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DELIVERABLE 2.1 – STATE OF THE ART REPORT

COCTA
COORDINATED CAPACITY ORDERING AND TRAJECTORY PRICING FOR BETTERPERFORMING ATM

This deliverable is part of a project that has received funding from the SESAR Joint Undertaking under
grant agreement No 699326 under European Union’s Horizon 2020 research and innovation
programme.

Abstract
COCTA project proposes coordinated economic measures aiming to pre-emptively reconcile air traffic
demand and airspace capacity, by acting on both sides of the inequality. This document presents a
review of the most relevant research efforts from the fields of Air Traffic Management, Economics
and Regulation and Operations Research. We also describe the current practices employed in dealing
with airspace congestion in Europe, on a strategic and pre-tactical level. The key findings from the
three related areas are summarised and clear directions defined for upcoming project steps.
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1 Executive summary

COCTA project proposes coordinated economic measures aiming to pre-emptively reconcile air traffic
demand and airspace capacity, by acting on both sides of the inequality. In performing demandcapacity balancing COCTA primarily aims to reduce the cost arising from lack of coordination in the
Air Traffic Management (ATM) system, stemming both from divorced planning horizons of Air
Navigation Service Providers (ANSPs) and aircraft operators (AOs), and from an inadequate pricing of
navigation services. The mismatch between the predictability for ANSPs and flexibility for AOs results
in substantial and costly capacity buffers built into ANSP planning decisions. COCTA recognizes this as
a major issue and designs mechanisms acting on both sides, to incentivize more cost-efficient
outcomes.
A thorough review of literature with relevance to COCTA is presented.
Different applications of market-based and other mechanisms within the aviation industry and
beyond are explored. A detailed evolution of demand-capacity imbalance problem formulations is
presented. Further, we assess how previous contributions applied conceptual models, as well as key
performance indicators used to test and evaluate mathematical models. We also review the current
practices in dealing with demand-capacity imbalances in Europe, employed on a strategic and pretactical level.
The economic analysis focusses on the regulatory environment in which ANSPs operate. Specific
attention is given to the regulation of the charging structure since COCTA proposes changes in the
way air navigation services are priced. It is concluded that COCTA instruments could be implemented
within the current regulatory framework in Europe.
Based on the input provided by ATM and economics research, the following step is to develop
optimization tools to make cost-efficient decisions. As a consequence, this review investigates
Operations Research (OR) literature as well. More specifically, the focus is narrowed to the choice
based revenue management (RM) topic. An overview of the variety of RM problems is provided
together with an analysis of the solutions approaches. This is followed by a summary of the different
choice models that will be considered to represent Aircraft Operators behaviour. The review focuses
on the measures that can be imported from RM context so as to guarantee more flexibility to the
Network Manager and, consequently, a better utilization of airspace resources.
Finally, building upon the findings of most relevant research efforts in the field and considering
current and foreseen economic and regulatory environment, a clear roadmap towards achieving
COCTA research goals is defined.

6
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2 Introduction

When anticipated air traffic demand exceeds available network (airspace and/or airport) capacity, it
is a safety prerequisite to establish balance between the two. This demand-capacity imbalance
problem, also known as congestion problem, has been the subject of extensive research for many
years now. It is a multi-stakeholder, multi-disciplinary and multi-criteria problem and researchers
proposed numerous approaches to theoretically solve it. Aviation industry has also put a great effort
to come up with practical solutions for the demand-capacity imbalance problem. However, extensive
flight delays and even flight cancellations due to disruptions are still the inevitable reality Aircraft
Operators and passengers are faced with. Air Navigation Service Providers aim to provide as much
capacity as necessary, which sometimes is not enough for the expected demand, but sometimes
exceeds the actual requirements resulting in increased (increment) cost of capacity provision to
Aircraft Operators. The Network Manager attempts to establish demand-capacity balance, but
presently acts merely as a mediator between capacity providers and aircraft operators.
COCTA project introduces novel concepts to tackle the abovementioned issues. The objective of
COCTA project is to propose and evaluate a redesigned Air Traffic Management environment in
which the Network Manager is empowered to co-ordinately order airspace capacity from Air
Navigation Service Providers and offer route menus to Aircraft Operators, with the overall aim to
optimize network performance. COCTA aims to timely harmonize air traffic demand and airspace
capacity by means of orchestrated application of economic instruments – incentives and variablepricing mechanisms – on both demand and capacity side.
COCTA project Deliverable 2.1 – State of the art report presents the most relevant and prominent
research efforts from the fields of Air Traffic Management, Economics and Regulation and
Operations Research. The reminder of the deliverable is structured as follows.
Section 3 provides a background and describes Air Transport System and demand-capacity imbalance
problem in general. We also describe the current practical approach to dealing with airspace
congestion. Section 4 presents Air Traffic Management and Air Traffic Flow Management literature
review. In section 5, we cover relevant economic and regulatory literature. Section 6 describes
mathematical concepts relevant for modelling within COCTA project. In section 7, we summarize our
findings from three different fields of research and provide comprehended conclusions and clear
directions for future research. List of references (Section 8) completes the deliverable.

© – 2016 – COCTA consortium.
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.
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3 Background

3.1 Air Transport System
The air transport system (ATS) is a dynamic and complex system with a high level of inter and intra
relations between its participants (subsystems): airspace users (AUs), generating air traffic demand,
and airports and air traffic management (ATM), representing the supply/capacity side (Janic, 2000).
Other relevant stakeholders also play a role in the ATS, such as manufacturing industry (aircraft,
equipment, etc.), European agencies and bodies, as well as national ones, member states, ministries,
unions (trade, emplyees) and many others.

Figure 1. Air transport system

Demand for air transport is mostly passenger and freight demand and is ‘captured’ by Airspace Users
(AUs), which provide means of transportation (aircraft).
8
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Airspace Users can be grouped into different segments, per business models and operations types:


Aircraft Operators: Traditional, Low cost, Business, Cargo and Charter carriers;



Other non-military: General aviation, Helicopter flights, Airship, Remotely Piloted Aircraft
Systems and other civil aviation;



Military1.

Aircraft Operators’ share in total is more than 95% of Instrument Flight Rules2 (IFR) traffic
(EUROCONTROL PRC, 2016). There is also a portion of ‘special’ demand, such as military or technical
flights, as well as all other flights whose primary purpose is not necessarily transportation of people
or goods (EUROCONTROL PRC, 2016). To meet demand for air transport, AUs organize their
resources (aircraft, staff, etc.) and timely plan their schedules and flights, in line with their business
models and goals. From the ATS’s perspective, these flights now constitute air traffic demand to be
accommodated by the supply (capacity) side.
There were 9.75 million IFR controlled flights in Europe in 2015 (EUROCONTROL PRC, 2016), and
future growth is anticipated (EUROCONTROL STATFOR, 2016), see Figure 2. This demand is far from
evenly distributed over the European airspace (Figure 3a). Some regions have steady traffic figures
throughout the year, be it high or low, while other regions have even 50% more flights during the
peak periods (Figure 3b). European traffic is therefore highly seasonal, usually peaking during
summer months and dropping in level during winter season (Figure 3c). Finally, there is a temporal
(daily) aspect of variability, meaning that traffic levels vary during the day as well.

Figure 2. IFR Flights in Europe 1990-2015 and medium-term traffic forecast
Source: EUROCONTROL PRC, 2016

This division is in line with SESAR segmentation (http://www.sesarju.eu/discover-sesar/partneringsmarter-aviation/airspace-users ), as well as with PRC and STATFOR market segments (EUROCONTROL
PRC, 2016).
2 A set of rules governing the conduct of flight under instrument meteorological conditions (ICAO, 1998).
1

© – 2016 – COCTA consortium.
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a) Traffic density (busy summer week)

b) Traffic variability (peak to average week)
Daily IFR flights in Europe, 2009-2014
IFR Flights in Thousands

33
28
23
18
13
8
3
2009/01/01

2010/01/01

2011/01/01

2012/01/01
Date

2012/12/31

2013/12/31

2014/12/31

c) Traffic seasonal pattern

Figure 3. Air traffic characteristics in Europe: density (a), variability (b), seasonality (c)
Sources: a)EUROCONTROL, 2015 b)EUROCONTROL PRC, 2016; c) EUROCONTROL NEST Data
10
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These flight operations are supported by probably the most complex transport system in the world
(Ball et al., 2006): nearly 40 Air Navigation Service Provides (ANSPs) (EUROCONTROL PRC, 2016) and
several hundred airports in Europe only (Wegner & Marsh, 2007), Figure 4. ANSPs, presented in
different colours in Figure 4, have the main role in providing Air Traffic Control (ATC) services; for the
en-route part of a flight Area Control Centres (ACCs) are in charge within a predefined volume of
airspace. The Network Manager3 (NM) is the central figure of European ATM; its function is to
optimise the aviation network’s performance in highly fragmented European en-route airspace with
more than 60 ACCs (EUROCONTROL PRC, 2016). Airports, shown as dots in Figure 4, are seen as an
integral part of the (airspace) network, being the starting and ending nodes of traffic flows.

Figure 4. ANSPs (in colour) and airports (dots) in Europe (2015)
Source: EUROCONTOL NEST, screenshot

A single unit of airspace (ATC sector) is capacity constrained (e.g. number of aircraft per hour) due to
safety reasons and required level of service. Each ANSP decides on how they will divide their airspace

3Eurocontrol

was nominated as the Network Manager for the Single European Sky via a Commission
Decision on 7 July 2011, C(2011) 4130 final, (European Commission, 2011).
© – 2016 – COCTA consortium.
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.
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into sectors, and how these sectors could be combined together into bigger airspace blocks
(collapsed sectors). Also, ANSPs work together, including the NM, to define the network route
structure and align it with the expected traffic flows. So not that the European airspace is highly
fragmented, as shown in Figure 4, but is also highly complex due to its dynamic nature. Namely, to
maintain, or even increase their operating capacity levels, ANSPs have to dynamically change the
layout of their sectors and structure of routes, to align it with anticipated traffic flows. Likewise, a
number of airports in Europe have limited airport capacity strategically allocated through airport
slots based on priority rules (‘Grandfathering rules’), so-called coordinated airports.
There is thus a limited capacity to accommodate traffic demand, and ANSPs and airports have to
operate flexibly to cope with various aspects of traffic variability (and predictability) and to deliver a
certain (required and/or acceptable) level of service (EUROCONTROL PRC, 2016). The lower the
predictability, the more difficult it is to match capacity to demand without inefficiencies in terms of
delay (insufficient capacity) or cost (underutilisation of resources) (EUROCONTROL PRC, 2016). While
capacity constraints can occur from time to time, area control centres (ACCs) should not generate
high delays on a regular basis (EUROCONTROL PRC, 2016).

3.2 Demand-capacity imbalance problem
There are periods during the day when traffic demand exceeds available airspace or airport capacity
in question, causing congestion4. Airspace and airport congestions occur on a daily basis in Europe
and ATFM delay has been an inherent problem of ATS ever since, Figure 5.
In general, demand-capacity imbalance can be tackled from both sides of inequality: managing, i.e.
increasing capacity to match the demand and/or managing demand according to the available
capacity. There are very limited options to increase capacity at a short notice; capacity expansion is
usually seen as a long term solution to cope with increasing demand (EUROCONTROL PRC, 2016).
Furthermore, airspace (and airport) capacity expansion is associated with major costs (Helios, 2006),
a great deal of which is passed on to airspace users, which in turn may have a negative feedback on
demand (Delgado, 2015).
As a result, common short-term remedy to capacity shortfalls is focused on the demand side of
inequality, i.e. regulating traffic levels through administrative or economic measures. Basically, these
measures aim at altering initial spatio-temporal characteristics of demand, in order to align it with
available capacity.
The usual approach to tackle the airport or airspace demand-capacity imbalance problem is to
impose ground delays to selected flights, so-called Air Traffic Flow Management (ATFM) delay, to
temporally spread the demand. If the capacity shortfall is encountered in the en-route airspace, the
resulting delay is called en-route ATFM delay. Similarly, ATFM delay originating from the lack of
airport capacity is airport ATFM delay.

4

Hereinafter, we will interchangeably use terms ‘demand-capacity imbalance’ and ‘congestion’.
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Figure 5. Demand-capacity imbalance and ATFM en-route delay in Europe
Source: EUROCONTROL, 2016

To briefly reflect on the scope of the congestion problem in Europe through ATFM delay figures only:
average en-route ATFM delay in 2015 was 0.73 minute per flight (EUROCONTROL PRC 2016). Out of
9.75 million flights, 3.9% were (en-route) ATFM delayed (ibid). The delay is not uniformly distributed:
2.0% of flights were delayed by more than 15 minutes due to ATFM regulations (ibid). Longer delays
are main contributors to airline delay costs, since one minute of a longer delay costs more than that
of a short one (Cook & Tanner, 2015). The estimated cost of en‐route and airport ATFM delay in 2015
was more than 1 billion EUR (EUROCONTROL PRC, 2016).

3.3 Practical aspects of the demand-capacity imbalance problem
3.3.1 Air traffic flow and capacity management (ATFCM) process – the
current practice
In Europe, the Network Manager’s Air Traffic Flow and Capacity Management (ATFCM) is one of the
major pillars in the process of establishing balance between air traffic demand and network capacity
(airspace and airports), (EUROCONTROL NMOC, 2016). ATFCM starts with the strategic phase
approximately one year in advance, continues with the pre-tactical phase six days in advance and
ends with the tactical phase which takes place on the day of operations, followed by the post
operational analysis phase of the previous day operations. ATFCM endeavours to make airspace and
airport capacity meet traffic demand and, when the latest capacity opportunities have been
exhausted, make the demand meet the maximum available capacity (EUROCONTROL NMOC 2016). It
is a continuous process which involves all the relevant parties (ANSPs, airports, AUs, etc.) in the
collaborative decision-making.
© – 2016 – COCTA consortium.
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.
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Figure 6. ATFCM solutions to capacity shortfalls
Source: EUROCONTROL NMOC, 2016

However, the current role of the NM in this process is merely moderation between capacity
providers (ANSPs and airports) and airspace users (mostly Aircraft Operators), since the NM has very
few instruments at disposal to actually influence capacity or demand side decisions. The NM first
evaluates a set of solutions seeking to ‘optimally’ utilize available capacity, e.g. by negotiating extra
capacity from ANSPs (green rectangles, Figure 6). If no solution is available from the first set, the NM
tries to find a solution which utilizes other available adjacent airspace capacity (close in both space
and time), e.g. re-routing flights or traffic flows (yellow rectangles, Figure 6). As the last resort, the
NM regulates the demand (upon the specific request from ANSPs) by imposing ground delays to
regulated flights or through mandatory re-routings (red rectangles, Figure 6). Although the NM
invests significant resources in the strategic and pre-tactical phase, major focus in the ATFCM process
is on the tactical phase, i.e. the day of operations, when most of the demand-capacity imbalances are
resolved through the airspace slot control and/or re-routings of flights or flows. This results with
14
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delays, longer routes flown, hence additional fuel consumption and CO2 emission, and even flight
cancelations.
The European Commission (EC) also recognizes that the lack of NM’s clear executive powers in
practice means that the NM ‘tends to decide by consensus, which often results in weak
compromises’, (European Commission 2013a). The EC however stresses that the optimisation of the
performance of the network necessitates an extended operating scope of actions by the NM (Ibid).
There is extensive literature addressing the demand-capacity imbalance problem and a number of
on-going industrial initiatives and academic research aim at further improving the process of
establishing a more balanced demand-capacity relation. In the following chapters, we provide a
detailed historical evolution of the demand-capacity imbalance problem addressed by academia and
present the current state of the art in the field. We have decided to, as much as practical, rely on the
following inclusion criteria (with minimal departure from the criteria):





Papers/publications have been peer reviewed;
Papers with numerical example, and not just with a conceptual and mathematical model
(with the exception for economics and regulation papers);
Reports from the major stakeholders, public agencies and bodies, leading research institutes;
For economics and regulation, relevant EU and wider legislation and policy;

3.3.2 Strategic network capacity planning
This section relies heavily, except where otherwise stated, on the EUROCONTROL’s Capacity
assessment and planning guidance document, Ed. 2.8, published in 2013 (EUROCONTROL, 2013).
Within the framework of Single European Sky (SES) II EUROCONTROL conducts planning and
management of the European ATM Network, following its designation by the European Commission
as the Network Manager (NM). Commission Regulation (EU) No 677/2011 details, inter alia, the tasks
of the Network Manager. It describes the Network Operations Plan (NOP) including the elements NM
shall provide in the context of the NOP, namely:
 Overall network capacity requirements;
 Local capacity requirements;
 Local capacity baselines;
 Local delay targets.
The items listed above are key elements of the capacity planning process of the Network Manager.
As a consequence, the European capacity assessment and planning process, along with the necessary
operational coordination, is one of key enablers for the achievement of the objectives set out in
European legislation: (EU) No 677/2011 and (EU) No 691/2010.

3.3.2.1 Capacity planning process: an overview
The NM produces a Network Strategic Plan (NSP) and a NOP that is published annually, and approved
by the Network Management Board. The European capacity planning process provides a major
contribution to the content of the NOP. EUROCONTROL describes the capacity assessment and
© – 2016 – COCTA consortium.
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.
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planning process in Europe in (EUROCONTROL, 2013). It takes a medium- to long-term view of the
capacities and capabilities of Area Control Centres (ACCs). This typically spans from three months
from the day of operation up to five years into the future. This process is supposed to enable an early
identification of capacity shortfalls or potential bottlenecks, allowing dialogue between the
stakeholders concerned, based on which Air Traffic Flow and Capacity Management (ATFCM)
measures can be developed if required (see Figure 7).
To support ANSPs in their local capacity planning, the NM makes an annual assessment of the
capacity delivered and of the capacity required in the medium term (the coming five years) at
network level and individually for ACCs within the ECAC area. It does so taking into account the
agreed European delay target, the traffic forecast, the expected traffic distribution over the route
network and the balance between cost of delay and cost of air navigation service provision.

