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1. Introduction
The main focus of this study is on the question of which major West European airport is
most likely to attract additional service, following the complete deregulation of the
European aviation markets planned for 1997, thereby becoming the main West European
gateway hub. Put another way, in a profit-maximising environment when airlines are free
to enter and exit markets, design their networks and set fares and level of service, which
West European airport(s) will they favour as their main hub?

Until recently, and mainly for historical and national reasons, most European airlines
were home carriers and were also the dominant users of their respective country’s main
airport(s). However, this phenomenon is gradually weakening as national governments
are increasingly compelled by EU policies and by fiscal necessities to privatise their
national carriers and to suspend all forms of subsidy to them. As a result of this decline
in national attachments, coupled with an increase in market competition, airlines are
increasingly forced to become profitable. A key strategy in profitability is a hub-and-
spoke network which canbe shown to meet the objectives of profit maximisation and entry
deterrence; hence the crucial importance of hub choice given demand patterns, airline
costs and airport capacity and charges.!
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This paper is based on a study carried out by the authors for the Dutch Ministry of Transport, on the effect
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The analytical and empirical literature on the question of hub choice is scant as most
studies of airlines’ behaviour and network structure in deregulated markets assume the
location of the hub asexogenous and given. Yet, for the future of European aviation as well
as for individual countries, it is important to understand the process by which competing
airlines choose their central hubs when the market is no longer defined by national
boundaries. Examination of this issue comprises the main objective of this paper.

In this analysis we use a simulation model which replicates the behaviour of a
hypothetical single airline ina competitive market setting, relative to its network structure,
output level, operating revenues/costs and choice of hub airport. Underlying the simula-
tion model is a theoretical paradigm which explains how the adoption of a hub-and-spoke
network by an incumbent airline can be used as an entry deterrence mechanism when it
faces potential entry. This airline further sets optimal output and fare levels in each market
(route) which it serves, so as to maximise its (non-monopolistic) profits, given demand
patterns, its cost and production structure, available aircraft fleet and airport charges and
capacity. By repeating the simulation with an alternative network with a different airport
as the main hub, it is possible to ascertain which of the potential airports will yield the
highest level of profits, given its capacity and charges. We surmise that this airport will
be selected as the principal West European gateway hub.

It is important to realise that for these simulations we examine hub-and-spoke
networks with a single hub. While this practice may be regarded as an over-simplification
of reality, it nevertheless facilitates the underlying theoretical paradigm and actual
computations.? On the other hand, in the empirical analysis we use real-world demand,
cost and airport data; hence the results from the simulation analysis can be regarded as
indicative both for prediction of the consequences from European liberalisation and for
airport policy analysis. With regard to the latter, we examine the effects of reduction in
landing and passenger charges that an airport can use in order to affect hub choice by
airlines.

The results from this analysis strongly depend on what we assume about European
aviation markets following their deregulation. Therefore, we begin by contemplating, in
Section 2, the lessons that can be learnt from US aviation deregulation and their
applicability to European markets. Section 2 then examines the key aspects of the
European deregulation process.

Section 3 presents the methodology undertakenin this study, which is composed of two
major parts: a theoretical analysis of airlines’ behaviour relative to network organisation
and hub choice; and a simulation model which replicates this behaviour given actual data
on demand, cost and airport attributes.

The use of the simulation model requires estimation of structural demand and cost
elasticities. Section 4 reports these estimates.

Simulation results relative to hub choice are described in Section S, including results
from tests which describe the effect of hub policy on hub choice. Section 6 summarises
the major results.

2

In a follow-up study the authors expanded the model to handle dual-hub networks where one hub serves
as an intercontinental hub and the other as an intra-European hub, or both.
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2. The Deregulation of Aviation

2.1 Experience from US deregulation
US airline deregulation resulted in an unexpected and ongoing consolidation of the
industry. Although concentration levels varied over the years, the last decade shows an
uninterrupted increase in concentration.

As Williams (1994) points out, the main factor in this development has been the
fundamental restructuring of the route systems operated by the major incumbents shortly
after 1978 as areaction to the competition of new entrants. These new hub-and-spoke (HS)
systems created a sustainable competitive advantage over the new entrants, thanks to the
substantial economies inherent in this network configuration. Until then, networks and
route structure were simply interpreted as an aggregation of separate routes. This
corresponded to the insights regarding the absence of any significant economies of scale
in the US domestic airline industry. It is only through the multi-product specification of
aflexible cost functionin the early 1980s that attention has been focused on the production
economies of different route structures. In addition, the new HS systems contributed to the
industry concentration through the deterrence of new entrants as well as the merging of
incumbents into larger and more attractive networks.

Another substantial competitive advantage of the major incumbents over the new
entrants was created by the synergetic developments in airline marketing. New tools such
as Computer Reservation Systems, Frequent Flyer Programmes and Codesharing contrib-
uted strongly to a further consolidation of the industry. (The success of these new tools
was also partly a function of network size.)

A further issue of deregulation is the intensive price discrimination undertaken by the
air carriers inside their networks. The average discount level and the volume of discount
traffic, of total traffic, substantially increased during the 1980s (from 46.2t0 66.5 per cent,
and from 70.6 to 90.5 per cent, respectively). Obviously yields, in real terms, fell on
average, reflecting the cost-reducing efforts and fare decline of competing airlines. These
fare developments, however, were not evenly spread over the city pairs in the networks.
Competing city pairs between different HS systems reflected these fare reductions. Hub
markets, however, were confronted with the monopoly power of the dominant carrier
through fare increases. One intriguing question, therefore, is: how will industry concen-
tration further influence the yield levels in the different city-pair markets of the HS
systems? An overall ensuing question is: how far will these developments come about in
a liberalised EU aviation market?

2.2 The consequences of EU liberalisation

One major result of the international regulatory regime in the world’s airline industry is
that every EU member state has a flag-carrier operating an international radial network
using the national airport as its central single hub. These national carriers are now partly
operating in a deregulated internal market. However, they sell the major part of their RPKs

3 SAS is the only exception, being a multi-state owned carrier.
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on the long haul under the regime of bilateral agreements. As a consequence, the EU
carriers are confined to their own national airport to operate this part of their services.

This is the fundamental difference between the impact of the EU liberalisation and the
deregulation of the US domestic market. With the exception of a few flag-carriers the US
majors were predominantly operating in the domestic market at the beginning of the
deregulation in 1978 and therefore they were fully exposed to this instant deregulation.
EU carriers, on the other hand, have been exposed to a stepwise liberalisation on the
international routes inside the EU. Domestic routes inside the member states have been
more or less excluded from this liberalisation until 1997. As a consequence, less than 20
per cent of the EU carriers’ total RPK is directly involved in the liberalisation (AEA,
1995).

