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Abstract. Congestion is a problem at airports where capacity does not meet demand. At
many such airports, airlines must request time slots for the purpose of landing or take off.
Given the imbalance between demand and capacity, slot requests cannot always be
scheduled as requested. The difference between the requested and allocated time slots
is called displacement. Minimization of the total displacement is a key slot-scheduling
objective and expresses the efficiency of the slot-scheduling process. Additionally, fairness
has been proposed as a slot-scheduling criterion. Fairness relates to the allocation of the
total schedule displacement among the various airlines. Single- and multiobjective models
have been proposed for slot scheduling. However, currently the literature lacks models
that incorporate the preferences of airlines regarding the allocation of displacement to their
flights. This paper proposes a two-stagemechanism for the scheduling of slots at congested
airports. The proposed mechanism considers efficiency and fairness objectives and in-
corporates the preferences of airlines in allocating the total displacement associated with
the flights of each airline. The first stage of the mechanism constructs a reference schedule
that is fair to the participating airlines. In the second stage, the airlines specify how the
displacement allocated to them in the reference schedule should be distributed among their
requests. The mechanism then adjusts the fair reference schedule to meet as many of these
preferences as possible. The development and implementation of the proposed slot-
scheduling mechanism is demonstrated using real data from a coordinated airport and
simulated displacement preference data. The proposed slot-scheduling mechanism pro-
vides useful information to decision makers regarding the equity–efficiency trade-off and
enhances the transparency and acceptability of the slot-scheduling outcome.
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1. Introduction
Because of insufficient capacity to meet demand, many
airports around the world suffer congestion-related
delays and scheduling infeasibilities. Physical and
political constraints mean that the expansion of in-
frastructure is not possible in the short to medium
term, and so congestionmust bemitigated through the
management of demand.

Various market-based mechanisms such as con-
gestion pricing (Morrison and Winston 2007, Vaze
andBarnhart 2012) and auctions (Rassenti, Smith, and
Bulfin 1982; Ball, Donohue, and Hoffman 2005) have
been proposed in the academic literature. However,
the dominant mechanism for managing demand at

congested airports is an administrative scheme called
the International Air Transport Association (2017;
IATA) Worldwide Slot Guidelines (WSG). This is
used throughout the world outside of the United
States, and even forms the basis of European Union
law on slot allocation (Council of the European Union
1993a, b). Under the IATA WSG, congested airports
are designated as coordinated, and to use airport in-
frastructure at a coordinated airport, airlines must
request and be allocated time slots for landing or
take-off. Although the WSG specify the general pro-
cedures, priorities, and constraints that must be fol-
lowed, they leave some discretion to slot coordina-
tors on how exactly slots are allocated.
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Various models for slot allocation have been pro-
posed (Zografos, Salouras, and Madas 2012; Ribeiro
et al. 2018; Zografos and Jiang 2019). Although some
of these models incorporate fairness, the fairness
schemes treat all requests equally, which indirectly
penalizes requests made at off-peak times. Moreover,
none of these models explicitly take into account the
preferences of airlines regarding how their requests
should be displaced. These issues are important because
a schedule that is fair and takes into account an airline’s
preferences is much more likely to be acceptable to
that airline. The main contribution of this paper is a
mechanism that implements the main features of the
IATA WSG scheme and also incorporates fairness and
the preferences of the airlines. The mechanism works
by first constructing a fair reference schedule and
then adjusting this according to airline preferences.
The proposed fairness scheme improves on previous
schemes by taking into account demand for slots at the
requested times. In order to provide a detailed de-
scription of this paper’s contribution, we must first
review the IATA WSG and the current literature.

This paper is organized as follows. In the remainder
of this section, we review the IATA WSG, the current
literature, and describe in detail the contributions of
this paper. In Section 2, we provide a summary of the
proposedmechanism and themain processes involved.
In Section 3, we present a basic slot-allocation model,
originally proposed in Zografos, Salouras, andMadas
(2012), which is extended in later sections to incor-
porate fairness and airline preferences. In Section 4,
we describe a new fairness scheme. In Section 5, we
describe our mechanism for incorporating airline
displacement preferences. In Section 6, we explain
how the proposedmechanism can be used to take into
account the main IATA WSG priority classes. In
Section 7, we test ourmethodology using request data
for a coordinated airport and simulated preference
data. Finally, in Section 8, we make some concluding
remarks and discuss future work.

1.1. IATA Slot-Allocation Process and
Priority Classes

In this section,wedescribe themain features of the IATA
slot-allocation process. For a more comprehensive de-
scription of the IATAWSG, we refer the reader directly
to International Air Transport Association (2017).

Slots at a coordinated airport are allocated for a six-
month season, and the process begins around six
months prior to the start of the season. Slot requests
are often made in the form of series, which consist of
multiple requests for the same time, and usually the
same day of the week, over a period of at least five
weeks. Airlines submit their slot requests using a
standardized format that indicates for each request or
request series, among other data, the requested times

for arrival at and departure from the airport, the dates
for which the request applies, and any priority codes
that may apply for the request.
The coordinator then proposes an initial allocation

of slots to the airlines based on these requests. An
airline may accept or reject an offer of a slot. After this
initial allocation, the airlines and coordinators meet
at the biannual IATA slot conference, whose purpose
is to provide airlines with an opportunity to discuss
schedule adjustments with coordinators and to fa-
cilitate bilateral trading of slots between airlines.
Following the slot conference, a period of continuous
slot allocation occurs until the start of the scheduling
season, when airlines may make new requests or
modify or delete existing requests.
The mechanism proposed in this paper aims to

produce an initial allocation of slots following the
rules that govern this. We now briefly describe these
rules. For a more detailed summary of the IATA
WSG for the initial allocation of slots, see Zografos,
Salouras, and Madas (2012) and Ribeiro et al. (2018).
Each coordinated airport has a declared capacity

that constrains how many slots can be allocated due
to the availability of resources (e.g., runways, apron
stands, etc.). This declared capacity is usually expressed
in the form of rolling capacity constraints. These limit
the number of arrival or departure slots or total num-
ber of slots that can be allocated over a given time
interval (e.g., 15 minutes or 1 hour). The term slot pool
is often used to refer to the availability of slots. It is
important to bear in mind that in using this term, we
do not refer to a single well-defined set of arrival and
departure slots, but rather the possible sets of slots
that can be allocated subject to the capacity con-
straints.1 The schedule must also satisfy turnaround
constraints, which prescribe that, in order to prepare
an aircraft for the next flight, a departure must be
scheduled a sufficient amount of time after its arrival.
The capacity constraints mean that not all requests

can be allocated their preferred slots. Although the
aim of the slot allocation is to construct a schedule that
matches as far as possible the requested times, slots
must also be allocated primarily according to the
following main priority groups:

1. Historic requests. An airline that had a series of
slots in the preceding season (and did not misuse
them) is entitled to the same series of slots in the next
season. Airlines with historic rights are also entitled
to request a change to the time of a slot.

2. New entrant requests.An airline is given the status
of new entrant if it does not already have significant
presence at the airport. Of the remaining slots in the
slot pool after historical requests have been allocated,
50% should be allocated to new entrants, unless slot
requests by new entrantsmake up less than 50% of the
remaining slots.
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3. Other requests. All remaining requests have the
lowest priority.

Note that themechanism in this paper assumes that
there are enough slots in each day to allocate to the
requests. Hence, the 50% rule described above for new
entrant requests can be disregarded for the purposes
of this paper.

1.2. Literature Review
1.2.1. Slot-Allocation Models. Because of the complex-
ity and size of the slot-allocation problem, a number of
optimization models have been developed to allocate
slots. A common concept used in these models is that
of the displacement of a request, which is the absolute
difference in time between the requested and allo-
cated slots of a request. In order to satisfy slot requests
as well as possible, these models typically aim to
minimize some objective based on displacement. The
most common objective is the schedule displacement,
which refers to the total displacement across all slots
requests.

The allocation of slots to incorporate the main
features of the IATA WSG (scheduling for a season
and request priorities) was first explicitlymodelled as
an optimization problem in the paper by Zografos,
Salouras, and Madas (2012), who formulated it as an
integer linear program (ILP). The model allocates re-
quests for series of slots over a scheduling season,
includes rolling capacity and turnaround constraints,
and minimizes the total schedule displacement. The
different priority classes of the requests are taken into
account by solving the model hierarchically; that is,
slots are allocated to the highest priority class by solving
the slot-allocation model for only those requests, the
rolling capacities are updated, the model is solved for
the next highest priority group, and so on. Themodel is
solved via a row generation algorithm using request
data from three coordinated airports, demonstrating
improvements over the actual allocations.

The model of Zografos and Jiang (2016, 2019) ex-
tends that of Zografos, Salouras, and Madas (2012)
to incorporate fairness. A biobjective formulation is
proposed to study the trade-off between schedule
displacement and fairness, and is solved using the
ε-constraint method. The model is solved both hier-
archically and nonhierarchically for a congested air-
port. In the nonhierarchical case, priority classes are
disregarded, and all requests are allocated slots si-
multaneously. The analysis reveals that in both cases,
the fairness of an allocation could be substantially im-
proved at the cost of only a small increase in schedule
displacement.

Zografos, Androutsopoulos, and Madas (2018) pre-
sent two biobjective formulations. The first formu-
lation minimizes the schedule displacement and the
largest single displacement allocated to a request.

The second formulation introduces acceptable time
windows inwhich requests should be allocated slots and
seeks to minimize the total schedule displacement and
the number of requests allocated slots outside of their
acceptable time windows. Airlines tend to be averse to
large displacements, and so these models aim to con-
struct a schedule that is more acceptable. These models
were again solved using the ε-constraint method.
Ribeiro et al. (2018) present a slot-allocation model

that uses a different formulation and that models the
IATA WSG rules for the initial allocation to a greater
level of detail than had been done previously. This
model has four objectives, which are minimized lexi-
cographically: the number of rejected requests, the
maximum schedule displacement, the total schedule
displacement, and the number of displaced requests.
It also treats separately the IATA priority groups of
“historical” and “changes to historical” requests
(International Air Transport Association 2017, sec-
tion 8.3, pp. 34–35). Finally, priority classes are taken
into account by Ribeiro et al. (2018) by solving the
model lexicographically rather than hierarchically.
Other models have been proposed for slot sched-

uling that do not incorporate the main aspects of the
IATA WSG or that have not been solved for a sched-
uling season, but that incorporate other problem fea-
tures. Jacquillat and Odoni (2015) propose a model
that incorporates tactical operations such as runway
configuration changes in order to calculate the ex-
pected queue lengths that arise from a given schedule.
This allows capacity levels to be adjusted in such a
way that queue lengths do not exceed a given level.
This model is extended by Jacquillat and Vaze (2018)
to ensure that displacement is apportioned fairly
among the competing airlines. All the slot-allocation
models discussed thus far concern the allocation of
slots at a single airport. However, another important
issue in the allocation of slots is ensuring that flights
have compatible departure and arrival slots at their
origin and destination airports. This can be achieved
by solving a network-wide slot-allocationmodel, that
is, a model that simultaneously allocates slots across
a network of airports (Castelli, Pellegrini, and Pesenti
2012; Corolli, Lulli, and Ntaimo 2014; Pellegrini
et al. 2017; Benlic 2018). The sizes and computa-
tional complexities of both of these types of models
mean that they cannot be solved exactly for a whole
scheduling season.