Figure 7. Capacity assessment and planning scope
Source: EUROCONTROL, 2013

A range of five-year en-route capacity requirement profiles for ACCs are calculated, following the
update of the EUROCONTROL Statistical Forecasting service (STATFOR) 7-year medium-term traffic
forecast. These profiles are used by ANSPs as a basis for cooperative planning and provision of
capacity into the medium-term, and are based on the following planning assumptions:




16

Achieving and maintaining the SES II Performance Scheme and Provisional council annual
capacity targets
Accommodating future traffic growth as forecasted in the most recent STATFOR mediumterm forecast
Traffic routeing via the shortest routes available on the future Air Traffic Services (ATS) route
network, with generally unconstrained vertical profiles
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The annual capacity planning process of the Network Manager, starting in summer and terminating
the following spring, comprises a number of steps, based on a collaborative process with ANSPs (see
Figure 8), as follows:
1. Evaluate performance for the summer season – establish a capacity baseline for each ACC
2. Provide future traffic demand and distribution
3. Provide future capacity requirement profiles and delay breakdown per ACC (according to
European targets)
4. Provide support to ANSPs to develop local capacity plans
5. Consolidate the capacity plans in the NOP
6. Provide a network and local delay forecast, summer and year
7. Identify capacity bottlenecks and propose improvement actions/support
8. Revise capacity plans and update the network and local delay forecast if necessary

Figure 8. Annual Capacity Planning Process
Source: EUROCONTROL, 2013

A reference capacity requirement profile is established for each ACC. It is linked to the baseline
STATFOR medium-term traffic forecast and the shortest routes available on the network. Alternative
scenarios – based on high and low traffic growth on shortest routes and baseline traffic growth
distributed on the current route network – are also provided. Those should support ANSPs in an
interactive and flexible planning of ATM capacity and to better reflect local conditions. Support is
© – 2016 – COCTA consortium.
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.

17

EDITION [01.00.00]

given, from a network perspective, to enable ANSPs to determine which scenario would best match
their local conditions.
Since the interdependencies on a network level are extremely high in Europe, the capacity planning
process helps to ensure that integrated plans are developed locally and on network level. This is
supposed to enhance and make the best use of the European ATM capacity, in a cost- effective
manner.
Capacity requirements, annual and forthcoming summer delay breakdown, forecasts and plans are
published in the NOP at the start of each year and updated as required. The five-year capacity plans
published in the framework of the Local Single Sky Implementation Plan (LSSIP) are also derived from
this process and are consistent with those of the NOP.
The capacity requirement for an ACC is clearly dependent on the distribution of traffic over the
European network, horizontally and vertically. The demand to be accommodated in the future is
determined, taking into account the desire of users to fly the most direct routes and optimum
vertical profiles, in the context of the anticipated evolution of the route network. Changes to the
route network and traffic distribution can induce significant changes in terms of the demand (and
therefore the required capacity) at individual ACCs, even during periods of limited traffic growth.
In the capacity planning process, it is assumed that aircraft will follow the shortest routes available
on the network between city pairs according to the future route network, on essentially
unconstrained vertical profiles. Nevertheless, some existing structural traffic distribution scenarios
are retained. Importantly, there is no ‘dispersion’ of flights assumed between equivalent routes
between city pairs.
Capacity plans mainly focus on the summer season as it is the busiest period in Europe with highest
delays. For winter season, individual ANSP transition plans are analysed and coordinated to ensure
minimum effect on network operations from temporary capacity reductions due to implementation
of changes to airspace, routes, sectorisation and ATC systems, which often occur during the winter
period. An annual Transition Plan is published to highlight where capacity may be reduced according
to ANSP transition plans or where there may be a resultant effect on the Network.

3.3.2.2 Various definitions of ATC capacity involved
The Performance Review Commission (PRC) in its annual Performance Review Reports (PRRs) uses
the term effective capacity when quantifying capacity at European level. ‘Effective capacity’ is
defined as ‘the traffic volume that the ATM system could handle with a certain level of average enroute ATFM delay’. This capacity indicator is derived from a linear relationship between delay
variation and traffic variation (see PRR 5 2001, Annex 6). The indicator is used in comparing the
evolution of effective capacity and air traffic demand over periods of time.
Two more ways are mentioned in which ACC measured capacity is considered during the planning
process:


18
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not possible to determine whether any spare capacity was available.
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Potential capacity is the maximum capacity that could have been delivered during the
measured period, considering the number and capacity of operational ATC sectors,
maximum controller availability and the ATM system and infrastructure capability.

However, for capacity planning purposes, it is always the offered capacity which is measured. This is
done to ensure consistency with future capacity requirements, addressing the level of capacity which
actually needs to be delivered.

3.3.2.3 Economic considerations in European airspace capacity planning process
The NM makes an assessment of the delay breakdown and capacity required in the medium term,
individually for ACCs within the ECAC area, taking into account:
 The European delay target
 The capacity baselines per ACC
 The forecasted demand per ACC
 The balance between cost of delay and cost of air navigation service provision
The Model for Economical Evaluation of Capacities in the ATM system (MECA) is used for this
purpose. Figure 9 depicts the key rationale behind the concept, suggesting that capacity costs (i.e.
the cost for provision of ANS) are assumed to increase linearly with capacity provided (measured as
flights per hour). This assumption is said to had been supported by Central Route Charges Office
(CRCO) analysis and confirmed in the Performance Review Report 2003 (blue line in Figure 9).

Figure 9. Total economic cost of ANS provision
Source: EUROCONTROL, 2013
© – 2016 – COCTA consortium.
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The cost optimum is the point at which the sum of the cost of ANS capacity and the cost of delay is
minimised, i.e. an increase in either element of cost will result in an overall increase in the cost of
capacity. Therefore, ACCs with a capacity surplus have an extra cost in capacity, whereas ACCs with
capacity shortfall have an extra cost in delays (see Figure 10).
This methodology was developed in late 1990s by the Performance Review Commission.
The following parameters influence the level of the system-wide modelled cost optimum capacity:


Currently available level of capacity and traffic evolution: the system-wide modelled costoptimum delays depend on the level of capacity already available versus the traffic evolution
that is expected in the future.
 Cost of capacity: The system-wide modelled cost optimum depends on the unit cost of
capacity. The higher the cost of capacity, the higher the system-wide modelled cost-optimum
delays, as it would cost more to invest in capacity.
 Cost of delays: The system-wide modelled cost optimum depends on the cost of delays. The
higher the cost of delays, the lower the system-wide modelled cost-optimum delays, as it
would cost more to have higher levels of delays.
The NM analyses suggest that the system-wide modelled cost-optimum delays are quite stable over
time. The trends show that the three parameters influencing it are evolving towards a reduction of
the system-wide modelled cost optimum delays. Studies performed in the late 1990s and in 2012 by
the PRC indicated that annual value for the system-wide modelled cost optimum delays was in 1997
around 0.3 minutes per flight going down to 0.2 minutes per flight in 2012 as a result of traffic
growth, capacity increase actions, increase in cost of delay and reduction of unit costs.

Figure 10. Trade-off between cost of capacity and cost of delay
Source: EUROCONTROL, 2013
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It should be noted the above-discussed delay target (cost-optimum delay) corresponds to a first level
of economic optimisation, whereby the right level of capacity is provided under the prevailing cost of
capacity and cost of delays (static efficiency). The logical next step, taking a longer-term perspective,
would be to improve the cost of capacity, so as to meet the performance targets in the most costefficient way (dynamic efficiency), see Figure 11.

Figure 11. Static and dynamic economic optima
Source: EUROCONTROL PRC, 2004

3.3.2.4 Calculation of the Required Capacity Profiles and Delay Breakdown
For each ACC a range of 5-year capacity requirement profiles are produced, along with the
corresponding delay breakdown. They are calculated to ensure that the European delay target is
reached, at the minimum global cost, avoiding the cost of a capacity surplus or the cost of a capacity
shortfall.
MECA is calculating the capacity requirements and the delay breakdown, based on the following
inputs:




Capacity baseline: used as a starting point.
Future traffic demand: a range of scenarios is proposed, from the low to the high STATFOR
traffic forecast, with flights routed either on current routes, or on the shortest routes
available on the future route network.
European delay target: The level of delay which needs to be achieved at network level will
have an impact on the capacity requirements and delay breakdown.
© – 2016 – COCTA consortium.
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 Cost of capacity and cost of delays.
To determine ACC required capacity profiles and the corresponding delay breakdown per ACC, MECA
through an iterative process calculates delays and increases the capacity in the different ACCs until
the network delay target is reached. These iterations are optimised in order to reach the European
delay target at a minimum total cost. Capacity is increased at the ACCs offering the best Return on
Investment (ROI). The capacity will be increased first in the ACCs where there are a lot of minutes of
delay (thus cost of delay goes down). When the European delay target is reached, the results are the
capacity profile requirements and the delay breakdown for each ACC.
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4 Air Traffic Management literature review

4.1 Academic perspective on the demand-capacity imbalance
problem
The demand-capacity imbalance problem in the air transport system has been the subject of
research for almost four decades now. Numerous academic papers and reports address various
formulations of the demand-capacity imbalance problem, gradually increasing the complexity
thereof. We introduce the following notion and definitions to describe and classify different
congestion problems formulations.

4.1.1 Notations and definitions
Demand-capacity imbalance problem formulation (network-aspect). In most general terms, from
the network perspective congestion problem can be formulated as:




Single-airport demand-capacity imbalance problem, also known as single-airport ground
holding problem (SAGHP), where only one airport is congested, i.e. expected demand
exceeds declared airport capacity for a certain period.
Multiple-airport demand-capacity ground holding problem (MAGHP), where a number of
interconnected airports are considered and some of them are congested.
Air Traffic Flow Management problem (ATFMP), where not only airports are congested, but
airspace resources (en-route ATC sectors) as well.

Dynamic aspect of demand-capacity imbalance problem. Congestion problems could be observed as
static or dynamic. When a demand-capacity imbalance problem is considered as static, one typically
performs a single-stage optimisation to resolve it. On the other hand, for dynamic congestion
problems, one constructs partial solutions at different time stages, based on updated information,
e.g. better forecast of weather and traffic demand.
Stochastic aspect of demand-capacity imbalance problem. Congestion problems could be observed
as deterministic or stochastic. The stochastic case explicitly includes various aspects of (demand
and/or capacity) uncertainties, i.e. constraints and decision variables are not known with certainty.
Different scenarios are usually defined with a tree-like structure to facilitate problem solving (e.g.
solving one or several deterministic equivalent problems).
Demand management actions/measures. Demand management (DM) generally refers to any set of
administrative or economic measures and regulations aimed at constraining the demand for access
© – 2016 – COCTA consortium.
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to a busy part of infrastructure (e.g. airspace or airport) and/or at modifying the spatial and temporal
characteristics of such demand, to bring it closer to available capacity (de Neufville & Odoni 2003;
Padova Ricerche, 2011). DM measures therefore aim to modify initially planned 4D flight profiles
(three spatial and one temporal dimension) so as to match capacities available. Available DM
approaches can be classified into three categories: purely administrative, purely economic, and
hybrids. Whereas administrative measures simply do not permit an aircraft to use the overloaded
portion of the infrastructure at a given time, by means of quotas, slot administration etc., economic
and hybrid measures force users to consider the full(er) cost of access, including the delay costs they
impose on other users. Demand management is thus often referred to as access control, since it
basically aims to restrain access to overloaded parts of infrastructure, either at all times or at
selected times (de Neufville & Odoni 2003).
Typical administrative DM measures are:





Ground or airborne holdings, usually resulting with delays (opposite is ‘advancing
flights/traffic’, when flights are ready to depart before their estimated departure (off-block)
times).
Mandatory re-routings, usually resulting with longer routes flown (similar is ‘flight level
capping’ when flights are not allowed to exceed a certain flight level before the predefined
point is reached).
Speed control, i.e. reducing and increasing (rarely) aircraft speed.
Sequencing, i.e. setting a minimum distance (in space or in time) between two consecutive
flights (e.g. between two departing or arriving aircraft).

Market-based DM measures force resource allocation based on users‘ willingness to pay and include:



Peak-load pricing and similar differential pricing measures, when flights pay more for using
capacity resources during peak (high demand) periods and less in low demand periods.
Slot auctions and trading as a means of establishing demand-capacity balance (typically at
airports), where AUs pay for preferred departure/arrival times. Auctions are one way of
(re)allocating scarce airport capacity, whereas the rules for initial airport slot allocation are
rather administrative measures (e.g. ‘Grandfathering rules’).

Temporal aspect of demand-capacity management planning. Depending on the timing relative to
flight operations, we typically differentiate between long-, medium-, short-term and real-time
planning (strategies/measures) to establish demand-capacity balance.




24

Long-term planning is usually regarded as ‘Strategic’, but the associated strategic time-frame
has not been as consistent in the literature, ranging from several years down to several days
before the day of flight operations. To be consistent with the practice, throughout the
literature review, as well as during the whole course of COCTA project, strategic planning will
refer to period starting several months (up to a year) before and down to a week before the
day of (flight) operations (EUROCONTROL NMOC 2016).
Medium-term planning is sometimes regarded as ‘Pre-tactical’. We use the term ‘pretactical’ planning to refer to a period which spans from six days to one day before the day of
operations.
Short-term planning in most of the cases is planning which happens on the day of operations,
so called ‘Tactical’ planning (we adopt the same time-frame).
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Real-time strategies are considered and applied once the flights are airborne.

The real-time planning and measures to mitigate/alleviate congestion are mostly in the ATC domain,
while ATM planning comprises the other three time-horizons.
The other temporal aspect of demand-capacity management is the foreseen time period for DM or
CM actions to be applied (duration), geographical aspect (local, regional or network level) and a
number of flights subject to DM actions (e.g. locally - only those using constrained resources or other
network-wide flights as well).
Key Performance Indicators for model evaluation. The usual approach in the literature is to use a
cost indicator (cost of delay, re-routing, cancellation, etc.) for model testing, comparison and
evaluation. However, there are other indicators, such as capacity utilization, number of cancelled
flights, equity, etc. Based on a number of criteria there are single or multi-objective mathematical
models of congestion problem.
In this section, we review and present the most relevant academic papers addressing demandcapacity imbalance problem, focusing on:






evolution of the congestion problem formulation (chronologically);
demand and/or capacity management actions applied (e.g. administrative and/or economic
measures);
assumption and model formulations (e.g. deterministic or stochastic, static or dynamic);
timing of DM actions decision making (e.g. pre-tactical or tactical);
key performance indicators for model evaluation (e.g. delay minutes/costs, number of
cancelled flights);

Also, we pay attention to data sources used in the research (e.g. artificial data, EUROCONTROL data
sources) and instances of the problem (e.g. small scale or large scale).

4.1.2 Evolution of demand-capacity imbalance problem
Having in mind the background presented, the COCTA research objectives and a broad literature on
the demand-capacity imbalance problem, we have decided to, as much as practical, rely on the
following inclusion criteria (with minimal departure from the criteria):




Papers/publications have been peer reviewed;
o Journal papers and publications (e.g. Transportation Research Part: A; B; C; Journal of
Air Transport Management),
o Leading ATM conference events, such as: US-Europe ATM Seminar, SESAR Innovation
Days, ICRAT, etc.,
o PhD Theses.
Papers with numerical examples (merely a conceptual and/or mathematical model is not
sufficient for inclusion);

© – 2016 – COCTA consortium.
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Reports from the major stakeholders, public agencies and bodies, leading research institutes,
such as: EUROCONTROL and EUROCONTROL Experimental Centre in Bretigny, MUAC,
Performance Review Unit, European Commission, MIT, FAA, etc.;



Papers/reports/deliverables published under SESAR WP-E exploratory research, as well as
available reports from the SESAR and NEXTGEN industrial research and applications.

4.1.2.1 Single-airport ground holding problem (SAGHP)
First papers addressed demand-imbalance problem at a single airport. Typically, one tries to find
optimal sequencing of departures and arrivals, given the airport capacity constraints (defined by
maximum number of operations in a given period) and criterion function. In its basic form, a typical
SAGHP is a Generalized Assignment Problem (Agustín et al., 2010). A binary decision variable is used
to assign flights to time periods (slots) for take-off or landing, and based on slot allocation delay for
each flight is calculated. The usual assumption is that there is a time period (after congested one)
with sufficient capacity to accommodate delayed flights.
Odoni (1987) is one of the pioneering papers which describes and defines the demand-capacity
imbalance problem (real-time planning to minimize congestion costs). Andreatta & Romanin-Jacur
(1987) define a stochastic form of the SAGHP, considering only a single time period (for dynamic
programming optimisation). The main assumption is that arrival capacity at Boston Logan airport,
modelled as a random variable, is the bottleneck during observed single period. Bianco et al (1987)
seek for maximisation of single runway utilisation and model the congestion problem as a n-job, onemachine scheduling problem. Extension of SAGHP over multiple periods is presented in (Terrab,
1990) and (Terrab & Odoni, 1993). Deterministic SAGHP assumes arrival capacity as a deterministic
function in time and can be formulated as an integer programming model; static stochastic extension
of the problem is solved with dynamic programming, while dynamic formulation of SAGHP is solved
using heuristics. Richetta & Odoni (1993, 1994) addressed stochastic SAGHP and argue the
superiority of dynamic and stochastic problem formulations over static and deterministic ones,
because they provide a better representation of the real-world problem. A dynamic stochastic
optimization based approach is presented in (Mukherjee, 2004; Mukherjee & Hansen, 2007), where
ground delays assigned to flights can be revised during different decision stages with updated
weather forecasts.
Hoffman (1997), Ball et al. (1999) and Ball et al. (2003) propose somewhat different integer
programming formulation of static and stochastic SAGHP. Namely, ground delays are still assigned to
individual flights (disaggregated level), while decision variables are aggregated on a period level,
reflecting available capacity for that period. Authors claim several advantages of such approach. As
first, it is in line with proposed Collaborative Decision Making (CDM) approach to tackle demandcapacity imbalance. Also, it is possible to significantly reduce the number of decision variables, as
well as to obtain integer solution with linear programming relaxation (ibid).
Ground delay has been an almost exclusive DM action to establish demand-capacity balance, applied
at tactical level. Since it is generally accepted that it is safer and less expensive to absorb delays on
the ground than airborne (in a different problem formulation, Lulli & Odoni (2007) finds the
opposite), many models have been developed to assign ground holdings delays optimally. However,
airborne delays are inevitable in some cases, so Ma et al. (2004) present a model based on multicommodity dynamic network flow for short-term air traffic management, where ground delays and
airborne holdings are minimized.
26
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Usually, in the SAGHP studies dealing with GDP decision-making, the only objective is to minimise the
delay cost (e.g. more recent papers Liu et al., 2008; Mukherjee et al., 2012). There are a handful of
papers addressing trade-offs between different performance indicators, for instance, between
(cost)efficiency and equity (Ball & Lulli, 2004; Mukherjee & Hansen, 2007). Liu & Hansen (2013)
consider different performance indicators (goals), namely: capacity utilization, predictability,
efficiency and equity. Using the expectations of the performance goals, authors calculate trade-off
curves between the performance goals and relate these to decision-making on ground holding
policies (ibid).
Most of the SAGHP papers assume independent operations at airports, i.e. that there is no
dependency between number of departures and arrivals, which is a rather strong assumption.
Dell’Olmo & Lulli (2003) define the problem of finding the optimal trade-off between departures and
arrivals to reduce a delay function; they use a more realistic representation of airport capacity, i.e.
capacity envelops. On the other hand, SAGHP assumes unlimited network capacity (other airports
and airspace sectors) and in most of the cases does not consider coupling of consecutive flights.