The more moderate impact of EU liberalisation can also be attributed to the stepwise
approach. During the period 1988-93 fare regulation and market access control were
alleviated in three successive packages. Since the beginning of 1993 the third package has
been in operation. This means that inside the EU a distinction is no longer made between
international and domestic operations, nor between scheduled and charter operations, nor
between passenger and freight operations. They are all allowed free pricing with
provisions for the states and/or the Commission to intervene against excessive normal
fares or fare dumping. In addition, they have nearly full access to routes inside the EU,
including fifth and seventh freedom operations (but eighth freedom is limited to 50 per
cent of the consecutive cabotage until 1 April 1997).

As far as competition rules are concerned, group exemptions have been accepted for
some schedule coordinations, tariff consultations, slot allocation at airports, common
computer reservation systems and the joint operation of new, less busy, routes. A new item
in the third package was the licensing of air carriers. There is full freedom now to start an
airline in the EU, if the conditions of community ownership, financial soundness and
safety requirements are met. As soon as cabotage is fully permitted in 1997, the
liberalisation of the internal markets will approach the level of deregulation in the US
domestic air transport market.* Even then, however, less than 30 per cent of the EU
carriers’ total RPK will be sold in this liberalised market, if market shares do not change
compared with the 1994 figures.

How did EU airlines react to the new competitive environment? The following
developments can be observed (AEA, 1995).

Market access

A higher than usual rate of both start-ups and failures could be observed from January
1993. Until the second quarter of 1995, 58 new scheduled carriers appeared while 51
withdrew. The great majority of new entrants have been regional, with a few former
charter operators starting low-fare scheduled operations. The impact on competition,
however, seems to be negligible.

4 Domestic competition is developing fast in a number of European countries (such as Spain and the UK).

For a review, see British Civil Aviation Authority (1995).
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Changes in airlines’ networks

There has been virtually no activity within the seventh freedom opportunities. Fifth
freedom activities have been more evident with 32 new routes. The only systematic hub-
building outside the national territory was developed by Finnair at Stockholm.

Pricing behaviour

Yield dilution was caused by the increasing popularity of promotional fares. Increased
fare activity, however, can only be attributed to the fact that most national carriers are keen
to remain the price leader in their own home market. They are almost certain to match the
lowest fares on the few routes where competition is increased by new entrants. A period
of more than two years has hardly inspired any EU carrier to start fare competition on a
network-wide scale.

Actual concentration

Despite the many attempts at intensified cooperation, such as Alcazar and the European
Quality Alliance, significant concentration through actual transborder mergers or bank-
ruptcies did not occur. The emphasis has now shifted to the intercontinental alliances
through codesharing agreements.

We can conclude that the first two years of EU liberalisation did not demonstrate
convincing signs of more competitive behaviour. Apparently the starting point for the US
deregulation was substantially different from the EU liberalisation. The differences can
be summarised as follows.

(a) The major part of each EU airline output is still subject to bilateral agreements
between states. As a consequence, EU carriers continue to be strongly tied to their
national home base. A free choice of the optimal hub in the internal market has,
therefore, not yet taken place. For this to happen a “denationalisation of bilateralism”
would have to be a first step (Wassenbergh, 1995). Indeed, many EU governments
have eliminated or substantially reduced their holdings in their national carrier, or are
seriously contemplating doing so.

(b) European carriers already operate radial networks. However, connection at the hub
has to be improved, and frequencies need to be increased and better coordinated, in
order to obtain a “true” US-style HS system (de Wit and Veldhuis, 1991).

(¢) Repeated state aid, especially provided by those EU states claiming their “legitimate
national share of the international air traffic market”, prevents the European airline
industry from actual concentration.

(d) Neither Frequent Flyer Programmes nor Computer Reservation Systems in the EU
play the role they did in the competition and concentration of the US airline industry
(Williams, 1994).
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(e) Air route density in the EU will remain limited compared to the US, owing to the
shorter average travel distance which makes other transport modes more attractive,
and the high density of road and rail networks in the EU. As a consequence, the
opportunities for high frequency HS systems by air may not reach the level of the US
in the near future.

These different conditions in the internal market bring us to three main conclusions.
First, the viability of hub-and-spoke systems in the EU is more limited than in the US.
Second, in the immediate future national carriers in the EU will continue to be strongly
tied to their national home base for a substantial part of their products. Third, EU carriers
will probably anticipate the opportunities of a fully liberalised internal marketin 1997 by
developing a secondary Euro-hub (complementary to their national hub) to serve the total
internal market and to generate sufficient traffic feed from the European continent into the
global network in which these carriers participate.

A full-scale network optimisation in the European market will require an ongoing
deregulation between continents. In the meantime, however, a concentration in the
internal market will ultimately take place, creating room for enhanced hub-and-spoke
operations. The question then is which airport(s) will be favoured by airlines as their main
hub in a profit-maximising environment.

3. Methodology

This section describes the methodological approach employed in this study to evaluate the
behaviour of airline firms under deregulatory market conditions with respect to their
choice of network structure, level of output, and of a hub airport. Figure 1 depicts the
overall methodological approach undertaken in this study to analyse airlines’ choice of a
hub. The figure demonstrates the centrality of the simulation model in the overall
methodological approach. This model (explained shortly) is predicated on a theoretical
analysis of airlines in deregulated markets. Assuming EU policies of complete aviation
liberalisation, and taking demand patterns and airlines’ cost structures as exogenous, the
model simulates the behaviour of a hypothetical single airline which arranges its network
as ahub-and-spoke system using profit maximisation and market dominance as its guiding
criteria. The behaviour of this airline is examined mainly with respect to its outputs:
passengers (PAX) and frequency (ACM per week); load factor and fare on eachroute; and
its choice of a hub airport. Given airports’ charges and capacity, the simulation analysis
shows which West European airport yields the highest level of profit for this airline and,
consequently, stands the best chance of being selected as its main gateway hub.