1.2.2. Fairness. Fairness has been widely studied in
the context of systems where limited resources or ben-
efits must be shared between a group of participants.
Although general axiomatic approaches to fairness exist
(Nash 1950, Kalai and Smorodinsky 1975), there is no
universally agreed upon definition, and it is often
formulated based on problem context. Nevertheless,
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there is generally a trade-off between fairness and
total system efficiency.2

In the context of air trafficflowmanagement (ATFM),
schemes have been proposed for incorporating fair-
ness into traffic management initiatives (TMIs) which
reschedule flights in response to reductions in capacity
of airports and airspace. A consensus has emerged
that the most equitable way of allocating new ar-
rival slots is to use the ration-by-schedule (RBS) rule,
whereby flights are rescheduled on a first-scheduled,
first-servedbasis (Wambsganss 1996). As this approach
can lead to excessive delays and, in the case of multiple
reductions of capacity, infeasible schedules (Barnhart
et al. 2012), optimization models have been proposed
that trade off overall delay against deviations from
the RBS principle. Vossen et al. (2003) propose an
optimization model to reschedule flights during a
ground-delay program3 (GDP), which is found to
reduce delays significantly while reducing variation
in the average delays across the airlines. The paper by
Barnhart et al. (2012) generalizes the RBS principle to
account for the case of multiple reductions of ca-
pacity across a network, and proposes an optimiza-
tion model for rescheduling flights that improves
fairness according to this new definition. Bertsimas
and Gupta (2015) present a model that reschedules
flights across a whole airspace network. As well as
minimizing overall delay, this model incorporates
fairness by also minimizing reversals in the ordering
of pairs of flights in RBS schedules.

Airport slot allocation differs from the ATFM in-
terventions described above in that there is no ob-
vious fair reference schedule. Instead, fairness has
been defined by how schedule displacement is dis-
tributed across airlines requesting slots. Zografos and
Jiang (2017) construct indices that measure how fairly
each airline is treated in a given schedule. This fair-
ness index is predicated on the principle that the
proportion of total schedule displacement assigned
to an airline should be similar to the proportion of
requests made by it. Fairness is then incorporated
into the slot-allocation model by adding constraints
involving these fairness indices. The approach of
Jacquillat and Vaze (2018), whose model is formu-
lated and solved for a single day, is to incorporate
fairness by lexicographically minimizing the sched-
ule displacement normalized by the number of re-
quests for each airline. Note that this is the axiomatic
approach to fairness of Kalai and Smorodinsky (1975).
A limitation of both of these approaches is that they
treat all requests equally, regardless of when they are
made. In particular, requests made for off-peak pe-
riodsmay cause airlines to be allocatedmore schedule
displacement, despite the fact that these requests do
not contribute to scheduling infeasibility.

1.2.3. Prioritization. The current IATA slot-allocation
process and existing models do not consider explic-
itly the airline preferences regarding which requests
should be displaced and by howmuch. By taking these
into account, one could construct a schedule that is
more acceptable to the participating airlines.
In ATFM, much work has been done on the in-

volvement of airlines in the decision-making process
to improve overall outcomes. One of the most famous
examples of this, and which has been in operation for
many years, is the schedule compression algorithm
used in the GDP in the United States. This algorithm
encourages airlines to submit accurate information
regarding delays by allowing airlines preferential
access to new slots when they declare flight delays or
cancellations. The system has been demonstrated to
reduce delays substantially compared with previous
practice (Wambsganss 1996). Models have since been
proposed that allow slots to be exchanged between
airlines in more flexible ways and in more general
settings (Vossen and Ball 2006, Bertsimas and Gupta
2015, Pilon et al. 2016). The works cited here use
conditional trades, whereby an airline offers to give up
one or more slots in exchange for gaining one or more
other slots. There is trade-off with regard to the type of
offers airlines are allowed to propose. The more gen-
eral the type of offer, the more offers an airline can
make, but the more computationally difficult it be-
comes to optimize the slot exchange. The less flexible
the type of allowed offer, the fewer requests an airline
can make, and the less effective the exchange.
Mechanisms have also been proposed that allow

airlines to have a say on parameters of TMIs such
the GDP (e.g., scope and duration), by submitting
their preferences on system-wide performance objec-
tives (e.g., predictability and capacity). See, for in-
stance, Swaroop and Ball (2013) and Evans, Vaze, and
Barnhart (2016). All these schemes relate to TMIs that
are implemented in the case of capacity reduction.
A prioritization scheme has also been developed for
the routing of flights across an airspace network (Dal
Sasso et al. 2019). Here, an optimization model and
heuristic algorithm are proposed, which attempt to
minimize various objectives based on the deviation of
a flight from the airline’s ideal route and according to
a ranking by each airline of all of its flights.
In the context of slot allocation, the incorporation of

airline preferences is comparatively less well stud-
ied. A slot-exchange mechanism was proposed by
Pellegrini, Castelli, and Pesenti (2012) to facilitate the
secondary trading of slots after the initial allocation
according to the IATA WSG (see Section 1.1). How-
ever, the model was formulated for only a single day,
and relied on monetary transactions, which is in-
appropriate for the initial allocation of slots.

Fairbrother, Zografos, and Glazebrook: Slot Scheduling for Congested Airports
118 Transportation Science, 2020, vol. 54, no. 1, pp. 115–138, © 2019 The Author(s)

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
s.

or
g 

by
 [

21
6.

73
.2

17
.7

4]
 o

n 
15

 J
ul

y 
20

26
, a

t 0
3:

53
 . 

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y,
 a

ll 
ri

gh
ts

 r
es

er
ve

d.
 



The idea of encoding preferences by weighting
schedule displacement in slot-allocation models has
also been explored. In this vein, Jacquillat and Vaze
(2018) suggest that airlines could use weights to rank
the importance of requests, or have an allocation of
credit to apportion across all of their flights. The use of
weights in the calculation of schedule displacement
gives rise to two issues. First, in order to assign ap-
propriate weights to requests, an airline should have
some knowledge of which requests are likely to be
displaced because of high demand. It would be waste-
ful for an airline to heavily weight requests that are not
liable to be significantly displaced. Second, weighting
requests does not give any guarantees to an airline
regarding how much a request is displaced.

1.3. Contributions
The work in this paper builds on work presented
previously in the extended abstract by Fairbrother
and Zografos (2018). The main contribution of this
paper is a two-stage mechanism for slot allocation that
incorporates efficiency, fairness, and airline prefer-
ences, and that implements the main features of the
IATA WSG (scheduling for a season and request pri-
orities). In the first stage of the mechanism, a refer-
ence schedule is constructed that is fair with regard to
howmuch displacement is allocated to each airline. In
the second stage, airlines suggest adjustments to this
reference schedule, and the schedule is adjusted to
satisfy these requested changes as far as possible. The
development of each of these stages constitutes a
contribution in itself.

With regard to the first stage, a new fairness metric
is proposed, which takes into account each airline’s
contribution to scheduling infeasibility. We call this
demand-based fairness. In this way, the new fairness
approach overcomes the problem with respect to the
previous ones discussed above by not penalizing
requests made for off-peak periods. We also iden-
tify the issue of airline Pareto optimality for (demand-
based andnon-demand-based) fairnessmetrics of this
type and how the issue can be overcome. The defini-
tions of peak and off-peak periods that are proposed for
the slot-allocationproblemalso constitute a contribution.

The second stage of the mechanism is essentially a
slot exchange. It is novel in that it is, to our knowl-
edge, the first slot-exchange mechanism proposed for
an entire scheduling season. It is also novel in how
adjustments to the schedule are proposed by airlines.
Rather than propose concrete conditional exchanges,
airlines instead use a displacement budget in the form of
a “credit” allocated to each airline to be used todescribe
how much displacement it would prefer each flight to
have. The mechanism then adjusts the schedule to meet
requested adjustments as far as possible subject to con-
straints that ensure airlines do not lose out by participating

in the mechanism. Such an approach allows airlines to
flexibly specify their preferences in a simple way.

2. Summary of Overall Mechanism
The mechanism proposed in this paper consists of
two main stages. In the first stage, the mechanism con-
structs a fair reference schedule based on demand for
slots in peak periods. During this stage, calculations
must first be performed to determine for each period
in the scheduling season whether demand is peak or
off-peak. In the second stage of the mechanism, the
airlines specify adjustments to the reference schedule,
and the mechanism then adjusts this to meet as many
of these preferences as possible. Our scheme is similar
to that of Bertsimas and Gupta (2015), who propose a
two-stage mechanism for assigning routes to flights
in an ATFM problem. Their mechanism also con-
structs a reference schedule before adjusting it to bet-
ter satisfy airline priorities.
The main aspects of our scheme are illustrated in

Figure 1. Each process within the scheme is represented
by a box, and this is annotated with the number of the
section in which the process is detailed.
For the purpose of constructing a fair reference

schedule, we propose a new approach to fairness. The
approach taken in this paper is an enhancement of
the proportionality principle of Zografos and Jiang
(2016). In our approach, every period in the scheduling
season ismarked as either peak or off-peak, depending
on whether there is any slack capacity, and our new
fairness principle requires that the proportion of total
displacement allocated to an airline be approximately
equal to the proportion of requests it makes during
peak periods.
The prioritization stage of our slot-allocation mech-

anism adjusts the reference schedule according to the
airlines’ preferences. The reference schedule is used to
calculate for each request a baseline displacement, and
the total baseline displacement for each airline is
referred to as its displacement budget. The airlines
must specify for each request a preferred displacement
such that the sum of the preferred displacements
of their requests is at least equal to its displacement
budget. In this way, airlines can specify a smaller
preferred displacement than the baseline for requests
that should be prioritized in return for specifying
larger preferred displacements for requests that are
not a priority. The mechanism then adjusts the ref-
erence schedule so that the requests are allocated
displacements as close to the airlines’preferred values
as possible. This is done in a way that guarantees that
the displacement of a request will not be greater than
the airline’s preferred displacement, or the baseline
displacement if this is larger.
Unlike the method of weighting the displacement,

as suggested by Jacquillat and Vaze (2018) as a way of
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prioritizing requests, our prioritization mechanism is
done with respect to a reference schedule, and therefore
the airlines can specify their preferences in the knowl-
edge of which of their requests are at risk for a large
displacement. Our prioritization mechanism also does
not require the airlines to reveal any of their operating
costs to the slot coordinator. Finally, our mechanism al-
lows airlines to specify their preferences in a much more
flexibleway thanother scheduleadjustments approaches,
such as the at-most at-least trade offers used by Bertsimas
and Gupta (2015) where an airline specifies it would
be willing to reschedule one flight to a later time in
exchange for moving another flight to an earlier time.