4.1.2.2 Multi-Airport Ground-Holding Problem (MAGHP)
Including connectivity in the network between airports with scarce capacity was a natural extension
of the SAGHP (still assuming unlimited airspace capacity). MAGHP has multiple constrained airports
and is in general a more difficult problem to solve than SAGHP. Also, MAGHP takes into account so
called ‘network effect’ – when one flight is delayed, this delay could be propagated to subsequent
flight(s). At a model level, this means introduction of coupling of consecutive flights constrain, which
increases model complexity and computational times (Vranas et al., 1994). The basic MAGHP model,
e.g. Vranas et al. (1992), assumes that the departure and arrival capacity of the airports are
deterministic functions, known in advance with certainty. As in SAGHP, vast majority of the research
papers considers short-term and real-time planning and measures.
Wang (1991) is one of the pioneering MAGHP papers; the author presents a network model which
addresses the global problem of optimally combining a number of local congestion mitigation
strategies to relieve multiple interdependent occurrences of congestion.
Vranas et al. (1994) consider the network of airports and associated flights departing from and
arriving at an airport within the network (static and deterministic case). They present three different
models, one of which considers flight cancellation, since the introduction of upper bound for delay
could have yielded unfeasible solution. The authors use ground slack time5 to limit coupling of
consecutive flights, accounting indirectly for excessive delay due to late arrivals in the objective (cost)
function (ibid). They find that optimal solutions with and without coupling constraint are almost the
same when all flights have the same cost function (homogenous demand), unrealistic, but wellestablished practice of Federal Aviation Administration in the US.

Aircraft Operators embed slack (buffer or padding) in their schedules, with primary intention to
strategically compensate for (a portion of) tactically anticipated delays, while maintaining the on-time
performance of flights and the operational reliability of schedules (Wu, 2005).
5
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Vranas et al. (1994b) present a dynamic formulation of the problem with several pure integer
programming formulations; e.g. one formulation allows the dynamic updating of the mix between
departure and arrival capacities by modifying runway use. Andreatta et al. (1997) propose a heuristic
approach based on priority rules, i.e. which flight among two has priority over the other. Another
example of heuristics is in Zhang et al. (2007) where a co-evolutionary genetic algorithm is proposed
for MAGHP. Authors assume that the relationship between departure and arrival capacity can be
presented by (capacity) curves according to different runway configurations, weather conditions, etc.
(ibid). They test and validate the model using real-world data for Beijing, Shanghai and Guangzhou
ATC Centres of the Civil Aviation Administration of China.
Andreatta & Brunetta (1998) conduct comparison of computational performance of three
deterministic models for MAGHP: Vranas et al. (1994), Andreatta & Tidona (1994) and Bertsimas &
Stock (1994). They use a set of seven test instances, followed by a set of 32 ‘realistic’ test problems.
The authors conclude that Bertsimas and Stock model performs best in most cases especially due to
strong formulation that yield integer solution of linear programming relaxation. Furthermore,
Bertsimas & Stock (1994) model accounts for en-route capacity limitations, which was a novel model
feature at the time.
In general, MAGHP assumes unlimited airspace capacity which was still applicable for the US
airspace, but not a suitable description of the emerging situation in Europe. Airspace capacity
became a bottleneck in the network as well, so this limitation had to be taken into account to have a
more realistic model representation of the real world.

4.1.2.3 Air Traffic Flow Management Problem (ATFMP)
Increasing airspace capacity shortages in Europe have led to accounting for this constraint in MAGHP
models. Following the paper of Bertsimas & Stock (1994) and its extension (Bertsimas & Patterson,
1998), the majority of papers started addressing a more general Air Traffic Flow Management
Problem (ATFMP), with airspace capacity constraints taken into account as well. Since ATFMP is the
most advanced formulation of demand-capacity imbalance problem, we present the most relevant
papers in more detail.
The usual approach to solving ATFMP is to find an (optimal) mix of ground and airborne delays and
re-routings of flights or flows to minimize an aggregated cost function (some studies do not consider
all of aforementioned DM measures). For instance, Tosic & Babic (1995) emphasise a difference
between possible approaches to solving ATFMP. First, the problem could be solved using only
temporal solution (delay), and after that, if necessary, one could also seek for both temporal and
spatial solution (re-routings). The authors argue that in some problem instances delaying flights or
flows only is not sufficient to resolve congestion (as some delays might be prohibitively long,
therefore expensive), so it is reasonable to include re-routings (horizontal) or altitude changes
(vertical) options as well. Some authors include flight cancellations as well (e.g. Agustin et al., 2012).
Alternatively, one could also think of aircraft speed control to prevent creating capacity bottlenecks,
within a reasonable speed range for a given flight stage for that aircraft type (eventually, speed
control could be translated to airborne delay). As a digression, note that once airborne, flights could
complementary compensate some departure delay as well (instead of adding), be it in terms of
minutes or cost savings. For instance, Cook et al. (2009) suggest using dynamic cost index (speed vs.
fuel burn vs. environment trade-off) concluding that, in certain cases, even small delay recoveries can
be worth the fuel penalty in terms of increasing arrival predictability and minimising disruption at the
airport (see also Delgado and Prats, 2012).
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Zenios (1991) propose a deterministic model to optimize traffic flows and demand-capacity
imbalance in an en-route sector, by controlling ground delays and flight levels. The objective function
is of dual nature considering delay costs along with safety risks (risk is defined through occupancy
coefficients, which indicates the fraction of time that two planes are in the vicinity of each other,
thus contributing to the congestion of the sector). Delahaye et al. (1994) considered controller
workload in the traffic assignment problem rather than using capacitated airspace (similar is
Delahaye & Odoni, 1997). The objective of the study is to minimize transportation costs and
controller workload, where transportation cost included cost of distance travelled and congestion on
the route and controller’s workload included monitoring, conflict and coordination workload. They
used a genetic algorithm to solve this complex problem. A more usual approach in ATFMP studies
with aggregated traffic flows is to model safety6 as a hard constraint (among many, Jovanović et al.
2014) and not allow more than specified number of aircraft entries into single capacity resource per
unit of time (e.g. aircraft entries per hour).
Bianco & Bielli (1992) propose a (disaggregate) model to optimize flight plans of each aircraft by
control actions such as altitude variation, speed control and ground (departure) delays. The objective
is to minimize total delay and deviation from the nominal flight profile for all the flights. The optimal
strategy of the traffic congestion problem is formalized as a maximum flow problem on the network:
maximize source-generated flows so as to better match traffic demand with system capacity.
Similarly, Helme (1992) models airspace structure as the space-time network. The problem is
formulated as minimum cost flow with capacitated links and implicit methods for handling capacity
uncertainty as well as hubbing (for hub & spoke operations) were proposed. While formulation of
this model is straightforward, its computational performance is poor as referred in Bertsimas &
Odoni (1997). A number of papers also focus on a large-scale instances of the network and
computational times (Bertsimas & Patterson, 1998; Bertsimas et al., 2008; Churchill et al., 2009;
Agustin et al. 2012a; Agustin et al. 2012b) applying a combination of various DM actions (ground
delays, re-routings, speed control and flight cancellation) to minimize aggregated delay (cost). A
central ATM decision maker decides on a set of DM actions to satisfy capacity and coupling
constraints, assuming that aircraft rotations and turnaround times are known in advance. Churchill et
al. (2009) notice that there is a limitation for using the coupling of consecutive flights in practical
model applications, not only because of increasing computational times, but due to the fact that the
information of aircraft rotations is proprietary and airlines are not likely to disclose them.
Tošić et al. (1995) propose a discrete model of ATFMP with en-route capacities formulated as binary
integer programming with ground delays as decision variables. The model is classified as multielement, multi-period, deterministic and static. Interestingly, model stays linear even when delay
cost is not linear, because nonlinear dependence is expressed through the objective function. It is
widely accepted that the functional relationship between delay duration (in time units) and delay
costs (monetary value of delay) is non-linear (e.g. Castelli et al., 2011). For instance, Cook & Tanner
(2015) calculate in detail delay cost reference values for European airlines, following and updating
the historical delay costs reports of University of Westminster. They show that cost of strategic delay

Safety and safety related topics are a different field of research in the ATM research/academic
community.
6
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(schedule buffer time) is linear with time, while the cost of tactical delay (beyond strategic) is of nonlinear nature.
One of the frequently cited papers dealing with AFTMP is Bertsimas & Patterson (1998). They define
decision variables as the times at which aircraft will be at selected points along their routes (variable
takes value 1 if a flight arrives in the sector by the given time). As reported in many other papers (e.g.
Agustín et al. 2010), binary variables defined this way make binary integer programming model
formulation very efficient. This enables very good computational times, that is, the model is capable
of solving large, realistic size problems in a reasonable time. Bertsimas & Patterson (1998) examine
several variations of the model taking into account: interdependency between arrival and departure
capacities at airports, hubbing effect, multiple pre-sequent flights and flight rerouting. Notably, they
proposed two potential approaches to model re-routing decision: ‘path approach’ and ‘sector
approach’. In the path approach, a set of possible routes that a flight may fly is defined, whereas in
the sector approach, route is defined on the run i.e. at each sector in its route it is decided which
sector to enter next. Leal de Matos et al. (2001) and Leal de Matos & Powell (2003) also examine
several optimization models for flight re-routing, which are relevant in the context of European flow
management. Authors apply two-stage approach to solve the re-routing problem. At the first stage,
they identify feasible alternative routes for each flow. At second stage, routes are assigned to each
flow so as to minimise the total cost of re-routings (assignment problem).
Papers considering re-routing as an option usually define a static network with air navigation points
(fixes) and route structure. Another approach is a free flight concept, which still has a route-like
structure, but without fixes. For instance, Dell’Olmo & Lulli (2003) propose two-level hierarchical
architecture for ATFMP: the first level is network airways system and the second is a single airway.
Dynamic multi-commodity, with each flight representing commodity, network flow problem with
side constraints is formulated and solved at the first level (network). At the second level,
optimization is carried out on arcs of the network where the flows exceed capacity. In such
optimisation process, resulting flight trajectories resemble those in the free flight scenario. One
drawback of the model is its nonlinearity and very long computational times.
Lulli & Odoni (2007) presented an approximate, low-level-of detail deterministic model for the EU
ATFM environment in order to highlight the critical characteristics of the system: (a) the intrinsic
complexity of optimal ground and airborne holding strategies; (b) the fundamental conflict that may
arise between the objectives of efficiency and equity, which seems to be widely observed
phenomenon. A number of papers address equitable resource allocation in the ATM, defining equity
as ‘equal outcome’ (Transportation Research Board, 2011), considering equity over a period of time
(Tošić et al., 1995) or as ‘delayers pay principle’ (Levinson and Rafferty, 2004). A few studies also
consider balancing between efficiency and equity, for instance, by including both components in the
objective function (Glover and Ball, 2013) or bi-level approach maximizing efficiency first and equity
second (Kuhn, 2013). Vlachou & Lovell (2016) aim to improve the planning of en route traffic
management initiatives in the US environment, by granting AOs some ability to express their
preferences for flights for allocation details (e.g. delay allocation). They propose a concept where
AOs could express their preferences, without having to revealing their cost functions. Also, Vlachou &
Lovell (2016) test if the AOs will have equal treatment in the long-run, with regard to the slot
allocation mechanism chosen. To evaluate their preference structure and allocation mechanism, they
introduce a fair share deviation indicator which shows how much the actual average share (number
of slots allocated to each AO) deviates from the fair share estimated before the allocation. They
show that, for their two scenarios (deterministic and stochastics flight times), AOs in the long-run
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would get, on average, equal share of slots. Lastly, equity might also be seen as largely a matter of
perception and metrics used to measure it Glover & Ball (2013). Notably, neither equity, nor similar
notions, are explicitly addressed in the current European Commission high-level transport policy
Jovanović et al. (2015).

4.1.3 Studies based on economic demand management measures
Apart from far more numerous contributions related to administrative ‘‘tactical’’ flow management
measures a handful of papers in the field of economic DM measures were presented in recent years.
We reflect on the most relevant ones.
Andreatta et al. (2001) discuss in broad terms the possibility of en-route charges being adjusted to
reflect the presence of airspace congestion, and consequently act as a means to reduce the
congestion. They conceive a set of differential charges, which would be set in such way that the total
amount of charges collected corresponds to the cumulative cost incurred by ANSPs. No detailed
elaboration of the proposed concept was presented.
Leal de Matos (2001) argues that certain potential exists to employ price discrimination in the ATM
system, due to its characteristics, namely: fixed capacity, high fixed and low variable costs, temporal
variability of demand, and market segmentation. The likely practical issues associated with such a
solution are also listed, such as insufficient knowledge on the airlines’ elasticity with respect to route
charges, a problem of defining a long-enough peak period, or the problem of coordination of pricing
policies across ANSPs.
Deschinkel et al. (2002) investigate the possibility of influencing airlines’ route choices (departure
time and route) by differential sector pricing. The problem of restricting the number of price levels
and of assignment of one price level to each sector at each time period was studied using a Logitbased simulation. The objective was to minimise the quadratic difference between the desired and
an expected flow. The results suggest that a relatively simple differential pricing scheme might be of
considerable help in reducing the en-route congestion. However, the proposed objective function
seems too provider- centric, taking no account of the total cost to airlines of the resultant traffic
assignment.
Raffarin (2004) proposes a new ANS pricing rule, wherein charges would: (1) be inversely
proportional to aircraft weight, which would favour the use of larger aircraft, and (2) take account of
the congestion cost. It is argued that such a scheme would improve the social surplus and tackle the
congestion problem at the same time, by internalising the negative effect of ‘‘too many frequencies’’,
which was being incentivised by the EUROCONTROL charging scheme. This work represents a
noteworthy contribution in the field, shedding some more light on possible charging remedies to the
airspace congestion problem from a chiefly economic perspective, yet somewhat disregarding the
likely operational and distributional consequences associated with the proposed solution.
Castelli et al. (2011) propose a market mechanism based on iterative auctions, wherein slots would
be assigned to flights in situations when demand exceeds the capacity of a single en-route sector or
airport. The improvements over the present centralised slot administering system arise in terms of
partly compensated delay costs for airlines which receive later slots. The funds for such
© – 2016 – COCTA consortium.
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compensations stem from carriers willing to pay to get an earlier slot than originally allocated. This
paper is a notable contribution in the field of tactical market-based mechanisms to deal with flight
delays. However, it explores only the temporal dimension of the problem, making no use of possibly
vacant capacity (the possible existence of alternative routes in 4D). Such an approach results in
decreased cost of delay compared to present slot allocation practice, but brings no improvements to
network capacity utilisation as such.
The usual application of market based mechanisms is for (re)allocation of airport slots at strategic
level. A major focus in this field is on airport slot trading (e.g. Pellegrini et al., 2012) and effects
thereof (e.g. Fukui, 2014), airport slot allocation mechanism (among many, Avenali et al., 2015;
Corolli et al., 2014) and efficiency thereof (Madas and Zografos, 2008; Ranieri et al., 2013). Castelli et
al. (2012) propose an airport slot allocation (deterministic) model, considering the network
constraints and matching the departing and arriving slot, in a more equitable manner.

4.1.4 State of the art – SESAR research
SESAR research conducted under Work Package E (WPE) – Long Term and Innovative Research is
currently state of the art in various domains of ATM research. The scope of WP-E is to stimulate longterm research, creativity and innovation in order to develop the scientific knowledge aimed at
extending the SESAR vision and to complement SESAR activities (SESAR JU, 2016). SESAR Long Term
and Innovation Research themes were defined with the advice of the Scientific Committee, namely:
(1) legal aspects of paradigm shift; (2) towards higher levels of automation in ATM; (3) mastering
complex systems safely; (4) economics; and (5) performance (SESAR JU, 2016). We briefly reflect on
the most relevant, and recently completed, projects in the context of foreseen COCTA research
framework.
ONBOARD (Probabilistic Network Based Operations) project goal is to improve the performance of
the ATM system as a whole, in the short-term (tactical and real-time) planning phase by developing
new models and algorithms to enable the Network Manager to better manage the disruptions, in
particular those linked with uncertainty, such as weather forecast and AOs response to disruptions
(Alvarez et al., 2011). The idea is to improve ATM performance by explicitly incorporating uncertainty
into the traffic flow management, by combining robust model predictive control and optimization of
air traffic flows (ibid).
The efficiency of ATFM optimizations in preventing local demand-capacity imbalances rely on
accurate predictions of available capacity; however predictions are inherently associated with
uncertain due to many factors, for instance, factors such as weather effects and unscheduled
demand (Clare & Richards, 2012). They propose a deterministic discrete-decision mixed-integer
linear programming optimization model of ATFM, with the objective to minimize a weighted sum of
ground and en-route delay and assumed discrete probability distributions to represent sector
capacities for each time period (chance constraints). They use a small scale example with 4 airports, 5
sectors and 6 aircraft to demonstrate the applicability of the proposed methodology. The results
suggest that the introduction of chance constraints reduces the frequency of scenarios with a sector
capacity violation compared to pure deterministic model. However, the formulation of chance
constraints for a static solution as presented may prove over conservative for larger problem
instances.
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Clare et al. (2012) describe the integration between two elements, Figure 12:



the Airline Operations Centre (AOC) which calculates the necessary airspace user recovery
plans to cope with adverse scenarios and
the Network Manager (NM) which solves the demand capacity balance problem
incorporating uncertainty.