3.1 Theoretical foundations of the network simulation model

As already stated, the model is predicated on theoretical analysis of airlines’ behaviour in
competitive markets relative to their choice of network (see Berechman et al., 1994).
Since a detailed description of this analysis is beyond the scope of this paper, we simply
present its major elements.
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Theory of airlines’ Econometric estimation
behaviour in of demand and cost
deregulated markets parameters

Simulation model: output,
profits, HS network

EU and national S Hub charges
policies and capacity
Choice of a hub airport
Policy runs
Figure 1

Schematic View of Methodological Approach

We have observed that following US aviation deregulation, airlines have si gnificantly
intensified their use of hub-and-spoke (HS) network structure, while increasing the
frequency of operations (Bailey et al., 1985; McShane and Windle, 1989). These
observations raise two interrelated questions: what are the possible underlying explana-
tions for the HS phenomenon; and why has this phenomenon intensified following the
liberalisation of aviation markets?

The prevailing theoretical explanations provided in the literature for airlines’ choice
of an HS network are cost-side economies and demand-side effects (see Bailey et al.,
1985; Morrison and Winston, 1986; Keeler, 1991; Brueckner and Spiller, 1991; Hendricks
et al., 1992). These arguments notwithstanding, in recent years a market dominance
argument has been advanced to explain HS (Berechman et al., 1994; Oum et al., 1995).
Accordingly, by making the structure of the network an endogenous variable and by
designing it as a hub-and-spoke, an airline can use it as a strategic means of entry
deterrence when under threat of entry (Berechman e al., 1994; Bittilingmayer, 1990;
Oum et al., 1995).

A principal result from the theoretical analysis is that the HS network can serve as an
entry deterrence (or accommodation) mechanism even in cases where the HS network is
more costly to operate. Key factors in this analysis are the nature of the deregulation
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policy: a partial deregulation (some markets only) or a global one; passengers’ demand
structure in terms of their willingness to pay a premium to travel directly between O-D
cities, their value of time, and their fare and frequency demand elasticities; the airline’s
cost structure in terms of scale and scope economies; and available aircraft capacity.
Given the proper conditions relative to these factors, the analysis shows that in a
competitive environment the incumbent airline will be able to obstruct entry when
threatened with it by operating an HS network and properly setting fares and level of
output. Profitable entry accommodation, on the other hand, will occur if a certain group
of passengers of sufficient size has a high value of time relative to other groups, so that
the incumbent will find it profitable to share the market with the entrant, each serving a
particular group of passengers.

Three points are worth mentioning regarding the deterrence/accommodation mecha-
nism. First, entry deterrence or accommodation market arrangements are not due to any
possible asymmetry between the incumbent and entrant airlines, but rather ensue from the
heterogeneity of passengers relative to their value of time. Second, the aircraft type used
by the airline has a significant effect on its market behaviour.’ Third, when the airline uses
aircraft with high capacity the adoption of an HS network will always lead to strictly
positive profits, regardless of whether entry accommodation or deterrence will result.

Obviously, an entrant needs to maintain slots at relevant airports if he is to carry out
his entry threat. Therefore, another useful deterrence approach is for the incumbent to
exercise grandfather rights at airports, thereby hindering new entrants from gaining slots.
The importance of hub dominance was highlighted by Borenstein (1989), who showed
that airlines which have a dominant position in hubs also charged much higher prices
compared with the case where they did nothave sucha preponderant position. On the other
hand, Borenstein (1992) has shown that fares on routes which are served by more than one
carrier are likely to be significantly lower than comparable routes served by asingle carrier
or by a carrier with a dominant position in the market; hence the importance of entry
deterrence mechanisms to incumbent airlines. '

The main conclusions from the theoretical analysis are as follows.

(a) Given demand and cost conditions, airlines operating in deregulated markets will be
predisposed to organise their route network in a hub-and-spoke configuration. Such
anetwork structure is shown to enable airline firms to exploit network economies and
thwart possible entry attempts by rival airlines.

(b) An airline firm will operate a hub-and-spoke network if consumers’ valuation of
direct flights (which is equivalent to their value of time saved) is below a threshold
value. However, even if this is not the case, a hub-and-spoke network will still emerge
if the airline firm provides services at a high enough frequency to compensate
passengers for their loss of time when travelling through the hub.

5 Itis certainly true that in the long run aircraft capacity is an endogenous choice variable. Here we treat
it as an exogenous one, mainly because entry attempts are essentially a short-run phenomenon.
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Under deregulated market conditions an incumbent airline firm will be able to deter
entry by operating a hub-and-spoke network, given its cost structure and the market
demand it faces. Put another way, a rival airline firm would not be able to enter a non-
hub market by providing services at a given market price and earn positive profits.
The reason for this is that the incumbent who operates a hub-and-spoke network will
be able to charge sufficiently low prices and offer high frequency on its hub routes,
thereby making this entry attempt unprofitable. As a result, the incumbent may have
a monopolistic status in the markets it serves. However, this monopolistic status is
constrained by the incumbent’s cost and production conditions (for example, the
extent of its network economies), by demand conditions (for example, passengers’
demand elasticity with respect to fare and frequency), and by the ease of entry.

Given a hub-and-spoke network, the fare charged by the incumbent airline for fli ghts
originating or ending at a hub airport may exceed the fare paid by passengers whose
destination is not a hub airport. The main reason for this is that on hub destination
routes the incumbent can exploit its monopolistic power, whereas on non-hub
destination routes he faces potential competition from new entrants.

Amonopoly airline will operate a higher frequency under the hub-and-spoke network
compared with a linear (or fully connected) network structure.

The load factor in a hub-and-spoke network is larger than in the fully connected
network structure.

If passengers’ valuation of time saved in direct (non-stop) flights is higher than a
critical value, the fare for passengers travelling between non-hub locations will be

lower under the hub-and-spoke network structure than under the alternative.

An airline firm will select as its hub that airport which yields the hi ghest profits, given
demand and cost characteristics, and the airport’s quality, capacity and charges.

Based on these conclusions we present the simulation model.

3.2 Network simulation model

The objective of the model is to simulate the behaviour of a hypothetical single airline in
a competitive deregulated market. Although the model considers a single airline, this
airline faces potential entry from rival airlines. As a consequence, it adopts an HS network
and sets fare and output level (ACM/week) so as to obstruct potential entry as well as to
maximise profits. Thus, entry deterrence and profit maximisation are the two key criteria
used by this airline to establish optimal fare, frequency of service and use of aircraft type

on

each route connecting an origin airport (city) and the selected hub. It should be re-

emphasised that while competition is not explicitly shown in the theoretical part of this
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paper, competition is incorporated into the simulation model which is based on the
theoretical model developed by Berechman er al. (1994), which explicitly takes into
account competition in aviation markets.

