717.84)+3000=
Value of objective function —3982 16

Solution 3: As mentioned above, the flight 307 obtained delay in the first step. This solution is
obtained after the second part of the step 3. Interchanging parts of two rotations (flight 307
with flight 357) results in aircraft type change, 55 minutes delay of the flight 357 and aircraft
objective function is sum of the delay cost,
cost of planned aircraft type swapping and cost of aircraft balance disturbance (Figure 14,

balance disturbance at the airport U. The value of

Table 1lI).
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Figure 14 — Solution 3, graphic presentation

Table Il — Data on flights influenced by disturbance, solution 3

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Flight 307 415 416 357
Departure airport A A C A
Arrival airport P C A U
Planned departure time 17:53 14:14 17:09 19:01
Real departure time 17:53 14:14 17:09 19:56
Delay (min) 0 0 0 55
A/C planned to realize the flight 12 11 11 22
A/C which actually realized the flight | 22 12 12 12
Number of passengers on flight 145 137 136 135

Value of objective function

135-55+(8700 — 7717.84)+(7811.96 —
8000)+3000 = 11219.12

All 8 offered solutions are given in Table IV. In the first and second solution, none of flights is
delayed. Solutions 3-8 have one delayed flights. Total delay time goes from 0 to 138
minutes, while number of delayed passengers goes from 0 to 145. The value of objective

function varies from 0 to 20180.20 units.

This DSS is installed on PC Pentium IV and it yields a set of solutions in less than 10

seconds.
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Table IV — Data on all offered solutions

. Number of Number of Number of flights Value of
Solution Total delay which are not o
. delayed . delayed . . objective
list . (min) realized according .

flights passengers : function
to flight plan

1 0 0 0 3 0
2 0 0 0 3 3982.16
3 1 55 135 4 11219.12
4 1 91 124 4 11284.00
5 1 123 145 2 17835.00
6 1 127 145 3 18145.00
7 1 138 145 3 20010.00
8 1 124 133 4 20180.20

CONCLUSION AND FUTURE DIRECTIONS

The airline schedule recovery problem is a problem that airlines face daily. Because of the
disturbance, airlines can have additional costs, passengers can be dissatisfied, and the
reputation of an airline can be reduced. In order to minimize disturbance effects, the
dispatchers in the AOC need to perceive the consequences of different solutions from all
aspects, in real time. Decision support systems that can offer several feasible solutions
based on airline policy in real time are needed in order to simplify the decision-making
process.

This paper presents a mathematical formalization of the airline schedule disturbance problem
and a special heuristic algorithm for designing a new daily operational flight schedule due to
disturbances. This heuristic algorithm can be used in real time for generating several new
daily schedules, which are sorted by decreasing value of the objective function. Any of these
flight schedules could be accepted by dispatchers. The proposed model is supported by the
corresponding software which is illustrated using a middle size European airline’s numerical
example.

Based on the review of the developed DSS (i.e. mathematical formalization, the special
heuristic algorithm, developed software with user-friendly interface) and numerical examples
given in this paper, it can be concluded that:

1. The model yields as a result a list of feasible solutions in a real time, so the decision
maker can choose and apply any of the solutions from the list considering, if
necessary, criteria not included into the model.

2. Delaying, cancellation and resource (aircraft) substitution are suggested as the main
actions for disturbance problem solving; using spare resource and ferry flights are not
foreseen by the developed model.

3. The costs are not presented by real value, but penalties; the dispatcher can change
these penalties according to experience, instantaneous traffic situation which has to
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be solved, based on airline policy. New strategies can be defined by changing values
of penalties (costs), therefore the DSS can accommodate different airline policies.

4. The models are usually made for specific airline needs; a great advantage of the
model presented in this paper is the possibility of changing penalty values which can
adapt the model for different airline needs.

5. The developed DSS is easy to use for less experienced dispatchers and a useful tool
in dispatcher training.

6. The use of the developed decision support system in the AOC could make the
dispatchers’ work simpler and faster, as well as foresee the effects of the applied
solution.

The model presented in this paper gives solutions that are feasible from the aspect of aircraft
availability, while crew availability is not considered despite of the close link between aircraft
and crew. In further research these two resources could be merged, so that the obtained
solution is feasible from the aspect of both aircraft and crew. This will facilitate the
dispatchers’ work, because they could reallocate all resources by running single software.
This would also additionally reduce the time needed for recovery (both schedule and crew)
problem solving. Ferry flights can be introduced as well as spare aircraft use.
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