The objective of the AOC is to provide a sequence of consecutive flights (per aircraft) to minimise the
total cost and which guaranteed the planned flights have been flown once. The optimization model is
formulated as a linear integer programming; to represent the problem as an integer programming
problem, a commodity flow model is used. The objective of the NM is to minimise a weighted
combination of airborne delay and ground delay.
Clare et al. (2012) argue that the presence of uncertainty combined with planning for the most likely,
or ‘nominal’ capacity, will often result in demand-capacity imbalances in the execution phase.
In general, uncertainty in the planning phase is usually addressed by robust planning (to make an
operation plan resilient to all possible scenarios), contingency planning (e.g. predefined recovery
plans for each scenario) and re-planning. Robust planning involves designing a single plan which
would satisfy the demand-capacity balance in all possible scenarios. Unfortunately, such a solution is
often infeasible and certainly would be very conservative. Instead it is desirable to create tailored
solutions for each scenario, otherwise known as contingency planning.

Figure 12. AOC and the NM integration
Source: Clare et al. (2012)

Clare et al. (2012) rely on model predictive control with disturbance feedback. They claim that
incorporating feedback into the solution is an efficient way to calculate contingency plans for a series
of possible scenarios. For testing and evaluation purpose, they used a case study with 30 flights in 10© – 2016 – COCTA consortium.
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hour period, assuming sector capacity of 5 aircraft per 5-minute time-window. Foreseen capacity
reduction scenarios reduced sector capacities to 1 aircraft per 5-minute window; scenario tree was
used to replicate capacity reductions. Results for four different solutions showed the benefits of
model with disturbance feedback, compared to solutions when the optimization was done solely for
AOs, nominal solution for a chosen scenario and robust solution which satisfies all the scenarios.
However, the results have to be taken with care, having in mind the dimensions of test instance.
In further research, Clare & Richards (2013) focus on computational issues for the proposed model,
given that the problem size has a significant impact on computation times. The scalability of
computation of the two formulations has been explored, with results demonstrating that the
Scenario Tree method is faster but the Virtual Aircraft method has the potential for better scaling
with number of scenarios in scenario sets where some scenarios are linear combinations of others.
Another WP-E project of interest is RobustATM (Robust optimization of ATM planning processes by
modelling of uncertainty impact). The main idea of the project is to address the challenge to
incorporate uncertainty into the planning processes, i.e. to make the initial plans robust, yet efficient
enough. To incorporate uncertainty into the ATM planning procedures further makes the total ATM
system more resilient because the propagation of disturbances through the system is reduced.
For instance, Heidt et al. (2014) present a robust model together with an optimization algorithm
which explicitly incorporates the knowledge of uncertainty into sequential planning steps. Instead of
observing a planning problem, authors transform it into an assignment problem with side
constraints, which is easier to solve. Heidt et al. (2014) evaluate their method on three different and
relevant scenarios: high traffic and low uncertainty, high traffic and high uncertainty, medium traffic
and high uncertainty. They benchmark their method against a nominal approach which don’t account
for uncertainties. The results show that the robust model came up with less go-arounds and less
departure drops in every tested scenario. As a digression, one would usually expect that a high level
of protection (robust solution) should lead to a low throughput (robustness cost). On the contrary,
Heidt et al. (2014) observe the opposite effects. Similar problem is addressed in a follow up research
(Fürstenau et al., 2015).
The ELSA project (Empirically Grounded Agent-Based Models for the Future ATM scenario) analyse,
describe and model the dynamics of the ATM system, especially those concerning the propagation of
network disturbances7 (Lillo et al., 2011; ELSA consortium, 2015).
The project aim to perform an extensive statistical analysis of ATM system, by analysing data with
Complex Systems theory techniques in order to characterise statistical regularities (Vitali et al.,
2012). Authors rely on EUROCONTROL Data Demand Repository database8 to obtain data for such
analysis. Vitali et al. (2012) perform network analysis (of the air traffic infrastructure) to reveal the

Review of the transport with complex networks is in Zanin & Lillo (2013).
EUROCONTROL Demand Data Repository (DDR) website: http://www.eurocontrol.int/ddr. Similar
service is EUROCONTROL ATFCM statistics service at the OneSky Online Extranet EUROCONTROL portal
https://ext.eurocontrol.int/. Both services could be used upon subscription (subject to EUROCONTROL
approval and Terms of References for using the data, as well as disclaimer for the data quality).
7
8
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structure of nodes (airport and air navigation points), i.e. communities9. The idea is to understand if
it was possible to identify communities of nodes which share a common profile with respect to the
flights that are departing/arriving in them. They find, for instance, that France and Spain belong to
the same community, based on a case on the selected day 06 June 2011. Further analysis reveal
more communities (now including ATC sector communities) in a larger network (Gurtner et al.,
2014). The operational implication from results in Gurtner et al. (2014) indicate that the new ACCs,
for instance, would be indeed more densely connected within and would have less interface
(connections) with other ACCs. Authors present another potential application of the methods
prosed: to highlight the boundaries (between sectors, ACCs, NAs, FABs) that require intensive
coordination, as they may require dedicated coordination tools and procedures (ibid).
Vitali et al. (2012) further investigate the spatio-temporal deviations of flights between their planned
and actual 4D trajectories. The results indicate that, based on histogram of deviations, a number of
flights have changes in length, which proves that they do not follow their planned trajectory.
Moreover, they show that the graph was symmetric, meaning that there are balanced shares of
shorter and longer than planned flights. Interestingly, air navigation points in the vicinity of big
airports show a higher probability of deviation. Vitali et al. (2012) also notice the difference in delay
variation during the day: the negative part (early flights) shows a strong daily seasonality, whereas
the positive part doesn’t show significant variations during the day. Early flights tend to appear at the
very beginning, as well as at the end of the day (ibid). On the other hand, authors argue that delayed
flights seemed quite insensitive to traffic levels, since the plots are almost flat, and that the delays
are slightly increasing during the day; the attribute this phenomenon to knock-on delay effects. Vitali
et al. (2012) correctly note that the lack of data is a major limitation for an extensive research.
Namely, DDR2 provides only data on last (recorded) filed flight plan, and there is no initial flight plan,
nor historical updates thereof.
ELSA also produce the versatile and modular agent-based model for simulation of the European air
traffic (ELSA consortium, 2015). Gurtner et al. (2015) present a model of the allocation of resources,
i.e. trajectories of airlines with different business models, on a network level. Airlines submit an
‘optimal flight plan’ to the NM; if a flight plan gets rejected, the airline have to submit another
‘suboptimal flight plan’, based on airlines idiosyncratic cost function (flight to be delayed or rerouted). Authors measure the satisfaction of airlines as the ratio between the cost of the accepted
flight plan and the desired one. They test the model in different settings, i.e. if airlines are more
inclined towards delay or prefer their flights to be re-routed. The results show some strong analogies
with theoretical games like hawks and doves or the Minority Game. Authors claim that some of their
results provide an opportunity to reflect on the importance of policy. Namely, in present settings the
policy-maker has little influence on airlines’ strategy, but can act on the infrastructure itself, i.e. the
network and, partly, the departing times.

In network theory a community of elements is a set of elements interconnected amongst them at a level
that is higher than the one expected on the basis of a null hypothesis of random interconnections (see
Fortunato, 2010).
9
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One more project which addresses the development of theoretical models of complex networks is
NEWO (emerging NEtwork-Wide Effects of inventive Operational approaches in ATM). NEWO explore
the emergence of propagation phenomena in the air transport complex network by means of a
mesoscopic modelling framework for analysing multi-component systems with complex interactions
(Sánchez et al., 2011). The project particularly study the connection between flight prioritisation
rules and the network behaviour and stability, both locally and at network-wide scales (Etxebarria et
al., 2013).
Etxebarria et al. (2013) explore the effects that new prioritisation criteria had on network
performance, such as on-time performance and delays. They propose 12 different prioritisation
criteria (based on consultation with experts on dedicated workshop) to be benchmarked against the
current First Planned First Served (FPFS) principle, such as:





Priority for those flights that fly to airports with higher number of outgoing flights;
Priority for those flights flying to more congested airports;
Priority for the airlines with hub & spoke structure over airlines with point to point structure;
Priority on random basis and so on.

Etxebarria et al. (2013) develop a tool for such analysis, incorporating, among else, uncertainty (both
from demand and capacity side) and links between elements beyond the network topology,
reproducing actual delay propagation phenomena and emergent behaviour generation. They use
traffic sample with almost 30 000 flights (Spring 2012) to compare the results of different
prioritisation rules. Interestingly enough, none of these novel prioritization criteria performs better
than FPFS. Most-Capable Best-Served also do not outperform FPFS, at least not with the equipage
level studied in the simulations (up to 35% global equipage level). Note that a paper submitted at
SESAR Innovations days the year before (not part of NEWO) also deals with prioritisation of flows (De
Jonge & Seljée, 2012). The most notable results from this study indicate that re-allocation of imposed
pre-departure delays by therein proposed prioritisation, would improve overall performance of the
ATM Network.
Some aspects considered within CASSIOPEIA (Complex Adaptive Systems for Optimisation of
Performance in ATM) project could potentially be relevant for the COCTA research. Namely,
CASSIOPEIA study, among else, en-route slot exchanges through Collaborative Decision Making
process (CASSIOPEIA consortium, 2016). Namely, one of the usual ATFM measures is to apply a
regulation, i.e. to limit the maximum rate of aircraft entering either a regulated volume of airspace or
airport. Flights subject to regulation are assigned new take-off times through ATFM (time) slots, in an
automated process using Computer Assisted Slot Allocation (CASA) system. Some of the regulated
flights are delayed on the ground (ATFM delay), to temporally spread the demand to align it with the
capacity available (for details, see Cook, 2007 or EUROCONTROL NMOC, 2016). In case of a single
capacity-constrained resource, Castelli et al. (2011) show that the First Come First Served10 (FCFS)
principle applied in CASA minimizes ATFM delay and argue that a different (optimal) slot allocation is
available in the cost domain, i.e. when aspects other than delay duration are considered too.
However, airlines might be interested in prioritizing valuable flights (e.g. flights early in the morning

FPFS basically means that a flight which is planned to enter the regulated location earlier has priority
over flights intended to use it later (for details, see Cook, 2007).
10
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with a large number of flight legs ahead). Note that Castelli et al. (2011) also consider similar
problem (see Section 4.1.3). CASSIOPEIA proposes a ‘bilateral exchange mechanisms’ with the
property of individual rationality (a participant will only bid or sell when a non-negative payoff
occurs). Also, CASSIOPEIA proposes some additional properties of the ATFM slot exchange
mechanism, such as minimum disclosed mechanism, anonymous bidding and feasibility of solution
(this required the introduction of a central arbitrator figure). ATFM trading mechanism case study
analyses to what extent a collaborative decision making mechanism on ATFM slots could reduce the
cost (of delay) for operators. The results suggest that cost savings of up to 30% can be achieved when
letting airlines trade slots without influencing network performance and overall delay (CASSIOPEIA
consortium, 2016).
Probably the most relevant among recent research efforts in the field is the SATURN project
(‘Strategic Allocation of Traffic Using Redistribution in the Network’). The objective of SATURN is to
propose and test realistic ways to use market-based demand management mechanisms to
redistribute air traffic in the European airspace, at the strategic level. To that end, several
mechanisms have been developed (Bolić et al., 2014) – ranging from peak-load pricing (Castelli et al.,
2015) to a conceptual model of cost-reflective intertemporal price discrimination application
(Jovanović et al., 2015), (Jovanović et al., 2015). Some promising results have been obtained, yet, all
SATURN mechanisms are developed under the assumption of revenue neutrality, i.e. strictly taking
capacity side as given. Consequently, improvements in financial cost-efficiency are impossible by
definition, with possible benefits arising solely from trade-offs between capacity and environment
SES key performance indicators (i.e. between delay and fuel costs). Importantly, SATURN stakeholder
consultation workshops have provided a very useful feedback in terms of acceptability of economicbased demand-capacity balancing mechanisms. Among other aspects, it has been revealed that
differentiating charges based on quality of service might be a viable option from aircraft operators’
perspective (Steer Davies Gleave, 2015). The 2015 study produced by Steer Davies Gleave (SDG) for
the EC investigates options for modulation of charges in the European airspace, with strong focus on
implementation aspects (Steer Davies Gleave, 2015). The findings suggest that a fixed congestion
supplement should be preferred over a differentiated unit rate. It is also suggested that
incorporating economic and social cost incorporated in modulated charge would lead to prohibitively
high route charges. As for price setting process the study recommends the use of several iterations
rather than setting the price at single point in time. However, similar to SATURN, the SDG study
assumes revenue neutrality, i.e. tackles the demand side of the problem solely, with strong
stakeholders’ (especially AOs’) objections expressed to such approach employed (Steer Davies
Gleave, 2015).
As a digression from SESAR research efforts, we present one initiative11 from equivalent US National
Airspace System improvement programme – NEXTGen. Collaborative Trajectory Options Program
(CTOP) is a traffic management initiative (similar to ATFCM measures in Europe) that automatically
assigns delay and/or reroutes around one or more FCA-based airspace constraints in order to balance
demand with available capacity (NBAA, 2014). The choice to participate in CTOP is up to aircraft

11

CTOP has completed final testing and is being deployed in March of 2014 (NBAA 2014).
© – 2016 – COCTA consortium.
All rights reserved. Licensed to the SESAR Joint Undertaking under conditions.

37

EDITION [01.00.00]

operator. An aircraft operator may choose to participate in the CTOP programme, in which case an
operator will need to be willing to do invest in a more advance planning. To participate with CTOP,
operators will need to submit a set of route options (TOS), along with their flight plan, in advance of
the flight. The TOS will allow the customer to manage a flight by expressing the route and delay
options that they are willing to accept (FAA 2014).
Whereas a traditional flight plan contains a single request with a defined route, altitude and speed, a
TOS may contain multiple trajectory options with each option containing a different route, altitude or
speed (FAA 2014). In addition to multiple options within a single TOS, each option may contain the
‘start’ and ‘end’ times in which they are willing to accept for that particular option. Each option will
be evaluated based on customer preference expressed through the use of the Relative Trajectory
Cost (FAA 2014). The benefits of a CTOP are two-fold (NBAA, 2014) as it helps air traffic managers
(controllers) to automatically assign delays or re-routings, and it leaves flexibility to operators to
submit, well in advance, a set of desired reroute options that can be used in the decision-making
process.
Some general and specific relevant morals for the COCTA research could be drawn from previous
projects. Although ONBOARD project targets tactical ATFM phase, while COCTA horizon is strategic
and pre-tactical, some general guidelines for modelling can be drawn. First, that incorporating robust
planning, even at tactical stage, could lead to over conservative capacity planning, which often leads
to infeasible solutions to establish demand-capacity balance (although RobustATM project findings
suggest the opposite in certain cases). Therefore, initial COCTA models will be deterministic with
hard capacity constraints, which are nominal (declared); in the later stages, uncertainties would be
incorporated into stochastic models. Also, one of ONBOARD small scale examples, served as a model
for similar COCTA initial modelling exercise (regarding time windows length for demand vs. capacity
monitoring). ELSA project findings could be used for COCTA choice modelling. Namely, ELSA delay
analyses suggest that early morning flights tend to arrive earlier than scheduled, which means that
early morning flights could choose a flexible trajectory shifted in time, in exchange for a trajectory
discount. ELSA to certain extent uses the assumption of heterogeneous demand: differentiation
between traditional (re-routings to avoid delay) and low cost carriers (which prefer delays over reroutings, as long as the punctuality is not overly affected). We plan to further develop these
assumptions in COCTA research. The analysis and results from NEWO project implies that First Come
First Served principle is superior to any prioritisation strategy, therein defined. COCTA concept of
offering flexible trajectory will take this into account, but still might apply some of the prioritisation
rules tested in NEWO, for instance, to offer less flexible trajectories for flights departing
from/arriving to already congested airports. CASSIOPEIA offers, to some extent (due to limited
available publications and material), insights into market-based mechanisms to alleviate demandcapacity imbalance problem and the role of a central arbitrator figure.
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4.1.5 Stakeholders’ views and vision of the future ATM
Lastly, we take into account and cite some of the most relevant stakeholders’ views on the future of
ATM system.

Table 1. Stakeholders’ views and vision of the future ATM
Stakeholder

Citation

Reference

Klaus-Dieter
Scheurle,

"Technological innovation, however, is not the only
aspect that results in a competitive edge. ANSPs in
Europe will need to create sustainable cost-effective
structures. They will also need to secure and boost their
service quality in close dialogue with customers. My
vision is that, within the regulation framework, the air
navigation services sector will be consolidated and freemarket conditions will determine success. The following
are some examples: The Austrian ANSP Austro Control
handles air traffic services at several smaller German
airports. The UK’s NATS was awarded the provision of
tower services at ten Spanish airports together with the
Spanish construction company, Ferrovial. The private
company Serco manages three additional Spanish towers.
DFS has taken over tower control at London Gatwick
Airport in the UK. ANSPs will cooperate and at the same
time offer and purchase services from each other as
required. Only a few of the privatised enterprises will be
able to provide the complete value chain of air navigation
services. National borders will no longer determine the
route network or service provision throughout Europe."

Scheurle (2016)

"While some ANSPs (and States) have worked (some
under new corporatised structures) with their staff to
deliver capacity, to become more proactive in seeking
solutions and to increase flexibility, others remain glued
to a modus operandi prevalent in the 1970s. We still find
unused capacity, rigid structures, inflexibility and a lack
of will to provide capacity where it is needed and during
the hours that traffic demand requires it."

EUROCONTROL (2016c)

Simon Hocquard,
Head of the Network
Management Board

"...the NM of the future is a customer-focused, outputoriented and transparent entity that serves the
industry..."

EUROCONTROL (2016c)

Joe Sultana,

"The determining parameter in the dynamic ATM
environment is predictability – for an aircraft operator to
manage the business, for ATM to manage the Europewide operation, for passengers to organise their lives
around air travel and for economies to be as efficient as
possible.

EUROCONTROL (2016c)

CEO DFS
(ANSP)

Marc Deacon,
Monarch Airlines
(AO)

Director NM

© – 2016 – COCTA consortium.
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Stakeholder

Citation

Reference

Joe Sultana,

The way ahead is a move from air traffic flow
management (ATFM) to cooperative traffic management
(CTM).

EUROCONTROL (2016c)

Director NM

The change will be based on the ability of ground systems
to calculate the 4D trajectory of a flight, a paradigm shift
being researched in the Single European Sky ATM
Research (SESAR) research and development programme.
It will result in removing the current artificial barriers
between ATFM and ATC...
…Ninety-six per cent of flight plans are processed
automatically, allowing the Network Manager to build up
a clear picture of what is happening where. The Network
Manager can work out where problems will arise – and it
can come up with a solution to them. By being in constant
contact with all players, it can ensure that everyone
knows what is going on – and collaborate with them on
finding the best ways of dealing with situations that affect
all parts of the network…
...The Network Manager will have to deploy improved
technical connectivity to and for network stakeholders
and apply a cost-conscious, high-technology version of
network management."