Analytically, route fare and output level are constrained by actual market demand
which, in turn, is affected by the vectors of price and frequency setby theincumbent airline
to make potential entry non-profitable. Therefore, the model contains an optimisation
algorithm to determine the optimal level of profit from setting fare and outputlevel oneach
route in the airline’s hub-and-spoke network. Since the structure of the HS network is
affected by the location of its hub, optimal fare and frequency will also be affected, and
thus level of profits. For this reason the airline will select that hub airport for which the
simulation model will generate the highest profits, given the hub’s specific attributes
(such as capacity and charges). As a consequence, the model is tested separately for each
potential West European airport to discover which yields the highest profits.

Five alternative airports are considered as potential candidates for becoming a main
hub: Schiphol (Amsterdam); Brussels; Charlesde Gaulle (Paris); Frankfurt; and Heathrow
(London). Thus, the analysis is carried out five times, where in each run of the model the
potential profitability of this hypothetical airline as a result of using one of these airports
as its hub is evaluated. A comparison of the potential profit levels shows the position of
each airport relative to that of the other four. In addition to these simulations, policy runs
are also carried out to test for the effects of changes in airport policies (for example, its
charges) on its selection as a major hub.

Inputs to the simulation model are: actual demand for each origin-destination airport
by passenger type (business and non-business); demand fare and frequency elasticities
(also by passenger type); the airline’s scale and scope cost elasticities; available aircraft
(by size); and, for each airport, its capacity and charges. The airline’s profit function is
defined as:

Profit (PAX,ACM),,, = Revenues [D(ACM/week,LF),Fare),,;,

— Operating Costs [ACM/week],,, (D)

— Airport Charges [PAX,ACM/weekl,p
where D is demand units (passengers) as a function of frequency (ACM/week) and load
factor (LF) and fare (p). In utility terms the demand function is defined as:

Ui=x2d+ pu(f)*- @) >0;y; >0,
where x; = 1 if travel is between non-hub origin and destination cities, and x; = 0 if the hub
is an origin or a destination city; 8 is the premium passengers are willing to pay to travel
directly between cities; | is value of time; f; is output in market i which is measured as
number of flights (ACM) per week (frequency, f); ¥ > 0 is the elasticity of demand with
respect to frequency; p; is price in market i; and p < 0 is demand fare elasticity. In the
absence of entry threat, the airline will set prices so as to extract total consumer surplus.
Otherwise, and depending on the credibility of the entry attempt, it will set prices at alevel
just sufficient to prevent entry, which can be shown to equal p; = (1 + PRI A
The revenue component contains revenues of two types.

6 For analysis, see Berechman and Shy (1996) and Berechman et al. (1994).
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(a) Revenues from passengers flying to and from the hub:

izH ]j';H
+ A,{ ,g’; Py (L4 S ueflr + jgl Py (1+ 6,,);1-1;,}7.»

@)

where p,; is the number of passengers travelling between an origin i and the hub H, and
Py is the number of passengers travelling between the hub and a destination city (j). The
subscripts b and n denote business and non-business passengers, and A is a monetary
conversion factor (to be computed by the model).

(b) Revenues derived from those passengers who must travel via the hub to a non-hub
destination:

Rev= lb tiﬁ; ﬁlptjb.ﬂ.[min (fiH’ ﬁlj)]yb]
iz ]_';e H =

$ S p i
* A'{ =1 ngpfin'”'[““n i J?lj)]y"]

izjzH

3

Inherent in this equation lies the theoretical condition that those who must travel from i
to j via the hub H, do not pay & (the premium for flying non-stop). The price that is paid
depends on the frequency of the two individual flights that are now necessary, since no
direct flight is available. The passenger will pay according to the flight with the lower
frequency (Berechman and Shy, 1996).

The cost function is defined as a function of ACM per week:

Costy,,=1 [(5:1 i+ ﬁ'] j;,;"ﬂ + (Airport Charges)nub “
I= J=

where a, B are, respectively, parameters of scale and network economies, and M is a cost
conversion factor. The simulation model computes optimal frequencies on each route
such that profit is maximised.

4. Demand and Cost Parameters

4.1 Demand analysis

The main objective of this analysis is to obtain empirical estimates for frequency demand
elasticities for business and non-business travel (Y, y, in the airline’s revenue function).
The demand database is essentially composed of two major O-D matrices which are
described in detail in Appendix A.
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In general, aggregate air travel demand is a function of fare, level of service
(frequency), income and population size in each O-D market. By and large, information
on income is unavailable, while the catchment area, for a given hub airport, is hard to
define and is roughly approximated by the actual observed demand. Thus, the demand for
air travel servicesin marketi attime t, D, is expressed as a function of price (p;,) and flight
frequency (f;,):

D, = D@;f:)
which, for estimation purposes, is written as:’
D, = e% % p'('zp * ftaF * oT * glty )

where a, is a constant, T'is a year dummy, and u;, is the error associated with the choice
of air services in this market at this time period. We estimate this function in a log form.

All data are defined in terms of a time unit which, in this study, is one week (for
example, number of flights per week). We use quarterly data for the years 1986-91 (24
quarters). The sample is composed of observations on 26 markets/routes (i=1,...,26) for
each quarter ¢ (¢ = 1,...,24). Demand is defined as the number of scheduled passengers in
Business Class and Non-business Class per week on route (market) i at time ¢, and
frequency is the number of all scheduled flights per week. Priceis the fare paid by business
and non-business passengers. This variable is the most problematic one in the database.
The problems stem from the fact that, inreality, there are many more price categories than
justbusiness and non-business. Moreover, prices do not change quarterly; sometimes they
even vary on different days of the week. In addition it also matters where a passenger
purchases his ticket, in what currency he pays and what travel restrictions apply. A further
problem is that if businessmen fly Non-business Class they pay a non-business price.

Given these complexities, in the present analysis we use “off the shelf” demand price
elasticities, reported in the literature, to estimate frequency elasticities, ¥, andY,. The price
elasticities used were —1.1 for business travel and —1.5 for non-business (Oumet al., 1992,
Table 3; Oum et al., 1993).2 Introducing these elasticities into equation (5) resulted in
demand frequency elasticities of 0.7 for business travel and 0.3 for non-business travel.
These estimates represent average values and were subsequently used in the simulation
model.