3. Base Slot-Allocation Model
In this section, we define key terminology and no-
tation related to our approach and present an integer
linear program that forms the core of our mechanism
and which is extended in later sections.

3.1. Basic Concepts and Terminology
The slot-allocation problem takes place over a sched-
uling season. The scheduling season consists of a set of
days d ∈ $, with each day divided into a set of equally
sized (coordination) time intervals t ∈ 7 � [0,T − 1]. For
the airport thatwe use for numerical testing in Section 7,
the coordination time interval has a length of 15 min-
utes, but for many other airports it may be 5 or 10
minutes. We reserve the term time period to mean a
pair (d, t) ∈ $ ×7, which corresponds to a time in-
terval for a particular day in the scheduling season.
An arrival (departure) slot is a permission to use
airport infrastructure for the purposes of landing
(take-off) during a given time period (d, t).

For the purposes of this paper, a request series,
m ∈ }, is a set of requests made by an airline for a

series of arrival (or departure) slots for the time in-
terval tm ∈ 7, on days$m ⊆ $, and by request, we refer
to an individual request for an arrival (or departure)
slot that is made as part of a series. All requests in a
single request series must be allocated slots for the
same time interval. The purpose of request series is
thus to allow airlines to create consistent schedules.
Note that some request series may consist of only a
single request. An individual request is referred to by
a pair of indices (m, d), where m ∈ } and d ∈ $m. Note
that our definition of request series is more general
than that given in the IATA WSG, where a request
series comprises of requests of a period over at least
five weeks. Our definition is only necessary for the
purposes of exposition, and we process requests
according to the definition in the IATA WSG.
A request pair, (m1,m2) ∈ 3, consists of an arrival

request series, m1, and a subsequent departure re-
quest series, m2, which are to be operated by the same
aircraft and which must be allocated slots compatible
with an aircraft’s turnaround time. Specifically, for a
request pair (m1,m2) ∈ 3, the absolute difference be-
tween the time intervals of the slots allocated to the
arrival and departure must be greater than the mini-
mum turnaround time, lm1m2

, and less than themaximum
turnaround time, l̄m1m2 . We assume throughout that all
request series are made as part of a request pair.
The number of slots that can be allocated over a

sequence of consecutive time periods is limited by the
rolling capacity constraints. For a duration c and time
period (d, t), the number of arrival slots that can be
allocated for the time intervals {t, . . . , t + c − 1} on day
d is at most αdt

c . Similarly, the number of departure
slots and the total number of arrival and departure
slots allocated in these periods are at most βdtc and γdt

c ,
respectively.

Figure 1. (Color online) Overall Slot-Allocation Scheme
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A schedule is an allocation of slots to the set of re-
quest series } and is feasible if it satisfies airport ca-
pacity and turnaround constraints. By displacement
we mean the absolute difference measured between
the requested time intervals of a request series and the
slots allocated to that request series; that is, if a re-
quest series m is allocated slots at time interval t, then
the displacement, denoted by f tm, is |$m‖t − tm|. The total
displacement of a schedule, or schedule displace-
ment, is the sum of displacements over all requests.
The aim of the base slot-allocation model is to construct
a feasible schedule that minimizes total displacement.

3.2. Optimization Model
Wepresent amodifiedversionof themodelbyZografos,
Salouras, andMadas (2012). The sets, parameters, and
variables used in this model and its extensions are
given in Table 1. The full optimization model is given
in (1)–(9). We call this the base model.

The main decision variables in this model, xtm, are
binary and indicate whether a request series m ∈ } is
assigned slots at t ∈ 7.

Minimize
∑
m∈}

∑
t∈7

f tmx
t
m (1)

subject to
∑
t∈7

xtm � 1, m ∈ }, (2)

yAdt �
∑
m∈}A

admx
t
m, t ∈ 7, d ∈ $, (3)

yDdt �
∑
m∈}D

admx
t
m, t ∈ 7, d ∈ $, (4)∑

t∈[s,s+c−1]
yAdt ≤ αds

c , c ∈ #, d ∈ $, s ∈ [0,T − c], (5)∑
t∈[s,s+c−1]

yDdt ≤ βdsc , c ∈ #, d ∈ $, s ∈ [0,T − c], (6)∑
t∈[s,s+c−1]

yAdt + yDdt ≤ γds
c , c ∈ #, d ∈ $, s ∈ [0,T − c], (7)

lm1,m2
≤ ∑

t∈7
txtm1

−∑
t∈7

txtm2
≤ l(m1,m2), (m1,m2) ∈ 3, (8)

xtm ∈ {0, 1}, m ∈ }, t ∈ 7. (9)

The objective in (1) minimizes the total displacement
of the constructed schedule. The constraints (2) en-
sure that each request series is allocated a set of slots.
The constraints (3) and (4) define the auxiliary vari-
ables yAdt and yDdt to be, respectively, the number of
arrival and departure slots allocated for time period
(d, t). Although thismodel could be formulatedwithout
these, we include them for notational convenience.
These are used in Section 4 for the characterization
of peak and off-peak periods.
The constraints (5)–(7) enforce rolling capacity con-

straints. In particular, constraints (5) limit the rolling

Table 1. Notation Used for the Single Airport Slot-Allocation Model

Symbol Definition

Sets

! Set of airlines
} Set of request series
}A(D) ⊂ } Set of all arrival (departure) requests series
}a ⊂ } Set of requests series made by airline a ∈ !

}A(D)
a ⊂ }A(D) Set of arrival (departure) request series made by airline a

$ Set of days in scheduling season
$m ⊆ $ Set of days for which request series m must be scheduled
3 ⊂ } ×} Set of request series pairs (ma,md)where md corresponds to the departure of an aircraft following the arrival ma

# Set of durations of rolling capacity constraints
7 � {1, . . . ,T} Set of coordination time intervals

Parameters

tm ∈ 7 Requested time for request series m
ra Proportion of peak requests made by airline a
f tm Displacement from assigning slot t to request series m
lp (lp) Minimum (maximum) turnaround time for request pair p ∈ 3

adm Binary value indicating whether request series m ∈ } includes a request for day d ∈ $

αds
c Rolling capacity on arrivals for period [s, s + c − 1] on day d ∈ $

βdsc Rolling capacity on departures for period [s, s + c − 1] on day d ∈ $

γds
c Rolling capacity on total movements for period [s, s + c − 1] on day d ∈ $

Decision variables

xtm Indicates whether request series m is assigned slots at t
yAdt Aggregate number of arrival slots allocated for period (d, t)
yDdt Aggregate number of departure slots allocated for period (d, t)
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number of arrivals, constraints (6) limit the rolling number
of departures, and constraints (7) limit the rolling total
number of movements. For notational simplicity, we
assume that all three types of capacity constraints use
the same set of durations. This leads to no loss of gen-
erality, as we can simply take the capacity to be infinity
in cases where there is no limit specified for a particular
duration and movement type. Finally, constraints (8)
bound the turnaround time for each request pair
(m1,m2) ∈ 3.

4. Construction of a Fair
Reference Schedule

In this section, we present a new approach to fairness
that distinguishes between peak and off-peak time
periods and explain how this is used to construct a
reference schedule for our slot-allocation mechanism.
In Sections 4.1 and 4.2, we define the related concepts
of slackness, saturation, and peak and off-peak pe-
riods. In Section 4.3, we use peaks periods to define
a new fairness metric. In Section 4.4, we describe a
technical issue related to incorporating fairness into
the base model. Finally, in Section 4.5, we present an
algorithm for constructing a reference schedule.

4.1. Slackness and Saturation
Previously,we said that a peak period could be thought
of as one where there is no slack capacity, that is, where
no extra slots for the period can be allocated without
breaking a capacity constraint. We call such a period
saturated. We now give precise mathematical defini-
tions to these concepts. Note that because arrival and
departure slots are subject to different capacity con-
straints, slackness and saturation must be defined
differently for each type of runway movement.

Definition 1. Suppose ỹ :� (ỹMdt )M∈{A,D}
d∈$,t∈7 is the aggregate

schedule corresponding to a (possibly infeasible) so-
lution to problem (1)–(9). The arrival, departure, and
total movement slacks at a time period (d, t) are defined
to be, respectively,

ᾱdt(ỹ) � min
c∈#

min
s∈ max t−c+1,0( ),t[ ]

αdt
c − ∑s+c−1

s̃�s
ỹAds̃

( )
+
,

β̄dt(ỹ) � min
c∈#

min
s∈ max t−c+1,0( ),t[ ]

βdtc − ∑s+c−1
s̃�s

ỹDds̃

( )
+
,

γ̄dt(ỹ) � min
c∈#

min
s∈ max t−c+1,0( ),t[ ]

γdt
c − ∑s+c−1

s̃�s
ỹAds̃ + ỹDds̃
( )( )

+
,

where u+ � max(u, 0).
The arrival slack gives the number of extra arrival

slots for time period (d, t) that can be allocated before
an arrival constraint is broken. Departure and total
movement slack can be interpreted similarly.

Definition 2. Suppose ỹ is an aggregate schedule. Then,
the corresponding saturation indices are defined as
follows:

At
d(ỹ) �

1 if ᾱdt(ỹ) � 0 or γ̄dt(ỹ) � 0,
0 otherwise;

{
Dt

d(ỹ) �
1 if β̄dt(ỹ) � 0 or γ̄dt(ỹ) � 0,
0 otherwise.

{

Aperiod (d, t) is said to be arrival saturatedwith respect
to ỹ if At

d(ỹ) � 1. Similarly (d, t) is departure saturated
with respect to ỹ if Dt

d(ỹ) � 1.
A period is arrival (departure) saturated if no more

arrival (departure) slots can be allocated without
breaking a capacity constraint.

4.2. Characterization of Peak Periods
A natural definition for arrival (departure) peak periods
is those that are arrival (departure) saturated with re-
spect to the default schedule. By default schedule, we
mean the schedule where every request series is allo-
cated its preferred slots. Mathematically, the default
schedule is characterized by the following solution:

x̃tm � 1 ⇔ t � tm for all m ∈ }.