4.2 Conclusions - Air Traffic Management
Against this research background, the COCTA project puts forward coordinated economic measures
aiming to timely harmonize air traffic demand and airspace capacity. We further outline the key
novel aspects COCTA project brings.
Vast majority of previous contributions focus on tactical and real-time demand management actions
to establish balance between demand and capacity. Administrative demand management actions
dominate when it comes to instruments to establish such balance. It could also be said that most of
previous research efforts actually intend to resolve congestion problem, once it happens or is
anticipated.
On the other hand, COCTA is among very few research efforts which address demand-capacity
imbalance problem at strategic and pre-tactical level (we intend to extend and improve rewarding
predictability concept proposed in Jovanović et al., 2015). COCTA aims to use economic measures as
demand management instruments, which have not been extensively explored so far (e.g. Castelli et
al., 2011), to incentivise more efficient utilisation of available capacity in the network. Moreover,
COCTA will also act on the capacity side and plan for providing capacity where and when needed in a
cost-efficient manner. In case of capacity shortages in a part of the network, COCTA concept
envisages a more (cost-)efficient solution, based on a novel product COCTA offers – flexible
trajectory, discussed further in the text and in Sections 6 and 7.
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One of the key innovations COCTA brings is flexible trajectory (product) and route-choice modelling.
We introduce flexible trajectory, and related trajectory-based pricing, to provide a set of different
route options to AOs so they can choose the one which is in line with their business needs. For
example, some routes will come with discounts for AOs, but with the reservation right for the NM to
assign the same route with a delay or a re-routing, potentially. In reviewed papers, such flexibility is
usually not explicitly considered and modelled, nor are different demand management options
offered to AOs to choose (take it or leave it principle). Modelling considerations concerning flexible
product will be addressed in more detail in Section 6.6.1.1 (OR).
Capacity management, i.e. opening schemes of ATC sectors has not been considered along with
demand management so far in the literature. We envisage adaptive (phased) capacity ordering by
the NM from ANSPs, thus employing joint inventory-pricing decisions, which will be further discussed
in Section 6.6.2 (OR). This innovation is facilitated by the introduction of a network manager figure,
empowered with economic instruments to actually influence demand and capacity side decisions,
fully comprehending network performance. The related regulatory aspects will be addressed in
Section 5 (Economics). By network performance, we refer to multi-objective network performance
optimisation (dimensions included: cost of capacity provision, cost of delay, environmental impact,
equity considerations), capturing interdependencies between different relevant key performance
areas and indicators (e.g, similar to Liu & Hansen, 2013).
Therefore, proposed COCTA concept is more proactive, process oriented and offers solution on a
system (network) level. Moreover, COCTA has a tangible potential to be extended to tactical and
real-time stages, thus providing a complete solution for the process of establishing demand-capacity
balance.

© – 2016 – COCTA consortium.
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5 Economics literature review

5.1 Regulation of ‘natural monopolies’ – Theory and Practice
The potential justifications as well as the different approaches of regulating monopoly service
providers have been analyzed extensively in the economic literature (an overview can be found for
example in Joskow, 2007). In this chapter, key elements of monopoly regulation are discussed,
serving as a framework for the next chapter on the regulation of ANSPs.
In general, a ‘natural monopoly’ is usually characterized by subadditivity of the production function,
i.e. the costs for producing a given output ‘X’ are lower if only one firm is providing the service
compared to any possible constellation where total output is split among several (competing) firms.
Subadditivity of the production function might result from increasing returns to scale12. Moreover,
technological indivisibilities, implying also a high share of fixed costs, can cause a ‘natural monopoly’.
However, a natural monopoly only leads to substantial inefficiencies if barriers to entry are
significant. If barriers to entry are low, there is always a ‘threat’ that a potential competitor replaces
the monopoly firm, providing incentives for an efficient production (‘contestable markets theory’ –
see Baumol et al., 1982). There is some debate to which degree the airline industry might be
considered an example for a contestable market (see for example Ben-Yosef, 2005; Kappes &
Merkert, 2013). On the other hand, there is no doubt that on many infrastructure markets
irreversible investment (‘sunk costs’) is an effective barrier to entry, clearly constituting a ‘natural
monopoly’.
If subadditivity of the production function as well as significant barriers to entry exist an unregulated
firm might abuse its monopoly position by charging excessive prices and/or providing low quality.
Therefore, governmental intervention is generally considered to be justified in order to increase
social welfare. A hypothetical ‘perfect’ regulation would lead to the same market outcome as a
competitive market structure. However, due to several obstacles, e.g. incomplete information on
production technology and consumers’ preferences, regulation in practice will always be imperfect.
Therefore, it is often argued that regulation should be limited to the ‘core’ of the ‘natural monopoly’
(‘monopolistic bottleneck’) and related activities which are not characterized by subadditivity of the
production function and significant barriers to entry should be opened for competition
(‘disaggregated regulatory approach’, see Knieps, 2004). For example, whereas airport infrastructure

Returns to scale (also called ‘scale economies’ or ‘scale elasticity’) describe the relation between a
proportional change of all input quantities and the change in the quantity of output. If the percentage
change in output is higher than the percentage change in inputs (scale elasticity > 1), this is usually called
increasing returns to scale. As a consequence, average costs decrease with increasing output.
12
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is usually considered to be a ‘natural monopoly’13, ground handling services might be provided by
competing firms. Therefore, according to Directive 96/67/EC (European Commission, 1996), larger
European airports that are offering ground handling services are obliged to provide market access to
at least one independent ground handling service provider, thereby enabling competition.
Different regulatory frameworks for markets characterized by a ‘natural monopoly’ exist. In this
section, a general overview of possible frameworks is provided. Section 5.2 shows that most of these
frameworks have been relevant in the ANSP industry. Moreover, since the next step of the COCTA
project is a redesign of the ATM value chain (WP 3), also a suitable regulatory framework for the
redesigned value chain will have to be chosen. Therefore, the general analysis is not limited to
frameworks which are currently used for regulating ANSPs but includes also other options. Whether
these options are suitable for the redesigned value chain within COCTA will be analyzed in the
forthcoming WP.
A first distinction between different regulatory frameworks can be made based on ownership.




Government ownership
If the government (or a publicly owned firm) is providing a monopoly service, it is usually
assumed that it does not aim at maximizing profits. For example, in many European countries
utilities are owned by municipalities. However, even if no profits are made, the incentives for
an efficient provision of the service may be weak, leading to ‘insider rents’, e.g. overstaffing.
Moreover, under specific circumstances the government might also have an incentive to
generate profits through its monopoly firms, e.g. in order to lower taxes and/or increase
government spending. Therefore, government owned monopoly service providers are also
usually regulated.
Private ownership
For private ownership of the monopoly service provider, different constellations have to be
distinguished.
o In some cases, the firm is owned by the users of the service (sometimes called a ‘user
cooperative’ or a ‘user club’). Since users are interested in an efficient service
provision, the monopoly firm will not abuse its position. However, a ‘user
cooperative’ solution will only be efficient if the number of users is rather small. If
there are many users, they have an incentive to act as free riders, leaving room for
inefficient service provision. On the other hand, if the user club is dominated by one
or few members and/or not all users are also shareholders of the service provider,
impediments to competition might occur. The dominant user(s) might have an
incentive to influence the service provider’s decisions to the disadvantage of its/their

It might be argued that some airports are competing with other airports, especially hub airports for
transfer passengers and airports with overlapping catchment areas for origin and destination passengers.
Moreover, under certain circumstances an airport might have an incentive not to abuse its market
position in the infrastructure segment if (unregulated) non-aeronautical revenue (esp. shopping
expenditure, car parking) increases with the number of passengers. The complex issue of airport
competition is discussed in (Forsyth et al., 2010).
13
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competitors. The extreme case is a vertically integrated firm, providing infrastructure
as well as services. This situation can be found for example on many railroad markets
(see (Nash 2010)). For several years, the EU has been trying to increase competitive
pressure on these markets by imposing at least partial vertical separation.
If the shares of a private monopoly service provider are not held by the users
(vertical separation), it is usually assumed that this firm will engage in profit
maximization by setting monopoly prices. This is the key justification for monopoly
regulation which will be discussed in the forthcoming parts of this report.
Finally, different types of mixed ownership are possible, e.g. a partial privatization or
a full privatization with shares held by users as well as independent entities.

Regarding monopoly regulation, two areas have to be distinguished. First, a decision has to be made
on the institutional arrangement of the regulatory process. Second, different types of regulation can
be implemented.
With respect to the institutional arrangement, an independent regulator is generally seen as the
preferable design. In the European Union, EU directives on the regulation of different ‘natural
monopoly markets’ usually call for an independent regulator, e.g. Directive 2009/12/EC on airport
charges (European Commission, 2009a). In practice, the role of the users in the regulation process
has been strengthened recently. For example, larger European airport operators are required to
inform the airlines about their investment plans and discuss changes in the charging scheme with
them. If the users agree with the business and charging plans of the airport, this approval replaces a
large part of the formal regulation process.
In case of a formal regulatory process, two main types of regulation can be distinguished. The
‘traditional’ way of regulation tries to prevent ‘excessive’ profits of the monopoly firm by binding its
prices to its actual costs. There are different variants of this type of regulation, e.g. a simple costbased regulation, allowing the monopoly firm to recover the costs of service provision including the
(regulated) costs of equity, or a rate-of-return regulation, allowing a maximum return on equity set
by the regulator. For several decades the literature has clearly identified the key inefficiencies of the
cost-based regulation. The regulated firm does not have an incentive to produce in an efficient way
and there may even be an incentive to over-invest if the permitted return on equity is above the
market level (Averch & Johnson, 1962).
As an alternative to purely cost-based regulation, the concept of incentive regulation has been
developed (Littlechild, 1983). The general idea is to loosen the link between actual costs and
regulated prices in order to provide incentives for increasing efficiency. The archetype of incentive
regulation is price-cap regulation. For a period of several years (in practice, often a five-year period is
chosen) the maximum monopoly price is fixed. In order to account for general cost increases the firm
might adapt its prices according to the general inflation rate (e.g. RPI – retail price index). On the
other hand, if the regulator assumes that the monopoly service provider can increase its efficiency
this is also taken into account. The permissible increase of the monopoly price is then defined as RPIX, with X being the assumed efficiency increase that the firm might achieve each year within the
regulatory period. Since many ‘natural monopolies’ are characterized by a high share of fixed costs,
fluctuations in demand will strongly influence the firm’s profits. Therefore, the change in the overall
demand might also be implemented in the regulatory formula (‘sliding-scale’ regulation, see (Lyon,
1996)). Another type of incentive regulation links the permitted price of a monopoly firm to the costs
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of similar providers. This ‘yardstick regulation’ approach (Shleifer, 1985) requires a benchmarking of
the monopoly firms, taking into account structural differences.
The key advantage of price-cap regulation and similar concepts is the stronger incentive to reduce
the costs of service provision. However, the monopoly firm might also reduce costs by lowering the
service level. Therefore, price-cap regulation is usually combined with quality regulation, setting
minimum standards for service provision.
Whereas there is no controversy about the relatively stronger incentive of a price-cap scheme to
reduce actual costs of service provision, the effects on investment decisions are still subject to
debate (Bartolini, 2012). Major investments usually lead to changes in the cost level as well as
changes in quality. A monopoly service provider might have an incentive not to implement welfare
increasing innovations if this leads to an overall profit decline. Therefore, major adjustments to an
established price cap scheme might be required in case of such investments.
In addition to the overall price or charging level, regulation also affects the price or charging
structure. In general, economic efficiency requires that prices are set according to marginal costs.
However, if marginal costs are below average costs, which usually can be observed in the presence of
increasing returns to scale or a high share of fixed costs, this will result in losses for the monopoly
firm. In practice, regulated prices often equal average costs. Several alternatives have been
suggested in the literature and can also be found in practice. First, the monopoly firm might set twopart tariffs, consisting of a fixed fee and a variable unit-price. Such pricing schemes can be found for
example in electricity or telecommunication markets (Naughton, 1986; Mitchell & Vogelsang, 1991).
Second, prices might be differentiated according to the elasticity of demand. According to the
concept of Ramsey-pricing, the ‘inverse elasticity rule’ might be applied. If customer groups can be
separated, customers with a low elasticity of demand should pay a higher unit price than customers
with a high elasticity of demand. Compared to a uniform price, Ramsey pricing will increase
economic welfare subject to the condition that the firm covers its total costs. Since elasticity of
demand usually cannot be observed, other variables might serve as proxies. For example, airport
charges partially depend on the Maximum Take-Off Mass, which might be considered as a case of
Ramsey-pricing (Morrison, 1982; Hakimov & Mueller, 2014). Ramsey-prices lead to an increase in
output compared to a uniform price. Therefore, they are a suitable concept if capacity limits have not
been reached. In the case of a congested infrastructure, peak-load pricing will increase efficiency,
making sure that the service will be used by customers with the highest willingness to pay.
Finally, some monopoly markets are franchised by the government for a specified period of time
(‘competition for the market’). In the tendering process, service quality and prices for the franchise
period are fixed. Therefore, there are many similarities between a monopoly franchise and incentive
regulation. One particular challenge for a monopoly franchising scheme is the transfer of assets (and
possibly also personnel) in case of a change of the service provider.

5.2 Regulations of Air Navigation Service Providers
Currently available technology assumed, there is no doubt that air traffic management is a natural
monopoly service. However, the regulation of Air Navigation Service Providers (ANSPs) has received
considerably less attention than for example the regulation of airports. An overview of ANSP
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regulation with a particular focus on the legal aspects is provided by Huet (2011). Recently, the book
by Neiva (2015) analyzes the historical development and the economic aspects of the institutional
design of air navigation service provision. It should be noted that the US system of providing air
navigation services differs significantly from the European situation, especially with respect to
financing, which is based primarily on taxes in the US, contrary to the user charges collected by
European ANSPs.
Already within Europe, different ownership models of ANSPs can be observed (Button & McDougall,
2006). The large majority of ANSPs is in public ownership, organized either as part of the
administration or as a separate entity with the state as the dominant or even only shareholder.
Within Europe, NATS in the UK is the so-far only example for a public-private partnership (Goodliffe,
2002; Steuer, 2010). As some shares of NATS are held by large UK based airlines, this ANSP shows
some features of a user-cooperative. Outside Europe, NAV CANADA is an example for a usercooperative (Oster, 2006). For terminal navigation, there are several examples of franchise bidding
procedures. Some European ANSPs have established subsidiaries which are competing in this market
segment.
Since COCTA primarily focuses on the provision of en route air navigation services, other elements of
ANSP regulation in Europe are not discussed in the following paragraphs. Traditionally, most
European ANSPs were subject to a purely cost-based regulation. However, elements of price-cap
regulation have been introduced recently (see below). Based on European regulations ANSPs are
obliged to report key performance indicators which are analyzed in annual Performance Review
Reports (EUROCONTROL PRC, 2016).
ICAO (2012) has set a framework for air navigation charges. Commission Implementing Regulation
(EU) No 391/2013 (European Commission, 2013c) lays down a common charging scheme for air
navigation services in the European Union, based on regulations 550/2004/EC (European
Commission, 2004) and 1070/2009/EC (European Commission, 2009b). Key principles are
transparency of the performance indicators and a mandatory user consultation process.
The design of the charges is standardized by the Implementing Regulation 391/2013 (Annex IV). En
route ‘service units’ shall be calculated as the product of the distance factor and the weight factor of
the aircraft. Total en-route charge is obtained by multiplying the number of service units with the
regulated unit rate. The unit rate is based on ‘determined costs’, resulting from the performance
plans which are based on performance targets set by the European Commission (see Implementing
Regulation 390/2013, European Commission, 2013b). Since the reference period for the performance
plans covers several years (2012-2014, 2015-2019) the current regulation can be seen as a price-cap
type. Moreover, a risk-sharing element covers financial consequences resulting from differences
between forecasted and actual traffic volume. The European legal framework also introduced an
incentive scheme for achieving capacity targets. An example for the definition of the various
performance indicators and the design of the related incentive mechanisms can be found for
example in the FAB Performance Plan UK-Ireland, 2014.
Some papers on pricing ATM services have already been referred to in the ATM chapter of this
report. As a recent contribution to the economic literature, Blondiau et al. (2014) develop a general
framework for analyzing the effects of different regulatory regimes on the efficiency of ANSPs. One
particularity of ANSPs when compared to other monopoly service providers is the rather strong
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position of the (specialized) unions. Blondiau et al. (2015) show, that price-cap regulation is less likely
to increase efficiency if unions hold strong bargaining power.
As described above, European ANSPs are obliged to apply a rather simple charging scheme which is
only based on distance flown and the aircraft’s Maximum Take-Off Weight. Similar to airport charges,
this might be seen as kind of Ramsey pricing. However, whereas many airports apply a linear tariff,
average ANSP charges per ton are decreasing with growing aircraft weight. It has been criticized by
(Raffarin (2004)) that even this design favors airlines with smaller aircraft and higher frequencies,
further aggravating the airspace congestion problem. Moreover, Ramsey pricing should be based on
the price elasticity of demand. The MTOW of an aircraft is only a rough proxy for the passengers’
price elasticity of demand for airline services. For example, similar aircraft (with almost identical
MTOW) are used in different market segments, e.g. narrowbody aircraft like the Boeing 737 or the
Airbus A320 are used by Full Service Network Carriers for Hub-Feeder-Services as well as by Low Cost
Carriers for Point-to-Point-Services. Whereas the passengers’ price elasticity for these services
presumably differs quite significantly, the ANSPs’ en route charges for a given distance are the same.
Peak-load pricing, which might be a suitable solution for congested parts of the airspace, is not
applied, although the European regulations might allow its implementation. In the literature,
Jovanović et al. (2014) develop a model for a more capacity oriented pricing scheme.