4.2 Cost analysis

Key parameters in the cost function (equation (4)) are scale and network economies (that
is, o, B). Unlike the case of demand elasticities, the empirical literature does not provide
information on the magnitude of these parameters on European aviation. Thus, we have
estimated three cost functions whose estimated parameters, in turn, are used to compute
o and B. Specifically, we have used the following multi-output cost models which are
derivatives of the translogarithmic cost function.

7 Thisfunction is used because itcomplies with conventional economic requirements for demand functions.

It is also amenable to empirical estimation.

8  Thefiguresreported in Oumetal. (1992, Table 3)include results from time-series analysis, cross-section
dataand others. We have used those pertaining to cross-section datasince our database is essentially composed
of a cross-section of markets for a few selected years.
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Model I: Output = Passengers (PAX) and Aircraft Movement (ACM)
Model 2: Output = Passengers (PAX) and Available Seat Kilometre (ASK)
Model 3: Output = Aircraft Movement (ACM) and Available Seat Kilometre (ASK)

All three models use as input factors: labour, capital, maintenance and fuel, along with
their respective prices. The data used for the estimation of cost function parameters is
describedin Appendix A. Itcontains quarterly dataon 20 airlines for the years 1986-1991.

Before we present the results from the econometric estimation several caveats are
required. First, since we have used a sample of airlines, it is necessary to assume that all
firms in the sample operate at the same degree of efficiency. With respect to aviation, this
contention implies that, irrespective of ownership, all airlines face a competitive input
factor market and, given the market’s demand and production technology, they seek to
minimise their total costs.?

Second, in addition to passenger services airlines also produce other services, mainly
freight, which in some cases can amount to a significant proportion of total airline
revenues. For example, in 1991 cargo revenues ranged from 10 to 30 per cent for those
airlines which are also cargo oriented (such as Air France, British Air, KLM and
Lufthansa). In this analysis we have not considered cargo output, mainly for lack of
credible route data. However, for the present analysis we do not consider the omission of
cargo output from the cost models to be a significant handicap. The main reason is that
these revenue shares are mainly generated on long-haul operations as air cargo transport
inside Europe is almost negligible. Moreover, the revenue percentages do not have to be
equivalent to cargo shares in the total costs of an airline. Consequently, from a marginal
cost viewpoint, the non-inclusion of cargo as a specific variable in the cost function may
have only a limited effect on costs. From a policy perspective, the simulation model
attempts to replicate the behaviour of an airline under conditions of complete deregula-
tion. It is not unlikely that under such conditions the present cargo-related revenue
percentages will decline substantially as specialising airlines (for example, integrators
and freighter airlines) will enter the market and take over the bulk of the cargo market. For
example, Lufthansa may recently have taken the lead with a new development in Europe
— cargo activities have been separated into a new subsidiary, called Lufthansa Cargo
Airlines.

A third caveat is that PAX, ACM and ASK may not be independent variables as, for
example, passenger volumes and the number of weekly aircraft movements may vary
together. If this is indeed the case we face a problem of multicollinearity resulting in
coefficients being statistically insignificant.!” To account for this problem in the analysis
we have generated two alternative conditions which reflect the possible association

® It can be argued that airlines which are completely owned by governments are unlikely to behave as

efficiently as privately owned ones. Another important factor of influence is the regulatory regime. After
nearly twenty years of deregulation US carriers are much more efficient than European carriers irrespective
of their individual network characteristics (Avmark, 1992). In this paper we do not deal with these aspects.
See Berechman (1994) for further analysis.

10" The r-test will indicate whether an effect is only less significantor actually insignificant (for a discussion
see Ghosh, 1991). '
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Table 1
Estimates of Cost Elasticities and Total Scale Economies

Model 1 Model 2 Model 3

PAX ACM o PAX ASK o ACM ASK a

All airlines 0.75 0.09 1.18 0.25 0.58 123 0.23 0.64 1.14

between these outputs. The first is based on assumed relationships between each two
output measures. For example, we used average load factor to associate PAX with ACM.
Second, we have computed the correlation coefficients between these variables and used
them to associate the output variables. Subsequently, we estimated each cost model with
one of these additional side conditions. Theresults, presentedin Table 1, reflect the second
condition.

To derive the germane point estimates, each of the three cost models was estimated
simultaneously with the set of necessary regularity constraints and three share equations
(and the side condition). Based on the estimated cost function parameters, Table 1
provides cost elasticities relative to the specific output measures used in each of the
models and the degree of total scale economies, o.

The results indicate conditions of mild scale economies (ot is 1.18, 1.23 and 1.14 in
models 1, 2 and 3, respectively). In the simulation model we use o= 1.2 as the (average)
degree of scale economies.

Network economies (B) is defined as the elasticity of total variable costs with respect
to network size. In the present analysis, network size is measured in terms of number of
routes served. Thus, holding total output (PAX, ACM or ASK) constant, increasing
returns of network exist if a 10 per cent increase in the number of routes served will result
in a less than 10 per cent increase in total variable costs. The economic rationale for this
phenomenon is embedded in the specific design of a given network, in particular in the
cost complementarity or cost substitutability relationships between different routes. To
calculate B we have used the above cost models with the four input prices, and ASK and
number of routes served as the output variables.!! The results of the analysis for the entire
sample (all years and all airlines) show that the average degree of network economies is
0.700. This value was used in the simulation model.

5. Simulation Results: Choice of a Primary West European Hub

5.1 Principal results
The main objective of this study is to assess which West European airport stands the best

11 The sources of data for these regressions were: ICAO, IATA, Jane’s, AEA and ABC.
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chance of being selected as the primary gateway hub when European aviation markets are
completely deregulated. In the present analysis we have considered five hub airports
which, potentially, compete with each other to become the primary hub.

As explained above, the criterion for selecting the primary hub is based on the level of
“potential profits” that a hypothetical single airline, operating in aderegulated market, can
earn if it uses an HS network whose central hub is one of the five competing airports.
Following equation (1) the profit function is:

Potential Profit (PAX, ACM),;, = Z,,,,, [Revenues (Fare, LF, ACM), ... b
- Z,oue [Operating costs (ACM), o0 hup
— Airport [Charges (PAX, ACM), Capacityl,,,

It is important to emphasise that “potential profits” are not to be mistaken for real or
actual profits of an airline from its actual market operations. Rather, they are simulated
profits which the hypothetical single airline could potentially gainif it adopted a hub-and-
spoke network, selected as its single hub one of the five alternative airports, and optimised
its route output and fare levels so as to discourage entry attempts by rival airlines.