The periods that are saturated with respect to the
default schedule are those periods where the number
of requests equals or exceeds the available capacity.
However, this definition for peak periods is flawed.
The default schedule will typically be infeasible. (If
it were, feasible there would be no need to solve the
slot-allocation problem.) When constructing a feasi-
ble schedule, some requests will be displaced, which
may lead to other periods becoming saturated. These
periods cannot accommodate any extra slots without
breaking capacity constraints, and so should be con-
sidered to be peak. A definition for peak periods that
overcomes this issue is the following.

Definition 3 (Period Sensitivity). A period (d, t) is said
to be arrival (departure) sensitive if an single extra
arrival (departure) request for that period increases
the optimal total displacement as calculated in prob-
lem (1)–(9).

Given that the problem (1)–(9) is an integer pro-
gram with a complex structure, the calculation of
whether each period is arrival or departure sensitive
would largely have to be done by brute force; that is,
for each day and time period,wewould have to adjust
the requests and resolve the problem.We will instead
use an approximation of sensitive periods to define
peak and off-peak periods, which can be calculated
easily after solving the problem (1)–(9) once, and
which is conservative, in the sense that any period
that is sensitive will be deemed a peak period.
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Definition 4. Let (x∗,y∗) be an optimal solution to the
slot-allocation problem (1)–(9). Then, a period (d, t) is
an arrival peak period if it is arrival saturated with
respect to y∗. Similarly, (d, t) is a departure peak period
if it is departure saturated with respect to y∗.

The downside of this definition of peak periods is
that it depends on the optimal solution, which may
not be unique. However, as well as having the ad-
vantage of being easy to calculate, the next result
shows that for any optimal solution, the arrival (de-
parture) peak periods must cover all arrival-sensitive
(departure-sensitive) periods.

Proposition 1. Suppose the time period (d, t) is arrival
(departure) sensitive; then At

d(y∗) � 1 (Dt
d(y∗) � 1) for any

optimal solution (x∗,y∗) of the base problem (1)–(9).

The proof of this result can be found in Online
Appendix A. Unfortunately, the converse of the result
is not true, and so we also give a counterexample to
this in the same appendix.

One could imagine a peak period indicator that
indicated not only the presence of peak demand but
also the severity. A possible way of measuring this
would be to look at the actual change in optimal
solution value rather than simply whether it in-
creases or not. However, such an approach would
likely be very computationally expensive, and we
are not aware of any numerically efficient approxi-
mation approaches.

4.3. Demand-Based Fairness
For notational convenience, unless it is necessary, from
now on we will suppress the dependency on an ag-
gregate scheduley∗ fromour notation for peak periods
and simply write them as At

d and Dt
d. Using the de-

cision variables and parameters from the base model,
the amount of schedule displacement for each airline
can be expressed as follows:

sa �
∑
m∈}a

∑
t∈7

f tmx
t
m � ∑

t∈7
|$m||t − tm|xtm, with

S � ∑
a∈!

sa

for the aggregate displacement across airlines, in other
words, the total displacement.

Given arrival and departure peak indicators, the
number of peak requestsmade by an airline a is given by

Ca :�
∑
m∈}A

a

∑
d∈$m

Atm
d + ∑

m∈}D
a

∑
d∈$m

Dtm
d ,

and the proportion of peak requests made by airline
a is

ra :� Ca∑
a∈! Ca

,

assuming that
∑

a∈! Ca 
� 0.

We propose that the proportion of total displace-
ment allocated to an airline should be similar to its
proportion of peak requests. In this way, airlines will
not be penalized for requests made during off-peak
periods. We call this the peak request proportionality
principle. The new fairness index for an airline is
defined to be the proportion of total displacement
allocated to an airline divided by its proportion of
peak requests, with special cases to account for the
cases where an airline makes no peak requests:

μa :�

sa
S
ra

if ra 
� 0,

1 if ra � 0 and sa � 0,
∞ if ra � 0 and sa 
� 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(10)

Based on the peak request proportionality principle,
μa should be interpreted as follows:

μa � 1.0, airline a is fairly treated,
μa < 1.0, airline a is favoured,
μa > 1.0, airline a is disfavoured.

We refer to these indices as demand-based fair-
ness indices. Note that it is possible to construct other
fairness indices based on the peak request pro-
portionality principle. We use this one as it is similar
to indices already used in the literature, and the value
of the index has the following easy interpretation: if
μa � q, then airline a receives q times more (or less)
total schedule displacement than it should.We do not
claim that this is necessarily the best demand-based
fairness index that could be used, but only aim to
demonstrate the advantages of demand-based fair-
ness over non-demand-based fairness.
Fairness metrics can be constructed from fairness

indices to measure the overall fairness of a sched-
ule. Throughout this paper, we use a fairness metric
proposed by Zografos and Jiang (2017) called the
maximum deviation from absolute fairness (MDA).
This is defined as follows:

μMDA � max
a∈!

|μa − 1|. (11)

This metric measures fairness by focusing on the worst
case. Again, it is possible to construct other fairness
metrics from the airline fairness indices, but this is not
the focus of this paper. Two other fairness metrics
constructed from fairness indices were proposed by
Zografos and Jiang (2017), namely, the deviation from
average fairness and the Gini coefficient.
Solving the base model will not necessarily yield a

schedule that is fair according to the peak request
proportionality principle. Fairness can be incorpo-
rated into the slot-allocation model through the min-
imization of a fairness metric. In the case of the MDA
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metric, this is a nonlinear function with respect to the
decision variables xtm

( )
, which could render the opti-

mization model intractable if they were included di-
rectly in the objective function. This problem can
be circumvented by using these metrics in con-
straints, as these can be linearized as follows:

μMDA ≤ ε ⇐⇒ |sa − Sra| ≤ εraS, a ∈ !. (12)

We call the base model with the above fairness con-
straints the ε-fairness model.

In the case where ra � 0, the constraint above be-
comes sa � 0. The next result shows that constraint
(12) is satisfiable in this case, as long as the airline
requests arrival and departure slots which are com-
patible with the required turnaround time.

Proposition 2. Suppose (x∗,y∗) is an optimal solution to
problem (1)–(9). Let (At

d) and (Dt
d) be the arrival and depar-

ture saturation indicators for y∗, and define }̃ � ⋃
a∈!:ra�0 }a.

Assume the following conditions hold:
i. For each (m1,m2) ∈ 3, we have lm1m2

≤ tm2−
tm1 ≤ lm1m2 .

ii. For each (m1,m2) ∈ 3, if m1 ∈ }̃, then D
tm2
d � 0 for all

d ∈ $m2 .
iii. For each (m1,m2) ∈ 3, if m2 ∈ }̃, then A

tm1
d � 0 for

all d ∈ !m1 .
Then x∗ satisfies sa � 0 for all a ∈ ! such that ra � 0.

The proof for this proposition can again be found in
Online Appendix A. Assumption (i) of Proposition 2
holds as long as all airlines make requests consistent
with the required turnaround times for the aircraft.

Assumptions (ii) and (iii) automatically hold if the
request series of every request pair ismade by the same
airline, that is, if (m1,m2) ∈ 3 implies that m1,m2 ∈ }a
for some a ∈ !. In this case, for (m1,m2) ∈ 3, we have
m1 ∈ }̃ if and only if m2 ∈ }̃.
Because we compare demand-based fairness with

the previously proposed non-demand-based fairness
approach of Zografos and Jiang (2019) in our nu-
merical experiments, we now define the latter. For
an airline a, the non-demand-based fairness index ρa is
defined to be the proportion of schedule displacement
allocated to that airline divided by the proportion of
requests made by the airline:

ρa �
sa
S∑

m∈}a
|$m |∑

m∈} |$m |
. (13)

This can be interpreted in the sameway asμa. Similarly,
the non-demand-based MDA metric is defined to be

ρMDA � max
a∈!

|ρa − 1|.

This can be linearizedwhen used in a constraint in the
same way as the demand-based MDA metric.
To demonstrate the importance of using demand-

based fairness over non-demand-based fairness, we
plot the proportions of requests and peak requests for
each airline for some real request data (to be described
in more detail in Section 7.1) in Figure 2. Because of
the very large number of airlines operating at the
airport (80), for clarity, we plot these proportions only
for airlines who have a proportion of peak requests

Figure 2. Proportions of Requests and Peak Requests for Major Airlines at a Coordinated Airport
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greater than 0.01. This plot shows that for many air-
lines, the proportions of requests and peak requests
can differ greatly, meaning that some airlines would
be significantly penalized for their off-peak requests
under a non-demand-based fairness approach.

4.4. Airline Pareto Optimality
Solving the base slot-allocation problemwith fairness
constraints (12) yields a solution that is (weakly) Pareto
optimal with respect to objectives of total displacement
(Equation (1)) and MDA (Equation (11)). In this sec-
tion,we consider a different type of Pareto optimality.

Suppose x̃ and x̄ are two feasible schedules. Then,
we say that the schedule x̃ dominates x̄ with respect
to airline displacements if∑

m∈}a

∑
t∈7

f tmx̃
t
m ≤ ∑

m∈}a

∑
t∈7

f tmx̄
t
m for all a ∈ !,

with at least one inequality strict; that is, one schedule
dominates another if the displacements allocated to
each airline are less than or equal to those of the other
schedule, and where the displacement is strictly less
for at least one airline. We say that a feasible schedule
is airline Pareto optimal if it is not dominated with re-
spect to airline displacements by any other feasible
schedule. If a schedule is airline Pareto optimal, no
airline’s displacement can be reduced without in-
creasing it for another.

It is a natural requirement for a fairness scheme to
yield a solution that is Pareto optimal in this sense
(Nash 1950, Kalai and Smorodinsky 1975), that is,
with respect to the objectives of the participants in the
system. A schedule that is not airline Pareto optimal
allocates more displacement than necessary to some
airline, and so will likely be unacceptable. Unfortu-
nately, the use of both demand and nondemand fair-
ness constraints with the base model will not neces-
sarily yield an airline-Pareto-optimal schedule. The
following toy example demonstrates that fairness
constraints that are too tight can yield a schedule that
is not airline Pareto optimal.

Example 1. Suppose that we have two airlines each
requesting a slot for the same time period, for a single
day, and where there is a total slot limit of one for each

time period. The optimal solution in this case is to
displace one of the airline’s requests by one time pe-
riod, which results in an MDA value (for both demand-
and non-demand-based fairness indices) of 1. If we
include a fairness constraint where we require the
MDA value to be less than one, then the only way to
satisfy this is to displace both requests. This is illus-
trated in Figure 3. Clearly, this is not an airline-Pareto-
optimal solution.

Fortunately it is easy to check whether a feasible
schedule is airline Pareto optimal. The process for
doing this is presented in Algorithm 1.