5.3 Conclusions – Economics and Regulation
Based on the literature review on the regulation of natural monopolies in general and ATM in
particular, the following general conclusions can be drawn for modeling the decisions of ANSPs and
for the role of the Network Manager (NM) within the COCTA approach:
As monopoly service providers, European ANSPs are subject to an incentive regulation and it can be
assumed that they aim at covering the costs of service provision. In the COCTA model, the NM will
purchase the services of the ANSPs and the model should take the budget constraint of the ANSPs
into account when developing a model for determining the prices that the NM pays to the ANSPs. On
the other hand, the NM should use incentives within his pricing scheme in order to influence airline’s
decisions. This includes a potential use of peak-load pricing as well as pricing models that reward a
higher degree of predictability and/or flexibility. Therefore the pricing approach within the COCTA
model is closer to the different willingness to pay of airlines and their passengers for specific services
than the current system. Consequently, it is also a better approximation to the principles of Ramsey
pricing than the current design of ANSP charges.
The coordinated capacity ordering might lead to reallocations of traffic between ANSPs. Therefore,
capacity adjustments might be necessary. It can be assumed that ANSPs are not interested in
reducing their capacity which might require some financial incentives. On the other hand, economic
instruments should also be used in order to incentivize capacity increases where necessary. The
current regulatory framework in the EU generally allows for both options. Consequently, based on
the current state of the research, the implementation of COCTA does not require an adjustment of
the current European ANSP regulation.
The role of the Network Manager would be strengthened in the COCTA environment (which is also in
line with principles set by the European Commission, see European Commission, 2013d), assigning
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also a significant volume of financial transactions to this institution. Therefore, a regulation of the
NM seems to be mandatory. Regarding ownership, the NM should be independent from ANSPs as
well as from airlines. Otherwise some owners might have an incentive to influence the NM’s
decisions. An independent non-for-profit body seems to be a suitable option, combined with a high
degree of transparency, including regular consultations with airlines and ANSPs. With respect to the
regulatory framework, the NM can be bound to a simple cost recovery regulation, complemented by
some incentives for the management based on usual ATM KPIs as laid down in the EU regulations.
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6 Operations Research literature review

6.1 Introduction
Let us start by defining what we mean by ‘revenue management’ (RM): in our interpretation, this
refers to the theory and practice of IT-supported management of demand by means such as prices or
product availability based on demand models so as to maximize profits or revenue. The term has
been coined by the airline sector where low variable costs and high fixed costs are conductive to an
environment where maximization of revenue is (almost) equivalent to maximizing profits. RM can be
delineated from more general pricing practice by its use of often highly sophisticated computer
systems that automatically process sales and other data to produce demand forecasts, which in turn
are used to optimize demand management decisions.
Revenue management as a discipline originated in the airline industry in the 70ies following the
deregulation of the US airline market. Since its conception, it has seen widespread adoption in many
areas including transportation (trains, car rental, ferries, cargo shipping), hospitality (hotels, casinos),
broadcasting and advertisement and others.
A lot of research has been dedicated to this field over the past 40 years; for good overviews see
McGill & van Ryzin (1999) and Chiang et al. (2007). Until around 2004, most of it was based on the
assumption that demand for any product is independent of the availability of other products. In
other words, customers were assumed to never substitute one product for another, but instead to
consider the purchase of a specific product only and, if this is not available, not to purchase at all.
This assumption is reasonable in situations where different product offerings are strongly fenced off:
e.g. in the airline industry, booking classes are usually associated with specific terms (cancelation
policy, advance purchase requirement, …) that are intended to appeal to a specific customer
segment only. However, in situations where there are no such fences or when customers ignore
them, the modeling of customer choice behavior becomes important.
The focus of this review is on the design and estimation of discrete choice models for RM, on the
problem of how to control demand via dynamic pricing or product availability over a finite period of
time whilst accounting for customers’ choice behavior and on some extensions of the standard RM
framework. We chose this focus because in the COCTA project we aim to develop models of aircraft
operator’s (AO) flight trajectory choice behavior. It is not obvious how the latter should be modeled;
we review various approaches that have been proposed in the literature in a more general context.
These demand models (in particular, choice models) shall subsequently be used in a control problem
where the network manager decides on trajectory prices and/or capacity levels of the different Air
Navigation Service Providers (ANSP).
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6.2 General Problem Formulation
In this section, we provide a rigorous formulation of the type of problem that we are interested in:
which products (flight trajectories) out of a finite set to offer to heterogeneous customers (AOs) over
time so as to maximize expected revenue. Note that in the COCTA project, the network manager’s
(NM) objective would not be to maximize revenue; however, it is not difficult to replace this
objective with another – it is the choice modeling and the demand management techniques that we
intend to make use of in COCTA. Most of the review will focus on the single objective case; we review
the small body of literature on multi-objective RM in Section 6.6.3.
Note that the aforementioned setting is closely related to assortment optimization for physical retail
shelves or for products dynamically generated and displayed on a web page. For that reason, we will
also review some of the assortment optimization literature. However, we concentrate on those
papers that are of importance to the RM setting of controlling demand over time (as opposed to
static assortment decisions).
In RM applications, products are often services that require to commit certain resources such as a
seat on a flight leg to a customer once a purchase has been made. In COCTA, products could be flight
trajectories through time and space with a particular price attached, and possibly further terms such
as ‘advance purchase’ requirements. The seller needs to decide repeatedly over time what products
to offer in order to maximize expected revenue. We consider the general case of network revenue
management where there are multiple resources and products may use more than one resource. In
COCTA, resources correspond to ANSP’s control sectors, each with a certain maximum capacity of
allowable flights.
The network RM problem that we consider can be formulated as follows. A firm sells products over a
finite time horizon consisting of 𝑇 time periods, indexed by 𝑡, starting from 𝑡 = 0 and ending at
𝑡 = 𝑇. The time periods are assumed to be sufficiently small such that the probability of more than
one customer arriving within a single time period is negligible. The products are characterized by a
given and fixed price and by how many units of which resource it requires. To illustrate, in car rentals
a product could be a specific car type to be rented out over a number of specified days at a certain
price at a particular station. Each rental day represents a resource with capacity equivalent to the
inventory of that car type, so a multi-day rental consumes multiple resources. The term 'network RM'
refers to this network of resources that products are defined on; note that the existence of products
requiring units of multiple resources forces us to manage all resources jointly so as to maximize
overall expected revenue.
More specifically, let the network consist of 𝑚 resources, indexed by 𝑖, and 𝑛 products, indexed by 𝑗.
We denote the set of all resources by 𝐼 and the set of all products by 𝐽. The resource requirements of
all products are defined in matrix 𝐴 ∈ ℕ𝑚,𝑛 , where 𝑎𝑖𝑗 = 𝑏 if product 𝑗 uses 𝑏 units of resource 𝑖.
Accordingly, the 𝑗th column vector 𝐀𝑗 represents overall resource consumption of product 𝑗. At time
𝑡, we have inventory available of 𝐜𝑡 ∈ ℕ𝑚 , hence 𝐜0 is the vector of initial capacities.
The customer population is assumed to consist of a set ℒ: = {1, … , 𝐿} of 𝐿 segments. Segments are
characterized by an arrival rate, a consideration set and a model that govern customers' product
choices. We define these in turn, starting with the arrival rate. The probability that a customer
50

The opinions expressed herein reflect the author’s view only. Under no
circumstances shall the SESAR Joint Undertaking be responsible for any
use that may be made of the information contained herein.

DELIVERABLE 2.1 – STATE OF THE ART REPORT

arrives in time period 𝑡 is assumed to be fixed at 𝜆; this is to simplify notation, but our approach can
be generalized to time-heterogeneous arrival rates. With probability 𝑝𝑙 , an arrived customer belongs
to segment 𝑙, so that we can define a segment-specific arrival rate 𝜆𝑙 : = 𝑝𝑙 𝜆. The customer then
chooses at most one product among all offered alternatives that are contained in the segment's
consideration set 𝐶𝑙 ⊆ 𝐽 (which represents the set of all products that a customer of segment 𝑙 would
consider for purchase if it is offered). This choice is governed by a choice model which we leave
unspecified at this stage.
The firm needs to decide in every time period which set of products 𝑆 ⊆ 𝐽 to offer so as to maximize
expected revenue over the remaining booking horizon. Each product has a revenue 𝑟𝑗 ∈ 𝑅 associated
with it; this might be a fixed parameter or a decision variable, depending on whether the firm
controls product availability and/or prices. 𝑅 represents the set of all feasible prices. A customer
from segment 𝑙 buys product 𝑗 ∈ 𝑆 with probability 𝑃𝑗𝑙 (𝑆) if 𝑗 ∈ 𝑆 ∩ 𝐶𝑙 . We omit the price vector 𝐫
from the probability function since its dependence on 𝐫 is implicitly given by the set 𝑆 of available
products (and corresponding prices). Since customers are assumed to be indifferent towards
products outside of their consideration set, the choice probability for a segment 𝑙 customer in fact
only depends on 𝑆𝑙 : = 𝑆 ∩ 𝐶𝑙 , so 𝑃𝑗𝑙 (𝑆) = 𝑃𝑗𝑙 (𝑆𝑙 ). Overall, the firm sells product 𝑗 ∈ 𝑆 when offering
the set 𝑆 with probability 𝑃𝑗 (𝑆) = ∑𝑙∈ℒ 𝑝𝑙 𝑃𝑗𝑙 (𝑆𝑙 ). The probability that there is no sale is accordingly
𝑃0 (𝑆) = 1 − ∑𝑗∈𝑆 𝑃𝑗 (𝑆).
Finally, we introduce some aggregated notation that allows us to write the optimization problems in
a more compact form. Let the vector 𝐏(𝑆) = [𝑃1 (𝑆), … , 𝑃𝑛 (𝑆)]; then the vector of expected resource
consumption can be written as 𝐐(𝑆) = 𝐴𝐏(𝑆). The expected revenue from a given arrival when
offering set 𝑆 is then 𝑅(𝑆) = ∑𝑗∈𝑆 𝑟𝑗 𝑃𝑗 (𝑆).
The optimal policy for this network RM problem can, in theory, be obtained by a stochastic dynamic
program. Although intractable, we do nevertheless state it (as commonly done in the literature) so as
to have a conceptual reference point. Let the value function 𝑉𝑡 (𝐜𝑡 ) denote the maximum expected
revenue that can be earned over the remaining time horizon [𝑡, 𝑇], given remaining capacity 𝐜𝑡 in
period 𝑡. Then 𝑉𝑡 (𝐜𝑡 ) must satisfy the Bellman equation
𝑉𝑡 (𝐜𝑡 ) =

max

𝑆⊆𝐽(𝐜𝑡 ),𝑟∈𝑅

{∑ 𝜆𝑃𝑗 (𝑆)(𝑟𝑗 + 𝑉𝑡+1 (𝐜𝑡 − 𝐀𝑗 )) + (𝜆𝑃0 (𝑆) + 1 − 𝜆)𝑉𝑡+1 (𝐜𝑡 )} , ∀𝑡, ∀𝐜𝑡 ,

(1)

𝑗∈𝑆

with the boundary condition 𝑉𝑇 (𝐜𝑇 ) = 0 for all 𝐜𝑇 . The set 𝐽(𝐜𝑡 ) contains all products that can be
feasibly offered given remaining available capacity: 𝐽(𝐜𝑡 ): = {𝑗 ∈ 𝐽|𝐀𝑗 ≤ 𝐜𝑡 }. Let 𝑉 𝐷𝑃 : = 𝑉0 (𝐜0 )
denote the optimal value of this dynamic program from 0 to 𝑇, for the given initial capacity vector 𝐜0 .
Equation (1) is the standard formulation of the choice-based revenue management problem. If prices
are fixed for all products, we obtain the product availability control problem. If prices are variable,
we can assume that setting a dummy price at infinity will drive demand for this product to zero, thus
we obtain a dynamic pricing problem. The difficulty to solve this problem and to obtain an
implementable policy depends on the demand models that underpins 𝑃𝑗 (𝑆). If 𝑃𝑗 (𝑆) = 𝑝𝑗 , that
means the choice probability is fixed at some 𝑝𝑗 for every product 𝑗 regardless of what alternatives
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are available, then the problem is reduced to the simpler independent demand case. We emphasize
that the dynamic program (1) is intractable for all but the smallest problem instances even under the
assumption of independent demand; therefore much of the literature is focussed on how to
approximate it. This is due to the explosion of the size of the state space that grows exponentially in
the number of resources.
Having defined the problem, we next give some references on overview articles that reviewed
literature in this (or closely related) field.

6.3 Overview Articles
Shen & Su (2007) provide an overview of research on customer behavior in RM and auctions. More
specifically, they partition work in the area in those papers dedicated to inter-temporal substitution
and strategic customer behavior, and those focussing on multi-product substitution. We exclude the
former from our review as COCTA will only take multi-product substitution into account. The relevant
section on multi-product substitution covers the period from the seminal paper of Talluri & Van Ryzin
(2004) to 2007. Talluri & Van Ryzin (2004) are often credited to have been the first to integrate
discrete choice models into RM. Van Ryzin & Vulcano (2008) extended their analysis from the singleresource to network level. Their work gave rise to a string of papers dedicated to solving the choicebased network RM problem more efficiently than the linear programming approach with columngeneration that they suggested. Notable milestones of this stream of research include Zhang &
Adelman (2009), Meissner & Strauss (2009), Bront et al. (2009), Kunnumkal & Topaloglu
(2010), Chaneton & Vulcano (2011), Kunnumkal & Talluri (2012), Meissner et al. (2013), Kunnumkal
(2014), Kunnumkal & Talluri (2016) and Strauss & Talluri (2016). We review these in more detail in
the section on control problems. A special case of the network setting was investigated by Zhang &
Cooper (2005), namely when all flights in the network are parallel.
Weatherford & Ratliff (2010) review the literature on RM under dependent demand that is
specifically dedicated to airlines. They highlighted run time issues with existing choice-based
approaches to date, including those of Talluri & Van Ryzin (2004) and Bront et al. (2009). However,
they concede that the simulation-based approach of Vulcano et al. (2010) shows promise for
implementation in practice due to much reduced run times. Most of their review is based on
heuristics that were specifically designed for airlines and their legacy booking systems. These
heuristics are not applicable to the problems that we face in COCTA. Their criticism of some of the
work on choice-based RM is legitimate, but considerable progress has been made over the past years
to improve on this.
Our review will be centered on recent developments in choice-based RM since the review Shen & Su
(2007) with links to older literature where needed. We begin with a discussion of choice model
design and estimation in RM applications.

6.4 Discrete Choice Model: Design & Estimation
In this section, we outline different approach to discrete choice modelling. Our aim is to obtain a
good sense of what the advantages and disadvantages of different techniques are, as well as an
understanding of the requirements and ease of calibrating and/or estimating them. At the highest
level, we distinguish between parametric and non-parametric models. The former tend to be
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somewhat more stable but may misrepresent behavior due to their specific parametric form. Nonparametric models are able to capture general choice behaviour at the cost of being generally more
difficult to calibrate (a lot of data is needed). Parametric choice models are very popular and received
much attention; hence the majority of this section is dedicated to them. However, non-parametric
ones were proposed by several leading research team over the past few years.

6.4.1 Parametric models
Here we introduce notation used to describe the following parametric choice models. Let𝑗 = 1, … , 𝑛
be the set of alternative products available for purchase. The utility value that a consumer associates
to a product 𝑗 is given by 𝑈𝑗 = 𝑢𝑗 + 𝜀𝑗 , where 𝑢𝑗 is a deterministic component and 𝜀𝑗 a random
component with zero mean. The deterministic component 𝑢𝑗 is expressed as the weighted sum of
attribute values 𝛽 𝑇 𝑥𝑗 . Let 𝑆 be the set of alternatives offered to a customer, the probability that
product 𝑗 is chosen is given by 𝑃𝑗 (𝑆) = 𝑃(𝑈𝑗 ≥ max{𝑈𝑖 : 𝑖 ∈ 𝑆}).

6.4.1.1 Multinomial Logit(MNL)
The Multinomial Logit model (MNL) is based on the assumption that 𝜀𝑗 has a Gumbel distribution. As
a consequence, the probability that product 𝑗 is chosen from set 𝑆 can be expressed as follows:
𝑃𝑗 (𝑆) = ∑

𝑢 /𝜇
𝑒 𝑗

 𝑢𝑖 /𝜇
𝑖∈𝑆 𝑒

.

(2)

If we assume 𝑣𝑗 = 𝑒 𝑢𝑗/𝜇 , then 𝑃𝑗 (𝑆) = 𝑣𝑗 / ∑𝑖∈𝑆 𝑣𝑖 . Expressing the probability of purchasing in this
fashion is typical of so called Attraction Models. Therefore, MNL can be considered as a special case
of an attraction model. Changing values of parameter 𝜇 affects the behaviour of MNL. In fact, as
𝜇 → 0, MNL becomes purely deterministic (i.e., 𝑃𝑗 (𝑆) = 1 if 𝑢𝑗 = max{𝑈𝑖 : 𝑖 ∈ 𝑆}; 0 otherwise).
Conversely, when 𝜇 → ∞, the utility of each product becomes irrelevant and the probability is
uniformly spread across all available products (i.e., 𝑃𝑗 (𝑆) = 1/|𝑆|, ∀𝑗 ∈ 𝑆). This shows that, despite
its simplicity, MNL is a powerful and flexible choice model. Nonetheless, MNL is also based on a nonrealistic assumption known as Independence from Irrelevant Alternatives (IIA) which can lead to
overestimations of choice probabilities of products considered similar by consumers.
Over the years, several papers have used MNL to model customer choices. While the MNL
implementations were based on the same concept different approaches have been studied to
estimate demand and product utilities. Talluri & Van Ryzin (2004) is generally considered the first
paper to explicitly introduce a choice model in the revenue management problem. They
acknowledge the difficulty of dealing with unobservable no-purchase outcomes and propose an
expectation-maximization (EM) approach to estimate arrival rates and model’s parameters from
historical data. A similar estimation approach as inspected by Vulcano et al. (2010) and Gallego et al.
(2011). Newman et al. (2014) formulate a parameter estimation method using marginal log likelihood
functions, resulting into an algorithm faster than typical EM based algorithms. Gupta & Wang (2008)
study how patients’ choices affect the revenue of a primary-care clinic. They use a random-utility
maximization model to estimate MNL’s parameters. Utilities are randomly and independently
assigned to customers which, in turn, choose the products/slots which maximize their utilities.
Rusmevichientong et al. (2010) propose an estimation technique loosely based on the maximum
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likely estimation (MLE) approach. MLE compute the utilities by observing customer selections when
all products are offered. They modify this approach to incorporate resource capacity
limitations. Abdallah & Vulcano (2016) introduce a minorization-maximization (MM) algorithm to
estimate MNL parameters. They benchmark their algorithm against the EM method, showing that
the MM procedure returns equally accurate solutions in less computational time.
While estimating choice models’ parameters it is a popular research topic, a significant number of
papers implement MNL assuming these parameters as given (Méndez-Díaz et al., 2010; Besbes &
Saure, 2011; Topaloglu, 2013; Wang, 2013). A slightly different approach is provided by
Rusmevichientong & Topaloglu (2012). They assume MNL’s parameters to be unknown and provide a
robust formulation based on a set of likely parameter values.