Given actual market O-D demand (that is, the number of business and non-business
passengers wishing to travel between all pairs of nodes), price and frequency elasticities
for each class of passengers, scale and network elasticities, aircraft type, and capacity and
fixed charges of each specific airport, the simulation model first derives optimal frequency
(ACM/week), load factor and fare on each route connecting a node with the hub and the
hub with a node. Associated operating costs are also computed. Optimal value of each of
the revenue variables is defined as that which yields maximum profits on all routes (intra-
European and international). While frequency is common for both business and non-
business passengers (who are flying in the same aircraft), revenues from these different
classes of passengers are not. Therefore, the simulation model computes total profits from
operations by considering separately, in the profit function, income obtained from
servicing each class of passenger (equations (2) and (3)).

The optimisation algorithm, embedded in the simulation model, is briefly described in
Appendix B. Starting from an initial solution the algorithm computes an optimal one, and
$0 maximum total profits, by systematically searching among successive solutions until
no further improvement in profits can be obtained.!? Subsequently, a different hub is
selected and the process repeats itself. A comparison of the profit levels of using
alternative airports yields the most profitable one and, by assumption, the one which will
be selected by the airline as its primary hub. Table 2 shows principal results from the
simulations in terms of potential profits and the airport’s rank in the airline’s choice set.

It should be re-emphasised that the profits results in Table 2 do notreflect observed cost
and revenue patterns from actual airline operations. Rather, they are simulation results
reflecting the behaviour of a hypothetical airline which operates under postulated
conditions of completely deregulated aviation markets and a complete HS network with

12 While it was not possible to prove a global optimum solution, repeated experiments showed “approxi-
mately” aunique solution. For adetailed discussion see Berechman (1994) and Adler and Berechman (1995).
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Table 2
Principal Results from Simulation Analysis and Policy Tests
(Millions of US$ Per Week)

Airport Principal Results (Base Run) Policy Test 1 Policy Test 2
Airline Airport Airline Airport Airline Airport
Potential Rank Potential Rank Potential Rank

Profits Profits Profits

Schiphol 0.765 3 1.888 2 1.888 1

Brussels 1.839 2 1.839 3 1.839 2

Charles de Gaulle 0.587 4 0.587 4 0.587 4

Frankfurt -1.507 5 -0.859 5 —-0.859 5

Heathrow 2.593 1 2.529 1 1.837 3

one main hub. Furthermore, in these computations we regard only those operating costs
associated with the optimal ACM as computed by the model. Many other major costitems
such as facility costs, management and sales costs are not included. On the other hand,
airport charges are computed separately in order to highlight, in the policy tests below,
their effect on the choice of an airport.

Given these qualifications, two major conclusions can be drawn from the results in
Table 2. First, if maximum profit is the primary criterion for the selection of a hub then
London airport (followed by Brussels) is the prime candidate for being selected as the
principal West European gateway hub. (The negative profit for Frankfurt is due to the very
high charges levied by this airport relative to revenues, given actual demand.) At present,
however, London suffers from lack of runway capacity so that capacity limitations may
make this choice untenable. In this case other airports will be considered, Brussels being
a strong candidate.

The second conclusion is that airline revenues vary significantly between the five
airports considered. The main reason for this is that demand, revenues (and costs) are a
function of frequency, load factor and fare on each route, and these are affected by the
network layout which, in turn, is affected by which airport is considered as the hub.
Similarly, total airport charges, paid by the airline to an airport, is a function of the fixed
rate per ACM and per passenger charged by the airport and the actual ACM and passengers
associated with the use of this airport.!> In general, existing demand patterns have a
consequential impact on the results. As European aviation liberalisation becomes more
effective, fares can be expected to drop and demand increase. What is not clear, however,
is whether, if fare changes are spread uniformly, demand patterns (the distribution of

3 Inreality, while ACM- and PAX-related charges are the principal ones, there are many more airport charge
types. Noise, parking and night charges are some examples. In a follow-up study we will consider the effects
of those as well.
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demand over routes) will also change significantly. From the airports’ viewpoint, the
question they face is what kind of policies can be adopted to affect their ranking. To
examine this issue we report results from several policy tests.4

5.2 Policy tests: reduction of ACM and PAX charges

The main objective of the policy tests reported here is to explore the effect of changes in
airport charges onthe choice of Schiphol airport as the main West European hub. We begin
with a test that explores the effect on the position of Schiphol caused by a reduction in its
landing charges by 60 per cent relative to the present level. A second test examines the
effect of a reduction in Schiphol’s charges by 60 per cent while Heathrow’s charges are
increased by 20 per cent. The results of these two tests are shown in Table 2.

It is clear from these results that, other things being equal, a change in an airport’s
charges has a significant effect on an airline’s choice of hub. Thus, whereas at the present
level of charges Schiphol was the third choice, Test 1 shows that a large reduction in its
charges makes it a second choice after Heathrow. Test 2 shows that a simultaneous
reduction in Schiphol’s charges and increase in Heathrow’s charges will make Schiphol
the first choice. Can we, therefore, conclude that airport charges constitute an effective
policy means to attract profit-maximising airlines? The answer to this question is quite
complicated. First, a reduction of 60 per cent in charges is difficult to execute. Second,
while a significant reduction in charges will attract more traffic it may alsoreduce overall
revenues, depending on revenue and cost elasticities with respect to traffic. Third, if a
number of airports resort to charge reduction as ameans toinduce trafficit is not clear what
the end result might be. A proper framework to examine charge reduction in the case of
competition between airports is a game theory model involving airports and airlines.

In general, airport charges are only one factor, albeit an important one, among many
which affect airlines’ hub choice decisions. Slot availability, capacity constraints and
airportquality (in terms of delay, connections, cost of 1abour and so on) undoubtedly have
an important effect on hub choice. Which combination of policies relative to airport
charges, quality attributes and investment is necessary to make an airport the first choice
hub has to be the subject of further research.

6. Summary and Conclusions

The primary objective of this research has been to assess the potential of major West
European airports to become the primary gateway hub once European aviation markets
are fully deregulated. Ithas been contended thatif the European Union goal of completely
liberalising European aviation markets is accomplished, airlines will intensify the use of
hub-and-spoke networks and will select a specific main hub so as to maximise profits and
secure optimum market share.