Algorithm 1 (Checks Whether a Given Feasible Schedule
Is Airline Pareto Optimal)

Input: x̄ feasible schedule
1. Construct base slot-allocation model;
2. for a ∈ ! do
3. Σa ← ∑

m∈}a

∑
t∈7 f tmx̄

t
m;

4. Add constraint
∑

m∈}a

∑
t∈7 f tmx

t
m ≤ Σa;

5. Solve slot-allocationmodel and let x̃ be the optimal
solution;

6. for a ∈ ! do
7. if

∑
m∈}a

∑
t∈7 f tmx̃

t
m < Σa, then

8. return False;

9. return True;

The algorithm first calculates the schedule dis-
placement for each airline and then constructs a new
base slot-allocation problem where the displacement
for each airline is bounded by these values. Opti-
mizing this new model yields a new feasible sched-
ule whose airline displacements do not exceed the
previous airline displacements. The algorithm then
checks for each airlinewhether its displacement is less
than the previous displacement. If this is the case,
then the new solution dominates the previous one, so
the original schedule is not airline Pareto optimal and
the algorithm returns False. If the new displacements
for all airlines are the same as the previous dis-
placements, then no feasible schedule that dominates
the original exists, so the original schedule is airline
Pareto optimal, and the algorithm returns True.

Figure 3. Toy Example to Illustrate How Schedules That Are Not Airline Pareto Optimal Arise from Use of Fairness
Constraints
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4.5. Efficient Frontier and Selection of a
Reference Schedule

There is a trade-off between the total displacement
and the fairness of a schedule. To examine this trade-
off, we can calculate the efficient frontier between
these two conflicting objectives using the ε-constraint
method. After calculating the efficient frontier between
total displacement and fairness, one has potentially
several schedules from which to choose a reference
schedule. Following our discussion in Section 4.4, we
first eliminate from consideration all schedules that
are not airline Pareto optimal. As explained above, a
non-airline-Pareto-optimal schedule will likely be un-
acceptable to the participating airlines. In addition, an
airline-Pareto-optimal solution is required to use the dis-
placement budget mechanism described in Section 5.

To select a schedule from the available airline-
Pareto-optimal schedules, we use a simpler scheme,
which we refer to as the acceptable price of fairness.
Denote by S∗ the optimal value to the base model, and
by S∗(ε) the optimal value for the ε-fairness problem.
Then the price of fairness of the optimal solution
yielded by the latter problem is defined to be

S∗(ε) − S∗

S∗
;

that is, it is the relative deterioration in the optimal total
displacement when introducing an MDA constraint
with right-hand side ε. For α > 0, the α-acceptable
price of fairness criterion selects the most fair (airline-
Pareto-optimal) schedule that has a price of fairness
of less than α. The parameter α is chosen according to
the airport coordinator’s and airlines’ tolerances to a
higher total displacement. This criterion for select-
ing a fair solutionwas suggested by Bertsimas, Farias,
and Trichakis (2012), who apply it to a different fair-
ness scheme that also depends on the specification of
a fairness parameter.

Algorithm 2 describes the overall procedure for
calculating the fair reference schedule given the air-
line requests and airport capacities. It first calculates
peak periods, before running a modified version of
the ε-constraint method, which terminates once the
price of fairness has been exceeded. Note that at each
iteration of this algorithm ε is decremented by a factor
δ rather than by a fixed value. We choose to use this
rule, as the optimal total displacement and required
solution time become a lot more sensitive to changes
in the value of ε when ε is small.

Algorithm 2 (Calculation of Reference Schedule)

Input: Airline requests, airport coordination parame-
ters, 0 < δ < 1 decrement rate of ε, α acceptable
price of fairness

Output: x̄ reference schedule

1. Solve base model;
2. (x̄, ȳ) ← optimal solution, S ← optimal total

displacement;
3. Calculate peak periods (At

d) and (Dt
d) from ȳ;

4. Calculate fairness indices and initialMDA εusing
(10) and (11);

5. repeat
6. ε ← δε;
7. Solve ε-constraint problem;
8. if Problem infeasible, then
9. Break;

10. else if Optimal solution found, then
11. Set x̃,Sε be optimal schedule and optimal

solution value;
12. if Sε−S

S > α, then
13. break;
14. if x̃ is airline Pareto optimal, then x̄ ← x̃;
15. return x̄;

Although other rules for selecting a reference
schedule are possible, the acceptable price of fairness
rule has two major advantages. First, unlike a voting
process, the procedure does not require any extra
input from the airlines. Second, the method does not
require one to calculate the entire efficient frontier,
which can save considerable computation time. This
is because the ε-constraint method used to calculate
the efficient frontier consists of solving the ε-fairness
problem for a decreasing sequence of values of ε until
the problem becomes infeasible. As the fairness con-
straints become tighter, the optimal total displacement
increases. Therefore, once the price of fairness has
been exceeded, itwill be exceeded for all smaller values
of ε, and so there is no need to solve more fairness
problems. As will be seen in the numerical tests in
Section 7, the time saved from not having to solve the
ε-fairness problem for small values of ε is particularly
large.

5. The Displacement Budget Mechanism
The incorporation of fairness into the slot-allocation
model ensures that each airline is allocated a reasonable
amount of displacement. However, there may be some
flexibility in how the displacement assigned to an airline
may be distributed among its requests. The acceptability
of a schedule can therefore be improved by taking into
account an airline’s preferences regarding which re-
quests should be displaced and by how much. We
propose a mechanism, which we call the displacement
budget mechanism, that adjusts the reference schedule
in order to better satisfy the airlines’ displacement pref-
erences. Throughout this section, we use x̄ to denote
the reference schedule that can be calculated using
Algorithm 2.
In Section 5.1, we describe the overall displace-

ment budget mechanism. In Section 5.2, we describe
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constraints on how airlines specify their preferences.
Finally, in Section 5.3, we present a model to facilitate
the specification of airline preferences for use in the
displacement budget mechanism.

5.1. Overall Model
The fair reference schedule is used to determine the
baseline displacement for each request in the refer-
ence schedule, namely,

σm :� ∑
t∈7

f tmx̄
t
m.

The displacement budget for an airline a ∈ ! is de-
fined to be the total baseline displacement for all of
the airline’s requests, that is,

Σa :�
∑
m∈}a

σm.

The mechanism requires airlines to specify, for each
request m, a preferred displacement δm, namely, an
expressed preference that the request be scheduled
in the set

t ∈ 7 : f tm ≤ δm
{ }

.

The preferences must be specified so as to satisfy the
displacement budget constraint:∑

m∈}a

δm ≥ Σa. (14)

The displacement budget thus represents the amount
of displacement an airline should be allocated, and
the mechanism requires airlines to specify their pref-
erences for how this should be allocated among its
requests. If an airline specifies a preferred displace-
ment less than the baseline displacement for some re-
quests, it must specify greater preferred displacements
for others. Besides the displacement budget constraint,
other constraints apply to the setting of preferred dis-
placements, and these are discussed in Section 5.2.
A systematic method that airlines could use for set-
ting preferred costs is presented in Section 5.3.

A request for which an airline specifies a smaller
preferred displacement than the baseline displacement
is called an improvement request. We refer to all other
requests as nonimprovement requests. The aim of the
displacement budget mechanism is to adjust the
reference schedule to satisfy improvement requests
as far as possible.

The mechanism works by solving a modified ver-
sion of the base model. For each m ∈ }, we introduce
variables πm to measure the change in displace-
ment with respect to the reference schedule. For im-
provement requests, we also introduce variables wm,

which measure the amount of displacement by which
preferred displacements are missed:

lexmin
∑

m∈}:δm<σm

wm,
∑
m∈M

∑
t∈T

f tmx
t
m

( )
(15)

subject to constraints (2)–(9)

πm � ∑t
m

f tmx
t
m − σm for all m ∈ }, (16)

wm ≥ (σm − δm) +πm for each m ∈ }

such that δm < σm, (17)∑
m∈}a

πm ≤ νΣa for each a ∈ !, (18)

πm ≤ 0 for each m ∈ } such that δm < σm,

(19)
πm ≤ δm − σm for each m ∈ }

such that δm ≥ σm, (20)

wm ≥ 0 for each m ∈ } such that
δm < σm. (21)

The objective (15) is the lexicographic minimization of
the total amount of displacement by which preferred
displacements are missed for improvement requests,
followed by the total displacement. The second ob-
jective is required because minimizing the sum of the
wm variables does not reduce displacement for non-
improvement requests. Constraints (16) and (17) re-
spectively encode the definitions of the decision
variables (πm) and (wm) described above.
Constraints (18) are added in order to ensure that

no airline’s total displacement increases significantly
from this mechanism. The parameter ν ≥ 0 here con-
trols the strictness of this requirement. A higher value
of ν gives greater flexibility to satisfy improvement
requests, but also means airlines may have to accept
a greater schedule displacement. These constraints
essentially ensure that the displacement budget mech-
anism is carried out in a fair manner. It may therefore
be natural to ask why we do not use the same fairness
constraints (12) introduced in Section 4.3, or similar
fairness constraints based on how improvements (wm)
are distributed among the airlines rather than total
displacement. The previous fairness metrics were de-
fined in terms of proportion of schedule displacement,
as we do not know a priori the exact fair amounts of
total schedule displacement that should be allocated
to each airline. In the displacement budget mecha-
nism, the reference schedule is by construction a fair
baseline, and so considering deviations from this ref-
erence is reasonable and leads to a more computa-
tionally tractable optimization problem. In addition,
the fairness constraints (12) do not prevent increases
in displacement for all airlines.
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The constraints (19) and (20) ensure that all requests
are assigned a displacement cost at most max{δm, σm};
that is, by participating in this mechanism, an airline
will receive no more displacement for a request than
its baseline displacement, or its preferred displace-
ment if this is greater.

A key feature of the displacement budget mecha-
nism is that it does not require airlines to reveal any
potentially commercially sensitive operating costs.

5.2. Constraints on Airline Preferences
In addition to the displacement budget constraint, we
impose other constraints on the preferred displace-
ments specified by the airlines. These constraints
forbid airlines to specify preferred displacements that
are impossible to satisfy exactly. They also prevent
airlines assigning excessive amounts of displacements
to individual requests. In this way, they not only help
to ensure airlines use their displacement budgets more
effectively, but also mitigate against them gaming the
mechanism.

5.2.1. Displacement Size. Recall that the displacement
of a request series m is given by |$m‖t − tm|, where t is
the time interval of the slots allocated tom. In order to
satisfy a preferred displacement δm exactly, we must
therefore have

δm mod |$m| � 0. (22)

5.2.2. Turnaround Constraints. The following propo-
sition states that if there is an upper bound on the
turnaround time for a request pair, then the difference
between preferred displacements for the request se-
ries composing this pair is also bounded.