6.4.1.2 Finite-Mixture Logit
A number of revenue management studies assumes customers to be grouped into segments
according to their choice behaviour. A logical consequence is to provide different choice models for
each segment. The Finite-Mixture Logit (MMNL) model Talluri & van Ryzin (2004) is an extension of
basic MNL, developed for problems where customers are segmented. Let 𝐿 be the total number of
segments. A customer belongs to segment 𝑙 with the following probability:
𝑞𝑙 =

𝑒 𝑣𝑙
,𝑙 = 1, . . . , 𝐿
∑𝐿𝑖=1 𝑒 𝑣𝑖

(3)

Each segment 𝑙 will have its own vector of coefficients 𝛽𝐥 used to build utilities of customers
belonging to that segment. The probability of choosing product 𝑗 is now computed as follows:
𝐿

𝑃𝑗 (𝑆) = ∑ 𝑞𝑙
𝑙=1

𝑇

𝑒 𝛽𝑙 𝑥𝑗
𝑇

∑𝑖∈𝑆 𝑒 𝛽𝑙 𝑥𝑖

,𝑗 ∈ 𝑆

(4)

The resulting model is more complicated than basic MNL but provides more accurate estimates.
The first advantage of this model is that it can successfully represent customer heterogeneity.
Furthermore, McFadden & Train (2000) show that under mild regularity assumptions this model can
approximate any choice model based on random utility maximization. Overall, MMNL produces
estimates that are more accurate than the ones obtained with standard MNL. On the other hand,
each customer segment requires a specific coefficient and this significantly complicates the
estimation process.
Asdemir et al. (2009) study the problem of dynamically pricing different delivery options. They group
customers into classes and use a Finite-Mixture Logit model as choice model. They implement a
random utility approach to overcome the difficulties that grocery store might have in predicting
accurate utility data. Using the same choice model Rusmevichientong et al. (2014), Feldman &
Topaloglu (2015a) and Désir & Goyal (2014) study the assortment problem whereas Meissner et al.
(2013) focus on the network revenue management problem. They all base their studies on the
assumption that choice model’s parameters are given.
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6.4.1.3 Nested Logit
With a Nested Logit (NL) model similar alternatives are aggregated into nests to relax the IIA
assumption. Each nest represents a set of substitutes. The purchase process is divided into two
stages: first the customer selects the nest, then she/he chooses the product out of the nest. Let 𝑀 be
𝑔
the set of nests and 𝑆𝑖 the set of products offered from nest 𝑖. Furthermore, let 𝑣𝑖𝑗 denote the
preference of customer 𝑔 for product 𝑗 in nest 𝑖. The overall preference of customer 𝑔 for nest 𝑖 is
𝑔
𝑔
𝑉𝑖 (𝑆𝑖 ) = ∑𝑗∈𝑆𝑖 𝑣𝑖𝑗 . Assuming a Logit model, if a customer has already chosen to buy from nest 𝑖
(given 𝑆𝑖 products offered), then the probability that she/he will purchase product 𝑗 ∈ 𝑆𝑖 is given by
𝑔
𝑔
𝑔
𝑣𝑖𝑗 /𝑉𝑖 (𝑆𝑖 ). Finally, let us define a similarity parameter 𝛾𝑖 used to denote how well customer 𝑔
thinks products in nest 𝑖 can replace each others. The probability that a customer 𝑔 will purchase
from nest 𝑖 can be computed as follows:
𝑔

𝑔

(𝑉𝑖 (𝑆𝑖 ))𝛾𝑖
𝑔

𝑔

1 + ∑𝑙∈𝑀 (𝑉𝑖 (𝑆𝑖 ))𝛾𝑖

.

(5)

A clear advantage of NL is that it reduces the impact of IIA, given that it will be present within nests
but not across them. On the other hand, the two steps approach complicates the parameters
estimation phase. In fact, simultaneous estimations are difficult to implement whereas sequential
estimations can be inefficient. Anderson & Xie (2012) propose an opaque pricing approach based on
a NL model. They focus on a hotel booking problem and estimate utilities using a maximum
likelihood method. NL is also frequently used as underlying choice model in assortment (Gallego &
Topaloglu, 2014; Davis et al., 2014; Li et al., 2015; Feldman & Topaloglu, 2015c) and pricing (Rayfield
et al., 2015; Davis et al., 2015) problems. Finally, Désir & Goyal (2014) propose a comparative
approach of a capacitated assortment problem when MNL, MMNL and NL are implemented.

6.4.1.4 Approximation algorithms and Markov Chain models
The product selection task performed by a customer can be modelled as state transition in a Markov
chain. Let us consider an universe of 𝑛 products 𝑁 = {0,1, . . . , 𝑛}, with 0 representing the nopurchase option. The Markov chain will have 𝑛 + 1 states, each correspondent to a product. Let
𝜆𝑖 = 𝜋(𝑖, 𝑁) be the arrival probability at state 𝑖. A customer arriving at 𝑖 either makes the purchase if
𝑖 is available, or proceeds to a different state 𝑗, if 𝑖 is unavailable. The probability of transiting from 𝑖
to 𝑗 is denoted by 𝜌𝑖𝑗 . Every state is connected with state 0 to represent the no-purchase event.
Parameter 𝜆𝑖 represents the probability that a customer chooses alternative 𝑖 when all products are
available. Parameter 𝜌𝑖𝑗 represents the probability of substituting the most favourite alternative 𝑖
with 𝑗, given 𝑖 unavailability. The model is entirely defined by 𝜆 and 𝜌 probabilities.
This choice model is inspected only in a few papers (Blanchet et al., 2013; Feldman & Topaloglu,
2014; Désir et al., 2015) focusing on the assortment problem. They provide efficient algorithms and
show that a Markov Chain can be successfully used to approximate a random utility discrete choice
model. Moreover, when a generalised attraction model (GAM) is used as underlying model, the
Markov chain returns the same results as a GAM. This is an important result given that MNL belongs
to GAM family, therefore a Markov chain can exactly replicate MNL model results. Computational
resutls show that this model performs better than MNL and MMNL, when applied to the assortment
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optimization problem. Nonetheless, more research efforts are needed to test this model in other
contexts.

6.4.1.5 Exponomial models
This model assume that customers are informed about prices and product alternatives. As a
consequence, utilities distribution are negatively skewed. This represents that customers, having a
clear picture of the alternatives, are less willing to overpay. Choice probabilities are expressed as
linear combination of exponential terms. Let us assume this time that the utility value of a product is
given by 𝑈𝑖 = 𝑢𝑖 − 𝑧𝑖 , with 𝑛 possible choices. If 𝑢1 ≤ 𝑢2 ≤. . . ≤ 𝑢𝑛 and 𝑧𝑖 has an exponential
distribution with rate 𝜆, then the probability that a customer chooses product 𝑖 is given by:
𝑛

𝑖−1

𝑛

 𝑗 −𝑢𝑖 )
 𝑗 −𝑢𝑘 )
𝑒 −𝜆 ∑𝑗=𝑖 (𝑢
𝑒 −𝜆 ∑𝑗=𝑘 (𝑢
𝑃𝑖 =
−∑
(𝑛 − 𝑘)(𝑛 − 𝑘 + 1)
𝑛−𝑖−1

(6)

𝑘=1

One interesting property of this model is that it allows to consider variable mark-up in prices that
increase with product utilities. In other words, it can be used to model higher profit margin for
products that are more desirable. This model also allows so called leapfrogging in prices under
exogenous prices. This means that the optimal assortment is not necessarily made of a contiguous
set of the most expensive products. Lower-priced alternatives can be selected instead, based on their
utility positions. Peraphs the main limitation of this model lays in its assumption that customers need
to be well informed. This might not always be the case thus limiting its applicability. Only a few
papers have used this choice model in revenue management area (Alptekinoğlu & Semple,
2016; Jasin & Kumar (2012).

6.4.2 Non parametric models
The main problem of parametric choice models is that they rely on a specific functional parametric
form. If the ‘true’ probability distribution that underpins choice behavior does not reflect this
functional form, even the most precise parameter estimation will not lead to good results. To
overcome this problem, a different branch of the literature focuses on studying non parametric
choice models. Farias et al. (2013) propose a non-parametric approach based on limited amount of
data and test it with an assortment problem. The main idea is to provide a data-driven approach
which inherently chooses the right choice model. More specifically, they study an optimization model
whose feasible region represents all the choice models compatible with the data. Solving this model
gives the minimum revenue possible under any compatible choice model. Computational results
show that this approach can be accurate without relying on parameter estimation. Jagabathula
(2014) depart from formulation based on specific choice models. They propose a general purpose
local search heuristic for the capacitated assortment problem under a generic choice model. Their
analysis prove that the algorithm is both efficient and portable. Aouad et al. (2015a) evaluate the
complexity of the assortment problem when a rank-based choice model is considered. More
specifically, they assume that each customer has a list of products sorted according to her
preference. The most preferred available product is selected for purchase. If no product in the list is
available, then the customer leaves without purchasing. The rank-based choice model is also
inspected by Van Ryzin & Vulcano (2013) with particular focus on the expectation-maximization
estimation method. Aouad et al. (2015c) further focus on preference lists and develop a set of
algorithm ideas for dynamic assortment problems. The same problem is investigated by Aouad et al.
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(2015b) with a consider-then-choose choice model. Consumer choice is built as a two stage process
where products are first screened and then ranked.

6.5 Control Problems
In this section, we review the literature over the past 10 years that focussed on how to
solve/approximate the demand control problem given as a general dynamic program in (1). We state
it here again for convenience:
𝑉𝑡 (𝐜𝑡 ) =

max

𝑆⊆𝐽(𝐜𝑡 ),𝑟∈𝑅

{∑ 𝜆𝑃𝑗 (𝑆) (𝑟𝑗 + 𝑉𝑡+1 (𝐜𝑡 − 𝐀𝑗 )) + (𝜆𝑃0 (𝑆) + 1 − 𝜆)𝑉𝑡+1 (𝐜𝑡 )},∀𝑡, ∀𝐜𝑡 . (7)
𝑗∈𝑆

In each time period 𝑡, we need to decide on the prices 𝑟 and the set of product alternatives 𝑆. Some
literature indeed looks at making both decisions simultaneously; however, it is more common to
keep one of them fixed. It should be mentioned that in fact the pricing problem can accommodate
availability control if one introduces a dummy price point that is sufficiently large to drive any
demand to zero. If the assortment is fixed, the problem becomes standard dynamic pricing. If prices
for each product are fixed, then we have a so-called availability control problem in which we decide
only on the offer set 𝑆. Within the group of availability control problems, we have assortment
optimization as a special case in which we only have a single time period. If there is more than one
time period, it is a revenue management problem with either a single resource or multiple ones. We
discuss the literature along this classification.

6.5.1 Dynamic Pricing
There is a large body of dynamic pricing literature under the assumption of independent demand
(see e.g. Bitran & Caldentey, 2003 for a review), that means if we assume that customers do not
substitute products but rather only decide whether or not to buy a given product at the given price.
There is much less to be found that considers dynamic pricing in the presence of customer choice
behavior.
Dong et al. (2009) combine dynamic pricing with the popular multinomial logit (MNL) choice model.
Their analysis is rooted in the dynamic program (1) where decisions are being made only on prices.
The assortment of options is fixed but may be affected by stock-outs. In ATM applications, this would
correspond to certain routes not being available any more due to a sector that is at capacity. Dong et
al. (2009) present a strong result on how to solve the maximization problem that we need to solve in
each time step: they prove that whilst this sub-problem is not quasi-concave in the price vector, but
after a reformulation it is concave in the choice probabilities. They give an analytic solution to the
pricing problem that boils down to a simple Newton root search. The result is useful to solve pricing
sub-problems quickly if we are working with the MNL model.
A related work by Akcay et al. (2010) likewise looks at solving the dynamic pricing model under MNL.
As opposed to Dong et al. (2009) who argued via concavity of the MNL profit function in the choice
probabilities, they derive their efficient solution method from proving the unimodality of the MNL
profit function. Alptekinoğlu & Semple (2016) take a different path in that they propose a new choice
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model, the so-called exponomial choice model, and present structural results on optimal
assortments for both exogenous and endogenous prices. We have discussed the choice model in the
previous section. The pricing problem given a fixed assortment has a certain structure that can be
exploited; in particular, Alptekinoğlu & Semple (2016) show that the resulting problem can be solved
using a piecewise linear approximation and linear programming. However, it is more involved than
using the simpler MNL model as shown by Dong et al. (2009) and Akcay et al. (2010).
Li et al. (2015) look into assortment and price optimization problems under the d-level nested logit
model. They consider pricing under fixed assortment and assortment optimization under fixed prices,
but not joint control. As with the MNL model, the profit function is not concave in the product prices.
Under this more sophisticated choice model, they propose an iterative algorithm to generate a
sequence of prices that converge to a stationary point. This is related to work by Rayfield et al. (2015)
who focus on price optimization under the nested logit model. They consider the specific angle
where there are price constraints (upper and lower bounds) that need to be accounted for.
Approximation methods with performance guarantees are being developed.

6.5.2 Availability Control
Availability control is concerned with making product availability decisions (as opposed to pricing
decisions). It is commonly encountered in revenue management, especially for airlines, due to the
way that the booking systems operate. Nowadays, it is still highly important since many control
problems can be attributed to this class: for example, the decision which products to display on a
website, or which menu of flight trajectories to offer to an airline, can both be seen as availability
control.
If we make only a single decision on availability, the problem is called assortment optimization. This
field has seen a lot of attention, particularly for applications in retail assortments where the decision
needs to be made once and subsequently inventories are depleted without further decisions on the
assortment. If we make repeated availability control decisions and have a single resource that we
draw on, we refer to single resource capacity management. If we make repeated availability control
decisions on a products that are defined on a network of resources (such as capacity provided by
various ANSPs), we call the problem network capacity control.

6.5.2.1 Assortment Optimization
As shown in choice model section, the assortment problem combined with customer behaviour has
received significant attention. In this section we will move the focus from choice models assortment
problem features and solution approaches. Méndez-Díaz et al. (2010) study both constrained and
unconstrained versions of the problem with MNL as choice model and propose a branch-and-cut
solution algorithm. Rusmevichientong et al. (2010) also use MNL while inspecting a dynamic version
of the assortment problem. They assume limited demand knowledge and use past assortment
decisions to estimate demand distribution. To this aim, they introduce an adaptive algorithm which
jointly estimates model’s parameters and assortment optimization. Davis et al. (2013) study the
assortment problem subject to unimodular constraints. They provide an equivalent linear
formulation and use it to study five different classes of the problem. Davis et al. (2014) deal with the
complexity of the problem by considering a smaller (so called parsimonious) collection of
assortments while guaranteeing a certain level of performance for worst-case scenarios. They also
introduce a convex program to obtain an upper bound on the expected revenue. Désir & Goyal
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(2014) propose a full polynomial algorithm, inspired by the knapsack problem, to find near-optimal
solutions to the capacitated assortment problem. Jagabathula (2014) develop a local search heuristic
and provide computational analysis to prove its portability across different choice models. Feldman
& Topaloglu (2015c) consider the assortment problem when products are arranged in nests and
there are capacity constraints limiting the number of products that can be offered in all nests. They
propose an approximation algorithm and a convex program to obtain an upper bound to the problem
and, consequently, assessing the algorithm’s accuracy. Feldman & Topaloglu (2015b) focus on
providing efficient upper bounds to the assortment problem with MMNL. Their work is motivated by
the difficulty of finding tight upper bounds so as to estimate optimality gaps of heuristics.
All the works discussed so far assume product prices as a fixed known input to the problem. This
assumption is relaxed by Alptekinoğlu & Semple (2016) and Rayfield et al. (2015) which propose
methods for jointly optimizing prices and assortments.

6.5.2.2 Single Resource Capacity Control
Currently, the great majority of papers on availability control focus on the multiple-resources
problem (i.e., Network capacity control problem). The single-resource case has received much less
attention. Cooper & Li (2012) study the problem using a Buy Up approach which estimates the
probability that a customer that cannot buy the fare he is aiming to, will purchase a higher fare. The
single resource problem is also inspected, among other problems, by Feldman & Topaloglu (2014)
with a Markov chain as underlying choice model.

6.5.2.3 Network Capacity Control
The network capacity control problem has been formally defined by the dynamic program (1). Since
it is intractable, various approximations have been proposed. Gallego & Phillips (2004) derived an
extension of the standard linear programming approach to network revenue management under the
assumption of deterministic demand to the case of dependent demand, i.e. in the presence of choice
behavior. It is called the Choice-based Deterministic Linear Program, CDLP in short. They discussed
this formulation in the context of flexible products – we therefore discuss this paper in more detail in
Section 6.6.1. Liu & van Ryzin (2008) build on this work and propose to solve this linear program by
column generation (since it has a number of variables that grows exponentially in the number of
products in the network). However, this approach is computationally inefficient and, in fact,
intractable for even moderate-sized applications. A stream of research focussed on proposing better
formulations, i.e. either delivering better revenue results at the expense of more computational
challenges, or the same or similar results in shorter computational time under exploitation of certain
properties of the choice model. Kunnumkal & Topaloglu (2008) improve on the work of Liu & van
Ryzin (2008) by making their approximation of the dynamic program time-dependent. The resulting
formulation provides tighter upper bounds on the optimal value of the dynamic program, and gives
better revenue results in simulation studies. A similar approach has been taken by Zhang & Adelman
(2009) who likewise introduce time-dependence in their approximation, but they choose an affine
approximation. Meissner & Strauss (2012) extend this further by also including dependence of the
approximation on the inventory levels (in addition to time). Kunnumkal & Talluri (2016) derive
analytic results on how much the affine approximation and the one Meissner & Strauss (2012) can
tighten CDLP. Vossen & Zhang (2013) improve on the affine approximation by developing a new
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dynamic disaggregation algorithm that allows to solve the problem much quicker than with the affine
formulation of Zhang & Adelman (2009).
Bront et al. (2009)also study the CDLP, however, they consider the situation of using a finite mixture
MNL choice model. They show that CDLP is NP-hard for these choice models if there are products
that are being considered for purchase by more than one segment. Several papers followed in this
line of research: Meissner & Strauss (2009) proposed some heuristics to approximate the dynamic
program under such a choice model. Talluri (2014) suggested a new mathematical program that is
based on decomposing the CDLP by customer segment. The sub-problems are loosely linked and
overall form an upper bound on CDLP. It is typically a fairly loose upper bound, and indeed its
revenue performance in simulation studies is not always good, but it can be solved by orders of
magnitude faster than CDLP. Meissner et al. (2013) build on this by devising valid inequalities that
can be added to the more efficient mathematical program without loosing its tractability. Their
results are promising in that the observed revenue performance in simulation studies is often near
equivalent to that of CDLP, despite being much simpler to solve. The approach also works for general
choice models where there may be an overlap of the consideration sets of the different customer
segments. This observation initiated research by Strauss & Talluri (2016) who provide structural
insights into when CDLP and the approach of Meissner et al. (2013) are equivalent.
In case that the consideration sets of the customer segments do not overlap, Gallego et al. (2014)
prove that the CDLP can be equivalently replaced with a much smaller, tractable linear program. The
importance of this result is that it makes choice-based revenue optimization under capacity
constraints tractable even for large network, and hence could be of importance to the COCTA
project. Talluri (2014) expanded on this for the situation of overlapping consideration sets by
proposing valid inequalities similar to those of Meissner et al. (2013) for the linear program proposed
by Gallego et al. (2014). Kunnumkal (2014) and Van Ryzin & Vulcano (2008) propose network
capacity control mechanisms that are based on simulation. Feldman & Topaloglu (2014) discuss the
network capacity control problem under the Markov chain choice model.