14 To check for the robustness of the results we ran several sensitivity analysis tests including the effect of
changes in key parameters such as cost and demand elasticities and the value of time. Given the scope of this
paper, results from these tests are not shown here. In general, however, they indicate that these changes have
effects on potential profits in the expected directions.
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To carry out the assessment in this study we have followed an approach consisting of
several phases. We began by examining the likely consequences of EU liberalisation
policies. It can be concluded that while European aviation markets would not function as
freely as their US counterparts, nevertheless conditions favouring easy market entry and
exit, unrestricted setting of fares and levels of service, and significant increase in hub-and-
spoke operations will ultimately transpire. In addition, airlines will be privatised and,
being exposed to fierce market competition, will be compelled to pursue profit-maximi-
sation and market dominance objectives.

Given these conditions, we have developed a network simulation model capable of
using alternative airports as the major gateway hub for a hub-and-spoke network. The
theoretical underpinnings of this model are based on amicroeconomic analysis of airlines’
behaviour under deregulated market conditions. This analysis shows that a profit-
maximising incumbent airline which faces potential entry will adopt a hub-and-spoke
network. The exact design of this network in terms of the hub that this airline will select,
as well as the level of output and fare on each route, will depend on market demand
conditions, on the airline’s cost and production properties and on the attributes of the hub.

The simulation model accepts as its inputs Origin-Destination (O-D) demand matrices
for business and non-business travel, demand elasticity parameters, cost elasticity
parameters, total airport charges, aircraft types, airport capacity and a set of other
parameters. Given that there are 26 O-D locations (airports) in our database, the model
then computes optimal output (weekly aircraft movements and load factors) for each route
connected to the hub as well as total operating costs and total operating revenue from these
operations. Since five major potential hub airports were considered in this study (Schiphol,
Heathrow, Charles de Gaulle, Frankfurt and Brussels), the simulation analysis must be
carried out five times.

Using a large database consisting of 20 airlines and 26 O-D cities, with quarterly
observations for the period 1986-91, the relevant demand and cost parameters were
estimated. These parameters were subsequently used as inputs into the simulation model
to establish which of the five competing airports will generate the highest profits, given
this airport’s capacity and landing and passenger charges. These profits are, in fact,
measures of the potential profitability of a hypothetical single airline which has adopted
a hub-and-spoke network, optimised its route output and fare levels, and selected as its
single hub one specific airport out of the five alternatives. Two policy tests were also
carried out to evaluate the effect on hub choice of changes in the values of airport charges.

Principal results from the analysis show that, given air travel demand patterns, airline
cost and production structure, aircraft type and airport charges and capacity, Heathrow
(followed by Brussels) stands the best chance of becoming the dominant West European
gateway hub. The use of other airports is less profitable, and some airports like Frankfurt
may even generate losses for the airline. These results are highly robust in that the policy
tests show that an airport needs to reduce its charges substantially before it can alter its
relative position and attract additional traffic.

A major drawback of the present network simulation model is that it considers asingle
_ hub only. In reality, even in highly liberalised aviation markets such as the US, airlines
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organise their networks around two or more hubs. This has to do with the need to cover
the whole continental market and the capacity constraints of a single hub. There is no
intrinsic reason why similar patterns would notemerge in Europe. Furthermore, while the
model implicitly assumes potential competition from other airlines, market arrangements
such as service coordination or intercontinental alliances via codesharing agreements are
not considered. Similarly, while the theoretical analysis explicitly permits two airlines
serving the same market through service accommodation, the present simulation model
does not allow for such a scenario. Finally, the range of policy options available to an
airport to improve its position are limited in this analysis to charge reduction only.
Needless to say, quality improvements (for example, reduced delay times and improved
turnover times), and runway and terminal capacity expansions, are effective means for
airports to attract traffic. In a follow-up study we will amend these shortcomings of the
present simulation model to allow for multi-hub networks, more realistic market arrange-
ments and an array of airport policy choices.

Appendix A
The Database

Demand data

The sources of the demand data used in the simulation model are two demand matrices.
The first is based on the actual number of passengers between any two O-D locations and
does not take into account positive and negative transfers. The second was created from
atransfer model, based ontravel in one week in July, and does contain transfer passengers
via the five main hubs (Schiphol, Brussels, Charles de Gaulle, Frankfurt and Heathrow).
It should be noted that principal results obtained under these two alternative demand
matrices were quite similar, primarily with regard to the choice of a hub.

Each of these matrices, which is used as an input into the simulation model as well as
for the estimation of the relevant demand parameters, consists of three types of variables:
(a) demand quantity (PAX); (b) flight frequency (ACM per time unit) and (c) price
(airfare). For each market and for each of these variables, quarterly data were collected
frothe 1986-91 period. These data pertain mainly to travel to/from Amsterdam’s Schiphol
airport. Some data were also obtained for flights to/from L.ondon’s Heathrow airport and
to/from Paris’s Charles de Gaulle airport. Data on airport capacity were obtained from SRI
(1991); data on airport charges are based upon the ABC Guide (one week in July, 1991),
and JATA Manual on Airport and En Route Charges, Aeroports de Paris.

Twenty-five markets (travel from/to a given airport to/from Schiphol) were included
in the analysis. With 24 longitudinal observations per market (4 quarters X 6 years) and
25 markets, the complete demand component of the database should have included 600
observations for each variable. However, information on airfare data was available for
only four years (1986, 1988, 1989 and 1990) and for two quarters (second and third of each
year). Thus, for estimation purposes the database included 100 observations for each of
these two quarters.
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Table A.1
Percentage of Passengers in Business and Non-Business Classes
by Trip Purpose and by Transfer/Non-transfer Category
(averages for all destinations)

Class Non-transfer Transfer Total
B NB B NB B NB
Trip Purpose
Business (B) 90 10 83 17 88 12
Non-business (NB) 38 62 30 70 35 65

London’s data include only two series. The first contains the number of scheduled
passengers on a route between Heathrow and another 26 airports (the above 25 markets
minus Heathrow itself plus Paris (Orly) and New York (Newark)). The second series
contains the number of flights on these 26 routes. All the information in the London file
is for the year 1991. The source of the data is CAA Airport Statistics.

The Paris data include observations for 23 markets (the above 25 markets plus
Montreal (Dorval), minus Zurich, Amsterdam and Heathrow). The data give the number
of passengers and the number of flights for these 23 markets but do not distinguish
between arrivals and departures.

Originally, the available demand data were not separated into business and non-
business categories. In Europe, a significant number of business passengers travel non-
business (tourist) class whereas a significant number of non-business passengers travel
business class. Therefore, we needed to separate the data into these two categories. In
order to obtain the actual number of business passengers, the number of business
passengers travelling business class and the number of business passengers travelling
non-business class were calculated. The sum of these two groups yields the total corrected
number of business passengers. Since the pertinent percentage distribution was available
for the year 1992 only, it has been assumed that this distribution roughly remained
constant over the period 1986-92. The data are categorised by transfer (at Schiphol) and
non-transfer passengers. Table A.1 shows the percentage distribution of business and non-
business passengers by transfer and non-transfer, and by trip purpose.