Proposition 3. Suppose (m1,m2) ∈ 3 and for the preferred
displacements δm1 and δm2 , there exist Tm1 ,Tm2 ∈ [1,T] such
that f

Tm1
m1 � δm1 , f

Tm2
m2 � δm2 , and Tm2 − Tm1 ≤ l̄m1m2 . Then it

follows that

δm1 − δm2

⃒⃒ ⃒⃒ ≤ 2|$m1 |̄lm1m2 . (23)

Proof. Suppose that there exist Tm1 and Tm2 satisfying
the conditions of the proposition for given (m1,m2) ∈ 3.
It then follows that

‖Tm1 − tm1 | − |Tm2 − tm2‖ ≤ |Tm1 − Tm2 | + |tm1 − tm2 |
≤ 2lm1m2 .

Multiplying through by |$m| then yields that

| f Tm1
m1 − f

Tm2
m2 | � |δm1 − δm2 | ≤ 2|$m|lm1m2 ,

as required. □

5.2.3. Displacement Upper Bound. It is possible that in
order to achieve a reduced delay for some of its requests,

an airline may assign a large portion of its total baseline
delay to a few requests that it does not value. If these
particular requests are made for off-peak periods, then
specifying large preferred displacements may not even
lead to the requests being displaced more because the
displacement budget mechanism will not increase
displacement unnecessarily. To avoid airlines gaming
the system in this way, we must impose restrictions on
how this displacement is allocated.
If a request pair is made for unsaturated periods

(with respect to the reference schedule) and the
requested times are consistent with bounds on turn-
around time, then the request pair has been allocated
its preferred slots. Moreover, because there is already
slack capacity at these time periods, displacing this
request pair will not immediately help the coordinator
satisfy other improvement requests. Therefore, the
airline should not be allowed to use its displacement
budget on this request pair. More generally, the pre-
ferred displacement allocated to a request pair should
not be greater than the displacement from the closest
feasible pair of slots in unsaturated time periods with
respect to the reference schedule.
The minimum displacement from inserting the

request pair (m1,m2) ∈ 3 into the reference schedule x̄
is the optimal value to the following optimization
problem. This problem is just the base model re-
stricted to allocating slots to (m1,m2), and where the
capacities have been updated using the aggregate
reference schedule ȳ:

minimizextm1
,xtm2

∑
t∈7

f tm1
xtm1

+ f tm2
xtm2 (24)

subject to
∑
t∈7

xtm � 1, m ∈ {m1,m2} , (25)

∑s+c−1
t�s

xtm1
+ ȳAdt

( )
≤ αdt

c , c ∈ #,

d ∈ $m1 , s ∈ [0,T − c], (26)∑s+c−1
t�s

xtm2
+ ȳDdt

( )
≤ βdtc , c ∈ #,

d ∈ $m2 , s ∈ [0,T − c], (27)∑s+c−1
t�s

xtm1
+ xtm2

+ ȳAdt + ȳDdt
( )

≤ γdt
c ,

c ∈ #, d ∈ $1, s ∈ [0,T − c], (28)

lm1,m2
≤ ∑

t∈7
txtm1

−∑
t∈7

txtm2
≤ l(m1,m2),

(29)
xtm1

, xtm2
∈ {0, 1}, for all t ∈ 7 . (30)

We call the above formulation the minimum insertion
problem and the optimal value the minimal inser-
tion displacement. Denoting the minimum insertion
displacement to this problem by Bm1m2 , we then
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impose the following constraints on the preferred
displacements:

δm1 + δm2 ≤ Bm1m2 for all (m1,m2) ∈ 3. (31)

To find the minimum insertion displacement Bm1m2 ,
we do not need to solve the minimum insertion
problem by integer programming techniques, as it can
be calculated efficiently via smart enumeration. De-
tails are given in Online Appendix B.

Whereas (22) and (23) hold immediately for the
baseline displacements (i.e., if we set δm � σm), it is not
necessarily true that σm1 + σm2 ≤ Bm1m2 . The following
result gives mild conditions under which this does
hold.

Proposition 4. Suppose that the reference schedule is air-
line Pareto optimal and that for each (m1,m2) ∈ 3 there
exists a ∈ ! such that m1,m2 ∈ }a. It follows that

σm1 + σm2 ≤ Bm1m2 for each (m1,m2) ∈ 3.

Proof. We suppose that there exist (m1,m2) ∈ 3, both
requests arising from airline a, for which σm1 + σm2 >
Bm1m2 and obtain a contradiction. Let T∗

m1
,T∗

m2
be op-

timal allocated times for the above minimum inser-
tion problem for (m1,m2). Now modify the reference
schedule so that requests m1 and m2 are allocated slots
T∗
m1

and T∗
m2
, respectively. This schedule remains fea-

sible (for the base model) and achieves a lower dis-
placement for airline a. This contradicts the airline
Pareto optimality of the reference schedule and con-
cludes the proof. □

Remark 1. The assumption that the reference schedule
is airline Pareto optimal is already guaranteed by
Algorithm 2. Although it is possible that arrival and
departure request series in a request pair can be made
by different airlines, this rarely occurs in practice.

5.2.4. Forbidden Time Periods. It is possible that for
some time periods, a rolling capacity constraint will
have a zero right-hand side. This may occur because
of a curfew on flights during the night or when the
slot pool is updated during a hierarchical applica-
tion of the slot-allocation mechanism (see Section 6).

A zero on the right-hand side of an arrival or total
movement capacity constraint prevents the allocation
of arrival slots for all time periods active in that
constraint. This similarly applies to the allocation of
departure slots if there is a departure or total capacity
constraint with a zero right-hand side.

Denote by 0 the empty schedule. The set of time
periods for which no arrival slots can be allocated
consists of those that are arrival-saturated with re-
spect to the empty schedule. We call these arrival-
forbidden periods. We can similarly define departure-
forbidden periods. Indicator functions that characterize

arrival and departure forbidden periods, which we
denote (FAdt) and (FDdt), respectively, can thus be de-
fined as follows:

FAdt :�At
d(0), FDdt :�Dt

d(0).
Because an airline cannot be allocated a slot in a
forbidden period, we require that airlines do not
specify preferred displacements that imply receiving
a slot in such a time period; that is, for an arrival
request series m ∈ }A, we have

δm 
� |Dm|h if FAd,(tm+h) � 1 and FAd,(tm−h) � 1

for any d ∈ $m, (32)

and for a departure request series m ∈ }D, we have

δm 
� |Dm|h if FDd,(tm+h) � 1 and FDd,(tm−h) � 1

for any d ∈ $m. (33)

5.3. Calculation of Airline Preferences
Airlines are able to specify preferred displacements in
an arbitrary way as long as the displacement budget
constraint and the constraints in Section 5.2 are sat-
isfied. However, it may not be clear to an airline how
best to distribute its displacement in a way that
matches its priorities. In this section, we propose a
model for distributing an airline’s displacement.
Although our primary motivation here is to be able
to simulate an airline’s preferences in order to test
the displacement budget mechanism, this model
could be used as a decision support tool for the
airlines.
Themodel is formulated and solved for each airline

a and assumes that for eachm ∈ }a and t ∈ 7, a cost ctm
is incurred to the airline when request m is allocated
slot time t. We call these airline displacement costs.
Preferences are then calculated by solving the following
ILP, which has binary decision variables (ztm)t∈7m∈}a

,
which, like the (xtm) variables in the slot-allocation
model, select a slot time for each request series:

minimize
∑
m∈}a

∑
t∈7

ctmz
t
m (34)

subject to
∑
m∈}a

∑
t∈7

f tmz
t
m ≥∑a, (35)

lm1,m2
≤ ∑

t∈7
tztm1

−∑
t∈7

tztm2
≤ l(m1,m2),

(m1,m2) ∈ 3, (36)∑
t∈7

f tm1
ztm1

+∑
t∈7

f tm2
ztm2

≤ Bm1m2

for all (m1,m2) ∈ 3, (37)

ztm � 0 for all m ∈ }A
a and t ∈ 7

such that FAdt � 0 for some d ∈ $m,

(38)
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ztm � 0 for all m ∈ }D
a and t ∈ 7

such that FDdt � 0
for some d ∈ $m, (39)∑

t∈7
ztm � 1 for all m ∈ }a. (40)

ztm ∈ {0, 1} for all m ∈ }a, t ∈ 7.

The objective (34) seeks to minimize the total airline
displacement costs if all of the airline’s displacement
preferences are exactly met. The preferred displace-
ments, which will be used as input to the displace-
ment budget mechanism, are then the displacements
corresponding to the optimal solution z∗ to the model
above, that is,

δm � ∑
t∈7

f tmz
t∗
m. (41)

We now explain how this approach ensures that all
constraints on preferred displacements detailed in
Section 5.2 hold. The constraint (22) holds directly
from the definition of (41), which (along with (40)
and the binary constraints) ensures that δm is of the
form f tm � |$m‖t − tm| for some t ∈ T. The turnaround
constraints (23) hold by constraints (36) and the ap-
plication of Proposition 3. The constraint (35) and
definition (41) enforce the displacement budget con-
straint (14). Similarly, (37) and (41) ensure that the
displacement upper bound constraint (31) holds. Fi-
nally, the constraints (38) and (39) prevent the airline
from specifying forbidden periods for their preferred
slots and so ensure that (32) and (33) hold.

Given that the above model used airline costs (or
disutilities), a natural question concerns why we do
not incorporate these into the base model (1)–(9) to
directly construct a schedule that incorporates airline
preferences. This suggestion is problematic for sev-
eral reasons. First, these data are likely to be com-
mercially sensitive, and the airlines may not want to
reveal them. Second, it would require a consistent
definition of cost across all airlines, which may not be
possible because of the different operating models of
airlines. Third, given that the IATA WSG allows
airlines to change details of their requests, such as
aircraft type, after the allocation of slots, it may be
possible for an airline to game the system by over-
stating its costs of displacement.

The model above implicitly assumes that the value
of a slot for one flight is independent of that for an-
other. In reality, the values of some slots may be linked.
For example, for pairs of flights with a potentially large
number of connecting passengers, pairs of slots that
have compatible connection times will be more valuable
than those that do not. Although the development of a
model reflecting this is beyond the scope of the current
work, we note that existing models in the aviation

literature could be adapted for this purpose. For in-
stance, Pita, Barnhart, and Antunes (2013) proposed
an optimization model for airline scheduling that
takes into account expected passenger demand and
airline cooperation and competition to select slots in a
way that maximizes expected profits.