6.6 Extensions of Standard RM
6.6.1 Flexibility in Revenue Management
Demand uncertainty is one of the most critical and challenging issue in revenue management. One
way to cope with such uncertainty is to provide enough flexibility to the firm so that it can make
decisions a later stage, when demand (or part of it) is known. As a consequence, a branch of RM
literature has focused on studying different approaches to incorporate this flexibility into RM models.

6.6.1.1 Flexible Products
The concept of flexible product has been introduced in contrast to specific product. In airline
management, traditionally set fare classes are offered at different prices. These classes
represent specific products. A flexible product is a set of alternative products. A customer who buys
a flexible product will know only at a later stage which alternative hase been eventually assigned to
him.
The first paper on this topic is by Gallego & Phillips (2004). They study a problem where an airline
sells a flexible product offering two alternatives. The two alternatives can also be independently
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purchased as specific products. The aim is to decide how many units of the two kind of products to
make available, so that the expected revenue is maximized. They study the problem over two time
periods. During the first time period both flexible and specific products are offered. During the
second time period only specific products can be purchased. They assume deterministic demand for
each product. Chen et al. (2010) extend previous work by considering two flights with multiple fares.
The problem is modelled as a dynamic program to find the seat allocation that maximizes the
expected revenue. They use monotone switching curves to characterize the optimal booking policy.
Probability of booking requests for each fare-product combinations are known in advance. They
finally propose an extension by considering multiple flights. Petrick et al. (2010) and Petrick et al.
(2012) analyze a set of dynamic control mechanisms. They consider ad-hoc allocation where flexible
product requests are treated as normal requests. Requests are accepted if bid price condition and
capacity requirements are fulfilled. Temporary allocation mechanism allows to reallocate accepted
flexible product requests over time. With pooling mechanism capacity requirements are represented
as a multiple set of execution modes driven by accepted requests. Shifting control mechanism
introduces the concept of scarcity of a resource by reallocating accepted requests to resources that
are not scarce. Finally, they test the Certainty Equivalent Control (CEC). Mang et al. (2012) propose
an empirical analysis of consumers’ behaviour in low-cost airline context. Different flexibility rules
are considered (length of the travel, travel dates and beginning of travel period). Their study shows
that a considerable number of consumer is willing to introduce uncertainty in their itineraries in
order to reduce prices. Gönsch et al. (2014) aim at defining and incorporating the value of flexibility
in their formulation. They argue that Deterministic Linear Programming (DLP) approximation of the
Dynamic Programming problem can underestimate the flexible products performances. To overcome
this issue, they introduce a new formulation where markups are dynamically added to the revenue of
flexible products. Koch et al. (2015) focus on finding approximate solutions to the problem
introduced by Gallego & Phillips (2004). They propose a reformulation to remove the commitment
variables (those keeping track of flexible products-resources allocation) from the state space, so that
a standard resource based decomposition can be applied. Vock et al. (2015) add customer choice
behaviour to the flexible product context. They assume that customers reveal their preferences with
regard to flexible products allocations. They consider a case where customers can limit the
manifestation set and a case where customers rank elements in the manifestation set. The allocation
problem becomes a trade-off between reserving capacity for more profitable bookings and satisfying
customer preferences. They study three types of allocations: Opportunity-cost-based, Customerpreference-based, and multi-objective. Sayah & Irnich (2016) extend the two-flight problem studied
by Chen et al. (2010) by dropping the assumption that at most one request per time period arrives.
They consider that customers arrive in batches which can be partially accepted. They introduce the
concept of booking paths to decompose an optimal allocation of a batch into a sequence of singlerequest optimal allocations.

6.6.1.2 Other approaches
Other works have studied flexibility from a different point of view. Levin et al. (2007) study a dynamic
pricing problem where compensation is contemplated if the price of a product decreases before a
fixed known date. Demand is considered to arrive according to a known distribution. Customer
behaviour is modelled as two probability functions: one represents the probability of purchasing a
product, the second is the conditional probability of purchasing the price guarantee as well. They
provide two functional forms for these functions, dependent on price and price guarantee
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parameters. Fay & Jinhong (2008) introduce the concept of probabilistic goods defined as a set of
probabilities of getting a item, out of a defined group of products. They consider a two-product
problem and assume known demand. Values of products to customers follow Hotelling model. The
authors prove that probabilistic goods can have positive impact on both profit and demand-capacity
management. Tingliang & Yimin (2014) also focus on probabilistic goods. They propose a pricing
problem, with no demand uncertainty and no capacity limits, to assess the impact of buyers with
bounded rationality. They use the anecdotal reasoning framework to build customers knowledge.
Their findings highlight the positive effects of probabilistic goods on profits when customers have
limited learning opportunities. Fay & Xie (2010) investigate the conditions under which advance
selling and probabilistic goods should be pursued. They observe that both approaches in order to be
advantageous, require a high heterogeneity in the way consumer value goods. Furthermore, the
variation in the strength of consumer choice plays an important role. In fact, high variations in
strength invalidate the profit advantage of advance selling, whereas medium range variations are
needed for probabilistic selling to be useful. Nasiry & Popescu (2012) build a choice model which
takes into account consumer regret in an advance selling context. They analyze how customer regret
impacts profit when both limed and unlimited capacities are considered and when advance sales are
bounded. Finally, they evaluate approaches to mitigate regret such as refunds, options and
resales. Gallego et al. (2008) consider the possibility that capacity providers can recall a portion of
sold capacity at a pre-specified price. They propose a model to identify the optimal recall price and
booking limit for a two-period and two-fares problem, with demand arriving according to a Poisson
process.

6.6.2 Joint Demand & Capacity Control
To the best of our knowledge, the problem of jointly deciding on pricing and capacity has been
neglected so far. This is likely due to the complexity of such problem which can lead to nonpracticable formulations. A small branch focuses into introducing capacity decisions into a pricing
problem by allowing overbookings. Karaesmen & van Ryzin (2004) propose a two-stage
approximation algorithm to combine capacity control with overbooking decisions. A similar problem
is studied by Kunnumkal & Topaloglu (2011) and Vulcano & Weil (2014). They both provide a
stochastic gradient algorithm which converges to a stationary point. Numerical results show
that Vulcano & Weil (2014) approach is much faster and returns higher revenues.

6.6.3 Multi-Objective RM
Typically, in revenue management the objectives to optimize can be represented and grouped in
terms of monetary values. As a consequence, only a few works have chosen a Multi-Objective
framework. Gandhi et al. (2011), for instance, develop a model with two objectives so as to separate
normal revenue (generated by selling multiple products), from clearance revenue (generated by
liquidation). Vadde et al. (2007) devise a model to identify optimal prices for reusable and recyclable
components. They aim to optimize simultaneously different revenue components from remanufactured, reusable, recyclable, damaged products and cost components from holding,
disassembling, re-manufacturing and so on.
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6.7 Conclusions – Operations Research
As highlighted by this review, choice-based revenue management has received increasing interest
over the past 10 years. This has led to the development of sophisticated techniques, some of which
can be useful for COCTA upcoming research. As previously mentioned in this review, one of the main
assumption of COCTA’s research is the revenue neutrality (i.e., the NM is not expected to make
profit). The only objective is to recover ANS costs. This is obviously in contrast with the revenuemaximization framework typical of RM field. Nonetheless, this switch of focus does not represent a
significant obstacle. In fact, apart from the different objective, the problem under investigation is still
very close to the typical RM problem where a firm sells products to customers. The reader, for
instance, might find several similarities with the network revenue management problem. In fact, the
NM is selling products (trajectories) which are built using multiple scarce resources (sector
capacities).
Similarly to a firm making decisions on assortment and/or capacities based on customers behaviour,
the NM decisions are driven by the way AOs choose their trajectories. Consequently, developing an
accurate estimation of airlines’ behaviour is critical to the project. Unfortunately, data currently
available is limited and fragmented, consisting of information about last filed routes and routes
actually flown. It is conceivable that a mixture MNL choice model could be fitted to the flight plan
submission data assuming that we can construct a set of available alternative routes, such as the
shortest distance, that AO likely considered. For each segment - which are identifiable according to
our definition - we then could estimate the required parameters using estimation techniques as
referenced in this review. The advantage of this approach is that we could use scalable optimization
approaches like the linear program proposed by Gallego et al. (2014) as discussed in the network
control section. Based on the reviewed literature, it should be possible to combine flexible products
into this linear programming framework in a tractable manner. Also, as discussed in the assortment
optimization review, the assortment decision of the NM on what alternative trajectories to offer the
AO could be efficiently solved under the mixture MNL model, especially since we can identify
segments (in fact the model to be used in this offer set optimization reduces to the standard MNL).
Furthermore, feedback obtained from problems dealing with pricing, capacity and flexibility will be
fundamental in developing the main idea of letting the Network Manager to jointly decide on pricing
and capacity. Tackling these decisions at the same time and focusing on realistic networks will
certainly lead to problems impossible to solve to optimality. A useful support will again be provided
by RM literature. In fact, numerous efforts have been made in developing heuristics to obtain
approximate solutions and/or upper bounds.
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7 Progressing state of the art – COCTA
concept

COCTA is the first research attempt to co-ordinately address both demand and capacity side of the
inequality using economic instruments, in a redesigned ATM value-chain. Having already defined
COCTA key innovations, building upon the findings of most relevant research efforts in the fields and
considering current and foreseen economic and regulatory environment, we are in a position to set a
clear roadmap towards achieving COCTA research goals.
Capacity ordering. The key proposed change concerns the way airspace capacity is allocated in the
European network and reserved/ordered from ANSPs by the NM, i.e. changes in the relationship
between the NM and ANSPs. In the proposed setting the NM orders/buys airspace capacities more in
line with expected network demand, employing explicitly a network-centred, demand driven
approach. As a consequence, excessive provision of airspace capacity is to be reduced, with
associated beneficial cost implications. The key idea is, therefore, that NM will order and use
(coordinate) airspace capacities in a more efficient manner vs. the present situation, recognising that
airspace capacities are lumpy and not likely to be available for ordering in tiny increments, which
would be ideal in terms of minimisation of unused capacities.
Route menus and choice modelling. We aim to develop a model of the airlines’ choices when faced
with a range of trajectory alternatives at different prices and availabilities. Literature on airlines’
route choices is rather sparse and has been partially addressed only recently in Delgado (2015),
whose findings are used in Jovanović et al. (2015). However, Delgado (2015) only analyses last filed
flight plan data, i.e. outcome of AOs’ internal choice process. The route choice process is unobserved
in Delgado’s study, or elsewhere for that matter. It is also not possible to track the evolution of a
flight plan from initially submitted to the last one filed, and potentially relate the flight plan changes
to some observable external event (e.g. ATFM regulation). Moreover, to the best of our knowledge,
there are no available studies on empirical (cross-)route price elasticities so far, but these will
generally depend on the share of navigation charges in AOs’ operating costs (IATA, 2015; Ryanair,
2015).
However, some general AOs behaviour per market segment seems to be captured by empirical
research in Jetzki (2009). For instance, AOs aim to maintain schedules early in the morning to prevent
potential delay propagation to subsequent flights (AhmadBeygi et al., 2008; Jetzki, 2009), but also to
transfer all the passengers to their final destinations in the evening hours (due to high compensation
costs for passengers based on EU Regulation 261/2004 on passenger rights). Also, based on airline
delay costs references (Cook & Tanner, 2015) and methodology to calculate flight costs (Swan &
Adler, 2006), we should be in a position to evaluate trade-offs between re-routing and delay (in the
cost domain) AOs would potentially be faced with. Knowing that neither AOs are necessarily willing
to disclose their own costs (Vlachou & Lovell, 2016; Cook & Tanner, 2015; Castelli et al., 2011), and
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based on observed behaviour in Delgado (2015) we aim to come up with probability distribution (in a
stochastic model) for route choices. Therefore, the final product choice model should be a rule-based
model with route-choice probability distribution.
Flexible trajectory. In close relation with choice modelling is the novel COCTA product – flexible
trajectory, which enriches route menus offered to AOs, in a similar way some AOs offer fares to their
passengers. In this context, flexibility means allowing the NM to make decisions on the capacity at a
later stage, when there is less uncertainty. The aim of such approach is twofold: firstly, we provide a
set of differently priced routes, e.g. premium and routes with discounts, AOs can choose from, thus
offering differentiated products to meet inherently heterogeneous demand. At the same time, we
set prices in such a manner to incentivise more (cost-)efficient outcome on the capacity side. We
foresee several route options to be offered to each flight, dispersed in space and/or time. The
number of potential routes will also depend on the available capacity and (cost) trade-offs between
utilising some underutilised opened sectors and opening a new sector (which would significantly
increase the cost of capacity provision). We will rely on established estimates of costs of capacity
provision (Helios, 2006) and findings of EUROCONTROL Performance Review Commission
(EUROCONTROL PRC, 2016; EUROCONTROL PRC, 2015). For AOs, we plan to explicitly differentiate
between the strategic cost of delay and tactical cost of delay (Ivanov et al., 2016; Cook & Tanner,
2015). Also, we intend to test and evaluate, at the modelling level, if non-linear cost of delay could be
observed as piecewise linear cost. Similarly, for the cost of capacity provision, we will evaluate
different capacity provision cost functions.
Relevant aspect for COCTA modelling. As a final COCTA research product, we plan to develop
dynamic and stochastic model for joint decisions on capacity levels (number of sectors) to be open
and route prices to incentivise AOs to use available capacities. Note that at the time of producing the
deliverable D2.1 – State of the art report, COCTA initial research paper on combined decision on
capacity levels and prices has already been positively evaluated and accepted for presentation at the
SESAR Innovation Days 2016 in Delft. Based on so far COCTA team experience in modelling and data
availability, we are able to outline, in general, how certain aspects of the final model might broadly
look like. To that end, two possible problem frameworks have already been discussed within the
consortium: the first assumes that at each time during the booking horizon the NM makes choices on
capacity and pricing and offers a set routes accordingly. The AOs choose which route to purchase.
The second assumes that the NM waits for all (or most of) the demand to show and only then makes
decision on the capacity. Both approaches are promising: the first being more in line with key
COCTA’s ideas (AOs have the choice power), whereas the second would be ideal from an
optimization (modelling) point of view.
The key innovations against the current state of the art are summarized inTable 2. As can be seen,
we consider different scenarios based on whether capacity is fixed or variable, demand is
deterministic or stochastic (choice-based), the type of products offered and when optimisation is
taking place (single or multi-period).
Finally, as we already discussed the costs (both on demand and capacity side), we shed some light on
other KPI we intend to use in our models.
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Safety, as a primary KPI in the ATM, will not be a part of the criteria function, but shall be included as
a hard constraint. Namely, in the aggregate demand model, we would not allow more aircraft in the
sector than pre-defined sector capacity. Most likely, sector capacity will be defined on entry counts
and relevant data will be obtained via DDR2 service and EUROCONTROL NEST tool (EUROCONTROL
2016b). Equity should be ensured on a system (network) level. AOs would face the same conditions
(e.g. the same route price menus), subject to capacity availability in different time periods. Equal
access rights to use any capacity resource will be ensured by default in our models. For environment
KPI, we would rely on the European emission trading scheme (ETS). We plan to cluster aircraft types
per their maximum take-off weight to come up with more general classes of aircraft which produce
similar levels of emission. The ETS can be simply modelled as an increase in the fuel price. There is a
fixed relation between fuel consumption and CO2 emissions; therefore, CO2 emissions could well
serve as an environmental indicator.

Table 2. COCTA key innovative elements vs. previous state of the art
Mechanism

Capacity

Demand

Product

Price

Optimisation/rationale

Ad-hoc
modulations

Fixed (hard
constraint)

Deterministic

Standard

Sector-based; time
of use and location
of use price
modulation

Single period, two-level
(system optimum
enforced first, then user
equilibrium sought, with
equity clause); de facto
multi-objective, but onedimensional criterion

Fixed (soft
constraint)

Deterministic

Standard

Distanceproportional air
navigation charges
with sector-period
based rates; peak vs.
off-peak unit rate
differentiation

Bi-level (Stackelberg
game); de facto multiobjective, but onedimensional criterion

Rewarding
Predictability

Variable
(conceptually)

Deterministic
(Jovanović et al.
2015) /
stochastic
(Jovanović et al.,
2015)

Standard

No optimisation.
Seemingly
Sequential approach.
trajectory-based;
Simulation only.
Triple price
discrimination): time
of use, location, and
time of booking

COCTA: Flexible
product

Fixed

Stochastic (incl.
model of airline
choice
behaviour)

Flexible
and
standard

Trajectory-based

Multi-objective, multiple
periods

COCTA: Joint
capacity ordering
and price
optimisation

Variable (flexible),
Stochastic
adjustable over time
(up to structural
capacity limit), i.e.
additional ordering
possible

Standard

Trajectory-based

Multi-objective, multiperiod; joint capacity
ordering and pricing
decision making; reoptimisation over time
admissible

(Jovanović et al.
2014)

Peak-load pricing
(Castelli et al.
2015)
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