Furthermore, for both matrices, the original data were not separated between business
and non-business passengers by origin and destination. Thus, we have computed O-D
matrices for both business and non-business passengers. The percentage figures givenin
Table A.2 were obtained.
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Table A.2
Distribution of Business Trips by Origin and Destination (Percentage Rate)
Destination
Europe North America East Asia

Origin

Europe 0.662 0.366 0.384
North America 0.366 0.662

East Asia 0.384 0.662

Note: The figures donot sum up to 1.00 since we did not account here for transfer and non-transfer passengers.

We have also assumed the percentage of business class passengers on routes between
North Americaand East Asiato be 0.5. We have then estimated the percentage of business
class passengers from the total number of passengers, using the percentage of business
passengers on the 25 routes from/to Schiphol.

The value of time parameter
Akey parameter entering the model is the “value of time” (in $/hour) for business and non-
business passengers (the 1 parameter in equations (2) and (3)). To obtain its value we have
used published data. In two recent studies by the Hague Consulting Group (1992) the
following value of time results were obtained. Since all our data is on a weekly basis we
have converted these figures to dollars per weekly hour by dividing the original figures
by 168 (24 x7). We then converted to US dollars, using 1.8 Dfl per US dollar as the average
exchange rate in 1991. These results are presented in Table A.3.

On the basis of this information in the simulation model we have used $0.80/weekly
hour for business trips and $0.17/weekly hour for non-business trips.

Table A3
Value of Time Data

Business Non-Business

$/hour $Aveekly-hour* $/mour $Aveekly-hour*

Plane ICA (intercontinental) 166.6 1.00 41.1 0.24
Plane (European) 1333 0.80 28.8 0.17
Plane (short) 76.6 045 23.8 0.14

*  Since the basic time unit in this study is one week, these values are obtained by dividing $/hour by 168
weekly-hours.
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Cost data

The database used for the cost function analysis consists of panel data containing cost,
input factors and output data for 20 airlines for 6 years (1986-91). The airlines in the
sample are listed below. The data are obtained from ICAO annual costreports and include
information of three types: cost data, including total operating cOsts and the cost of
individual factors of production (labour, capital, fuel and maintenance); quantities of
input factors (labour in persons, capital in aircraft, fuel in litres and maintenance in
maintenance-persons); and output inunits of passengers flown (PAX), aircraft movement
(ACM) and available seat kilometres (ASK).

The price of each input factor is obtained by dividing the expenses related to this factor
by its quantity. Thus, the price of labour is obtained by dividing labour-related expenses
by the number of employees. The price of capital is capital-related expenses divided by
the number of aircraft. The price of fuel is the jet-fuel-related expenses divided by the
number of litres of fuel. The price of maintenance was computed in two ways: mainte-
nance-related expenses divided by the number of maintenance employees; and mainte-
nance-related expenses divided by the number of aircraft. For these calculations the
number of employees is that of the mid-year, while the size of the fleet is that of the year-
end. The cost share of an input factor is obtained by dividing the cost of this input by total
operating expenses. All cost data were converted t0 US dollars.

Airports and airlines in the sample

Airports

AMS Amsterdam FCO Rome MUC Munich

ARN Stockholm FRA  Frankfurt NRT Tokyo

ATH Athens GVA Geneva ORD Chicago

BCN Barcelona JFK  New York SIN  Singapore

BKK Bangkok LAX Los Angeles VIE Vienna

BRU Brussels LHR London YMX Montreal

CDG Paris LIN Milan YYZ Toronto

CPH Copenhagen MAD Madrid ZRH Zurich

FBU Oslo MAN Manchester

Airlines

European Non-European

Air France KLM American Airlines

Alitalia Lufthansa Canadian Airlines

Austrian Olympic Delta

British Air SAS JAL

British Midland Sabena Northwest

Iberia Swissair Singapore
TWA ’
United
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Appendix B
The Optimisation Algorithm

The model is based on a Monte Carlo method of simulation which maximises the profit
function in stages. The key search variable is frequency (ACM/week). Once an optimal
value is found the algorithm computes all other variables accordingly.

Step 1: Compute an initial solution using a simple heuristic. The route frequencies are
calculated so that all demand is met with a 100 per cent load factor on a plane with 250
seats. If a constraint is violated (for example, because the hub cannot carry all aircraft
movements) the relevant frequencies are reduced equally according to the difference.
Once an initial solution is found that does not break a constraint the algorithm computes
route fare, load factor and total profit provided by the solution.

Step 2: Choose, in a random manner, frequencies around the incumbent solution. Each
frequency is increased or decreased in such a way as to ensure that the Euclidean distance
between the original frequency and the randomly-chosen new one does not exceed a
previously specified cubic search space, which also takes into account the constraints of
the model. Compute the new profit figure and compare it to its previous value. Repeat the
procedure as many times as the user previously specifies, unless a higher profit is found.
If the latter occurs, the entire procedure is repeated around the new, improved solution.

Step 3: Reduce the maximum Euclidean length and repeat step 2. Thus, continually look
for an improved solution within a gradually smaller distance around the incumbent
solution. Once the distance is so small as to be negligible, it is assumed that an optimal or
near optimal solution has been found.

Step 4: Report the maximum profit level for the specified network, optimal route
frequencies, and the load factor on all links.

The profit or loss of the hub is also reported. The hub’s revenues are derived mainly
from the landing- and passenger-related charges as well as fixed revenues derived from
rentals. The hub costs are based on aircraft movements, passenger movements and fixed
costs. Whilst runway capacity is used in the model as a constraint, other capacities are also
reported, including terminal and apron capacity. '

The algorithm does not require function differentiation and searches for the optimal
solution in arandom manner. However, the question “how optimal is optimal” could not
be answered using this methodology. In addition, a single 26-node network configuration
can take a substantial amount of computation time to be solved. Since we are testing the
advantages of different network configurations, a run consists of at least five different
networks. Hence, in a subsequent study, a second method was developed to search for an
optimal solution in minimal time. In general, however, it should be noted that due to a lack
of convexity in the non-linear constraints, an “optimal” solution may be local only; see
Adler and Berechman (1995) for details.
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