5.3.1. Facilitation of Specification of Airline Preferences.
The displacement budget mechanism requires air-
lines to specify preferred displacements for poten-
tially many requests subject to several sets of con-
straints. This process of selecting these preferences
could be facilitated by decision support software.
Such software could consist of a graphical interface

that allows the user to manually adjust the preferred
displacement allocated to each request series (initially
the baseline displacements) and an optimization tool
that constructs a set of preferred displacements given
cost functions for each movement. The graphical in-
terface could also be used to adjust displacements
using output from the optimization tool.
The graphical interface should display all request

pairs whose displacement can be adjusted from the
baseline. For each of these request pairs, the software
should display which displacements are feasible. After
an adjustment is made, the allowable displacements
for other request pairs, which are subject to the dis-
placement budget constraint, should be updated.
The optimization tool could use themodel presented

in Section 5.3. This requires the user to specify dis-
placement cost functions for each request series. This
information would be used only in the optimization
and would not be shared with any other parties. To
simplify the process of constructing these functions,
the optimization tool could make available some
parametric forms. For example, in the numerical
tests in Section 7, we use airline displacement costs
given by

ctm � Rm|$m||t − tm|η,
where Rm is a weight representing the relative im-
portance of m, and η > 0 represents the airline’s
aversion to large displacements.

6. Hierarchical Application of the
Slot-Allocation Mechanism

The mechanism described in this paper can take ac-
count of priority classes by allocating slots to each
group in a separate stage; that is, we allocate slots for
the highest priority class first, update the slot pool,
then allocate slots to the next highest class, and so on,
until slots have been allocated for all priority classes.
We call this hierarchical slot allocation, and for each
priority group, we run the whole slot-allocation
mechanism to construct the schedule.
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Updating the slot pool consists of updating the
capacity constraints. If ỹ is the aggregate schedule for
an allocation of slots for the previous priority class,
then the right-hand sides of the capacity constraints
are updated as follows:

αdt
c ← αdt

c − ∑s+c−1
s̃�s

ỹAds̃,

βdtc ← βdtc − ∑s+c−1
s̃�s

ỹDds̃,

γdt
c ← γdt

c − ∑s+c−1
s̃�s

ỹAds̃ + ỹDds̃
( )

.

The lexicographic approach to incorporate priority
classes into slot allocation, as deployed by Ribeiro
et al. (2018) and described in Section 1.2, cannot be
used within our mechanism because we use a two-
stage approach to allocate slots to each priority level
rather than solve a single optimization problem.

7. Numerical Tests
In this section, we test our slot-allocation mechanism
using data for a coordinated airport. The purpose of
these tests is to demonstrate how the mechanism
performs for a realistic slot-allocation problem, and to
also investigate how this performance depends on the
different parameters of the mechanism. Testing per-
formance while varying mechanism parameters is
problematic when solving the problem hierarchi-
cally. This is because when the problem is solved for
lower-priority groups, as well as depending on the
mechanism parameters, performance will also de-
pend on the slot pool, and these effects cannot easily
be disentangled. In order to experiment with the
mechanism settings, we therefore solve the problem
nonhierarchically. Recall that solving the problem
nonhierarchically means disregarding the priority
groups and allocating slots to all requests simulta-
neously. Using the best settings found in these ex-
periments, we will then demonstrate the mechanism
using the full hierarchical approach.

This section is organized as follows. In Section 7.1
we describe our general experimental set-up. In
Section 7.2 we present our experiments for the non-
hierarchical approach, and in Section 7.3 we dem-
onstrate our mechanism using the hierarchical ap-
proach. Finally in Section 7.4 we discuss and compare
the results of these two approaches.

7.1. Setup
7.1.1. Problem Data. We solve the slot-allocation prob-
lem for a coordinated airport. The rolling capacity
parameters for this problem are given in Table 2.
Because the shortest duration of a rolling capacity
constraint is 15 minutes, we use this as the length of

our coordination time intervals. There are thus 96 time
intervals in each day, and because there are 212 days
in this scheduling season, there are a total of 20,352
time periods in the scheduling season.
The number of requests series and individual re-

quests for each priority group is shown in Table 3.
Note that because of a lack of historical request times
for the “changes to historic” requests, we amalgamate
the “historic” and “changes to historic” requests into
a single priority group.
The required turnaround time for an aircraft de-

pends on the aircraft model, and airport services, but
in general a turnaround time of one hour is sufficient
for most aircraft. However, there are request pairs in
our data set where the requested arrival and de-
parture times are separated by less than this period. In
order to use demand-based fairness, Proposition 2
requires that the requested slot times of request pairs
are compatible with minimum turnaround times. We
therefore use the following formula to set the mini-
mum turnaround time:

lm1m2
� min 4, tm2 − tm1

{ }
,

where four coordination time intervals correspond to
one hour. Because it is not strictly necessary, and we
do not have the required data, we do not enforce
upper bounds on turnaround time.

7.1.2. Airline Displacement Costs. Airline displace-
ment cost data are not available, and therefore they
have been constructed synthetically. For the purposes
of these numerical tests, we assume that the airline
displacement costs are given by

ctm � Rm|$m‖t − tm|η.
This is an increasing function with respect to de-
viation from the requested slot time. A superlinear
function is used to represent the airlines’ costs to
reflect the fact that airlines are muchmore sensitive to

Table 2. Rolling Capacity Constraints for a Coordinated
Airport

Arrivals Departures Total

60 minutes 60 minutes 15 minutes 60 minutes
8 12 5 20

Table 3. Request Data

Priority class Request series Requests

Historics 748 14,034
New entrants 76 2,680
Others 1,290 16,328
Total 2,114 33,042
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larger displacements. A superlinear cost functionwas
also used in the slot-allocation model in the paper by
Castelli, Pellegrini, and Pesenti (2012).

To capture the relative importance of each request,
this function is weighted by Rm|$m|, where Rm is the
normalized passenger capacity of the aircraft. In
particular, Rm � Nm

456, where Nm is the number of seats
of the aircraft for which the request is made, and 456
is the maximum aircraft capacity over all requests.
Passenger-based costs were used for a similar pur-
pose in the context of a ground-holding problem in
Vossen and Ball (2006).

7.1.3. Computer and Solver Setup. The integer linear
programs are solved using Gurobi 8.10 (Gurobi
Optimization 2018) on a desktop computer that
has an Intel(R) Core(TM) i5-4690 processor with
four cores. Many of the rolling capacity constraints
(5)–(7) will be redundant and binding only for pe-
riods of high slot demand. Therefore, to solve the
problem more efficiently, we use a branch-and-cut
scheme, where the rolling capacity constraints are
added as lazy constraints through a solver callback.
To do this, the Gurobi LazyConstraints parameter is
set to true.

The most computationally demanding part of the
slot-allocation mechanism is the calculation of the
efficient frontier. The use of fairness constraints can
increase the required solution time by orders of
magnitude. Whereas the base model for the nonhi-
erarchical problem takes around 5 to 10 minutes to
solve, the fairness model can take hours, and is
sometimes not solved at all within a reasonable time.

We therefore limit the solution time for each problem
to two hours using the Gurobi TimeLimit parameter.
As described in Section 4.5, we use the α-acceptable

price of fairness criterion to select the fair reference
schedule. Using this approach, we can terminate
our ε-constraint algorithm once the price of fairness
has been exceeded. However, we need not solve an
ε-fairness problem to optimality to verify that it yields
a schedule that exceeds the acceptable price of fair-
ness. The solution algorithm can be terminated once
the current lower bound on the optimal value exceeds
the acceptable price of fairness.We do this by setting the
Gurobi parameter BestBdStop appropriately. All other
Gurobi parameters are left with their default values.

7.2. Nonhierarchical Results
In this section, we allocate slots using a non-
hierarchical approach; that is, we allocate all slots
simultaneously, disregarding priority classes.

7.2.1. Peak Periods and Fairness. To calculate demand-
based fairness, we first need to solve the base model
and calculate the peak periods. Figure 4(a) shows
the aggregate hourly schedule of an optimal solu-
tion for the base model on the busiest day in the
scheduling season. For a specified time, this gives the
numbers of arrivals, departures, and totalmovements
that take place over the next hour. The dashed lines
represent the hourly capacities for each type of con-
straint. The arrival and departure peak periods cor-
responding to this optimal schedule are shown in
Figure 4(b) for a 15-day period including the busi-
est day. This figure shows that departure peak periods

Figure 4. Rolling Aggregate Schedule and Peak Periods for the Nonhierarchical Problem
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are more intermittent than arrival peak periods, which
is due to the fact that arrival capacity limits are sig-
nificantly lower than departure capacity limits. This
difference in peak periods for arrivals and departures
emphasizes the importance of treating these two types
of requests separately.

In Figure 5(a), we plot the total displacement–MDA
efficient frontiers. Although we use a reference sched-
ule constructed using demand-based fairness, for the
purposes of comparison, we also calculate the efficient
frontier for non-demand-based fairness. The points
encircled by black lines correspond to the schedules that
would be selected under the acceptable price of fairness
rule. We use a decrement rate of δ � 0.8 for these cal-
culations. Note that in this figure, we plot the actual
values of MDA found by solving these problems,
rather than the values of ε.

Recall that the smaller the value of theMDAmetric,
the fairer the schedule. Figure 5(a) shows that the
trade-off for displacement versus fairness is better for
demand-based fairness; that is, we can construct fairer
schedules with smaller values of total displacement.
This suggests that for demand-based fairness, it is
easier to redistribute schedule displacement to airlines
with a high proportion of peak requests rather than to
airlines with a high proportion of total requests.

The solution of the ε-fairness problems is by far
the most computationally expensive component of
the proposed slot-allocation mechanism. For both
demand-based and non-demand-based fairness, the
ε-constraint algorithm terminated because the time
limit, rather than the acceptable price of fairness, was
exceeded. In Figure 5(b), we plot the solution time
for each ε-fairness problem. This shows that the
tighter the fairness constraints, the more difficult

the problem becomes to solve. This suggests that the
acceptable price of fairness criterion is therefore quite
appropriate, as it massively reduces the required com-
putation time to calculate the fair reference schedule.
This plot also shows that the non-demand-based fairness
problem ismoredifficult to solve than thedemand-based
version. Again, this may be because it is easier to re-
distribute displacement to airlines with a high pro-
portion of peak requests.

7.2.2. Displacement BudgetMechanism. Wenowstudy
the performance of the displacement budget mech-
anism. We denote by x̄ and ȳ, respectively, the ref-
erence schedule and aggregate reference schedule,
and by x̃ and w̃ the solutions returned from the dis-
placement budget formulation in (15)–(21). Because
the displacement budget mechanism takes only a few
seconds to run, we do not present the run times.

Distribution of Displacement Adjustments. We first
study the distribution of schedule adjustments. Al-
though we present results only when the mechanism
is run for parameters ν � 0.1 and η � 1.8, we have
observed the same trends when the mechanism is run
under different settings. The results are plotted in
Figure 6. This shows the number of requests for
every possible combination of requested adjustments
(σm−δm|$m

|) and actual adjustments (
∑

t∈7 f tmx̃
t
m−σm

|$m | ).
This shows that for themajority of requests (around

75%), the airlines ask for and receive no adjustment
to their baseline displacement. We also observe that
the range of actual adjustments is much narrower
than the range of demanded adjustments. Although
a significant number of requests are made for large
improvements, up to 16 coordination time intervals

Figure 5. (Color online) Comparison of Demand-Based and Non-Demand-Based Fairness Schemes

Non-demand-based fairness

Non-demand-based fairness
Demand-based fairness

Demand-based fairness
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(4 hours), no request has its displacement reduced by
more 6 coordination time intervals (1.5 hours), and the
majority of actual improvements are less than or
equal to 2 coordination time intervals (0.5 hours). This
suggests that a better strategy for airlines participat-
ing in the displacement budgetmechanism is to demand
smaller adjustments.

We observe that although there are many requests
whose displacement can be increased (those with neg-
ative requested adjustments), only a fraction (around
11%) of these actually receive extra displacement. In-
terestingly, some of the requests receive a greater re-
duction in displacement thandemanded, including even
a small number of requests for which no or a negative
adjustment was asked for. This is because when the
mechanism increases displacement for some requests in
order to satisfy improvement requests, more capacity is
created than necessary, and the displacement of other
requests can be reduced.

Sensitivity Analysis with Respect to ν. We now study
the performance of the methodology with respect to
the parameter ν, which controls the proportion of
extra displacement each airline can be allocated. We
run the displacement budget mechanism for ν �
0.0, 0.1, . . . , 0.5 with η � 1.8 as in the previous test. We
look at three different attributes of performance. The
first is the total improvements,

∑
m∈}:δm<σm w̃m; the

second is the schedule displacement,
∑

m∈}
∑

t∈7 f tmx̃
t
m;

and the third is the total airline cost,
∑

m∈}
∑

t∈7 ctmx̃
t
m.

The results are shown in Figure 7.
This shows that when no increase in displacement

is allowed (ν � 0), no schedule improvements can be
made. Because no improvements are made for ν � 0,
the schedule displacement and airline costs do not
change from the baseline. As ν increases, the total
amount of schedule improvements increases. In-
terestingly, although the schedule displacement in-
creases initially with ν, for larger ν, it then decreases.

Figure 6. (Color online) Distribution of Adjustments from Displacement Budget Mechanism

Figure 7. (Color online) Performance of Displacement Budget Mechanism for Different Values of ν
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This means that for higher values of ν, increases in
displacement are being redistributed to fewer air-
lines. This unfair redistribution of displacement for
higher ν could mean that the size of the largest dis-
placements for some airlines is increasing. Because
large displacements contribute more to airline costs,
this may explain why airline costs seem to flatline for
higher values of ν even though the total schedule
improvements are increasing.

Sensitivity Analysis with Respect to η. The parameter
η controls how averse airlines are to larger dis-
placements: the larger the value of η, the more averse
they are. Although in reality a coordinator would
have no control over η, some useful insights can be
gained about how the mechanism performs with
respect to the airlines’ preferences by varying this
parameter. In this experiment, we run the displacement
budget mechanism for η � 0.0, 0.2, . . . , 2.6, with fixed
ν � 0.1. For each value of η, we plot the relative re-
duction in total airline costs with respect to the ref-
erence schedule, that is,∑

m∈}
∑

t∈7 ctmx̄
t
m −∑

m∈}
∑

t∈7 ctmx̃
t
m∑

m∈}
∑

t∈7 ctmx̄tm
,

where, recall, ctm � |$m|Rm|t − tm|η. The results are
plotted in Figure 8.

This figure shows that for small values of η, the
displacement budgetmechanism results in a schedule
with greater total airline costs. This is because the
displacement budget mechanism increases the overall
schedule displacement, and for small values of η, the
total airline costs and schedule displacement as
functions have a similar shape. For higher values of η,
the reduction in airline costs increases, and reaches
around 3% for η � 2.6. This is likely due to the mech-
anism reducing the largest displacements, which for

high values of η, contribute much more to the total
airline costs than small displacements. These results
suggest that the more averse the airlines are to large
displacements, the greater the benefit of the dis-
placement budget mechanism.

7.3. Hierarchical Results
For this experiment we solve the slot-allocation
problem using the hierarchical approach described
in Section 6. The peak periods and efficient frontiers
for each priority group are shown in Figure 9. In the
cases of historical and new entrant requests, the
ε-constraint algorithm terminates when the accept-
able price of fairness is exceeded, whereas for the
other requests it terminates because of the time limit.
A summary of the results of the displacement budget
mechanism at each stage is shown in Table 4.

7.3.1. Historic Requests. From Figure 9(a), we can see
that the peak periods seem to be largely confined to
Tuesday and Friday mornings. By solving the effi-
cient frontier, wewere able to improve theMDA from
around 6.0 (by solving the base model) to 1.0, after
which the price of fairness is exceeded.
In the displacement budget mechanism, although

there is a total of 243 individual requests for im-
provement, no improvements are made. This is to be
expected, as only a very small number of the historical
requests receive any displacement, which means that
the opportunities for slot exchange are very small.
There is a very small change in the total airline costs
due to the displacement budget mechanism returning
a different schedule from the reference schedule.

7.3.2. New Entrants. There are relatively few new
entrants request series (76 out of 2,114), and so the
peak periods for these requests largely coincide with
the peak periods for the historic request series. Be-
cause the slots for the historical request series have
already been allocated at this point, these periods do
not have any slack capacity and are therefore con-
sidered to be forbidden for the purposes of the dis-
placement budget mechanism. Solving the base
model yields a schedule that is already very fair, with
anMDA of around 1.0. Although fairer schedules can
be found, none of these are airline Pareto optimal. For
the displacement budget mechanism, there are 28
individual improvement requests, and the mecha-
nism is able to make 27 total displacement improve-
ments. This is done without increasing the schedule
displacement for new entrants, and the new schedule
has significantly lower airline costs.

7.3.3. Others. The peak periods for the other requests
resemble those that were calculated for the solution of
the nonhierarchical problem, but here many of the

Figure 8. (Color online) Relative Reduction in Total Airline
Costs for Different Values of η
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periods are forbidden. For the calculation of the ef-
ficient frontier, the value of theMDA can be improved
from an initial MDA value of around 3.3 to 1.1, while
the solutions remain airline Pareto optimal. In the

displacement budget mechanism, a total displace-
ment improvement of 384 over 2,128 individual im-
provement requests, which leads to an improvement
in airline costs of 1.2%.

Figure 9. (Color online) Peaks Periods and Efficient Frontiers for Hierarchical Slot Allocation
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7.4. Discussion
We note that for both the nonhierarchical and hier-
archical approaches, the fairness of a schedule can in
almost all cases be greatly improved with only small
increases in the total displacement of a schedule.Most
ε-fairness problems that were solved yielded an
airline-Pareto-optimal schedule. The only exceptions
to this were schedules with an MDA of less than 1.
Inspection of airline-Pareto-optimal solutionswith an
MDAnear 1 reveals that there are a number of airlines
with a very small proportion of peak requests, but that
havezerodisplacement,whichmeans thedeviation from
absolute fairness of these airlines’ fairness indices is 1.
When ε < 1, these airlines must be assigned some
displacement, and the solutions become non–airline
Pareto optimal. We surmise that this is because, al-
though these airlines have some requests during peak
periods, no request in these periods needs to be
displaced. This further motivates the need for the
development of amore sophisticatedmeasure of peak
periods, as discussed at the end of Section 4.2.

In terms of schedule improvements and reduced
airline costs, the displacement budget seems to be
slightly more effective for the nonhierarchical than
the hierarchical approach. This is to be expected, as
allocating slots to higher-priority groups greatly re-
stricts the slots that can be allocated to lower-priority
groups, and also allocating slots to smaller groups
of requests reduces the opportunities for exchanging
slots. This reasoning suggests that themechanismmay
be more effective for larger and more congested air-
ports, where there would be more opportunities for
slot exchange. Also, if we could relax the requirement
for all requests in a request series to be allocated slots at
the same time, we would expect the overall perfor-
mance of the displacement budget mechanism to im-
prove as a result of the greater flexibility in scheduling.

8. Conclusions
In this paper, we propose a mechanism for allo-
cating slots at congested airports that incorpo-
rates efficiency, fairness, and airline preferences. The
mechanism consists of constructing a fair reference
schedule and then adjusting this to better match the

participating airlines’ priorities. The construction of
the fair reference schedule uses a new fairness mea-
sure that was developed on the principle that the
proportion of schedule displacement an airline re-
ceives should depend on the number of requests it
makes during peak demand periods. The approach
was tested using request data from a coordinated
airport. Our fairness approach outperformed the
previous fairness metric of Zografos and Jiang (2019)
in terms of trade-off with schedule displacement and
required computation time. The displacement budget
mechanism was shown to be able to make a signifi-
cant number of improvements requested by airlines
without large increases in schedule displacement.
There are numerous possible extensions to our ap-

proach. First, the base model could be modified to
model the IATAWSG to a higher fidelity. For example,
although the airport onwhichwe tested ourmodel had
more than sufficient capacity to allocate slots to all
requests, in general, this will not be true. Therefore,
the model should be extended to allow some requests
to be rejected (as is done in Ribeiro et al. 2018). In the
case where there are likely to be a lot of rejected re-
quests, there may also be a need to enforce the fair
distribution of rejections to airlines in the model.
Another important extension to this workwould be

the development of a peak indicator that not only
indicates whether a period has peak demand, but also
measures the severity of that demand. This would
allow one to distinguish between requests made in
periods with different levels of demand. As discussed
at Section 7.4, such an indicatormay lead to improved
fairness outcomes. Such an indicator could also be
used to improve the displacement budget mechanism,
by making it more expensive for airlines to reduce
displacement during highly peak periods. By en-
couraging airlines to make more attainable requests,
more improvement requests could be satisfied.
Finally, there is a need to develop faster algorithms

for solving our slot-allocation problems, particularly
for the ε-fairness problem, whose solution is the most
time-consuming part of the proposed slot-allocation
mechanism. This will be necessary in order to run the
mechanism for larger airports.

Table 4. Summary of Displacement Budget Mechanism for Hierarchical Slot Allocation

Historics New entrants Others

Baseline schedule displacement 459 291 12,867
New schedule displacement 459 291 13,174
Number of improvement requests 243 28 2,128
Total displacement improvements 0 27 384
Baseline airline costs 335.80 138.39 18,395.04
New airline costs 336.39 98.45 18,179.16
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Endnotes
1Note that our use of the term will differ slightly from that in the
International Air Transport Association (2017) WSG. There, the term
slot pool is used for the slots remaining after all historic slots have
been allocated, whereas we use it for any stage of the allocation.
2This is usually defined as the total benefit to all participants.
3This is an initiative used in the United States to hold aircraft on the
ground to avoid airborne delays.
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