Ce document est le fruit d’un long travail approuvé par le jury de
soutenance et mis a disposition de Il'ensemble de Ia
communauté universitaire élargie.

Il est soumis a la propriété intellectuelle de l'auteur: ceci
implique une obligation de citation et de référencement lors de
I'utilisation de ce document.

D’autre part, toute contrefagon, plagiat, reproduction illicite de
ce travail expose a des poursuites pénales.

Contact : portail-publi@ut-capitole.fr

Code la Propriété Intellectuelle — Articles L. 122-4 et L. 335-1 a
L. 335-10
Loi n°92-597 du 1° juillet 1992, publiée au Journal Officiel du 2

juillet 1992
http://www.cfcopies.com/V2/leg/leqg-droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




Université Fédérale

THESE

Envuedel’'obtentiondu

Toulouse Midi-Pyrénées

DOCTORAT DE L’UNIVERSITE DE TOULOUSE

Délivré par I’Université Toulouse Capitole

Ecoledoctorale : Sciences Economiques-Toulouse School of Economics

Présentée et soutenue par

WANG Chunan

le 23 Juin 2017

Essays on Delay Reduction Contract, Airline Networks and
Agricultural Land Marketization

Discipline : Sciences Economiques
Unitéderecherche: TSE-R (UMR CNRS 5314 - INRA 1415)
Directeur de thése : Monsieur Doh-Shin JEON, Professeur, Université Toulouse 1 Capitole

Co-directeur de thése: Madame Estelle MALAVOLTI, Enseignant-Chercheur, Université
Toulouse 1 Capitole et Ecole Nationale de I'Aviation Civile

JURY

Rapporteurs Monsieur Benny MANTIN, Professeur, University of Luxembourg
Monsieur Frédéric MARTY, CNRS Research Fellow, Université Coéte d’Azur

Suffragants Madame Estelle MALAVOLTI, Enseignant-Chercheur, UT1 Capitole et ENAC
Madame Carole HARITCHABALET, Professeur, Université de Pau et des
Pays de I'Adour




Abstract

This thesis consists of three self-contained papers, each of which corresponds to one
chapter.

In the context of SESAR (Single European Sky ATM Research) project, the Air
Navigation Service Provider (ANSP) can provide a delay reduction service to airlines.
Thus, the first chapter, jointly written with Estelle Malavolti, studies the optimal design
of delay reduction contract signed between an ANSP and a monopoly airline. In the
contract design, we mainly consider the adverse selection problem, which comes from
airlines’ private information about their values of time. Then, we derive optimal contracts
analytically considering both the welfare-maximizing and profit-maximizing ANSP. We
find that, under incomplete information, the optimal degree of the delay reduction service
for the airline with a low value of time may be distorted downwards to decrease the
information rent of the airline with a high value of time. Moreover, because contracts
should be adjusted over time according to the evolution of some relevant exogenous
variables, we conduct comparative-static analysis to study the effects of safety standard
and flight frequency on optimal contracts. Besides, we use numerical examples to study
when a welfare-maximizing ANSP has to use public funds to provide the service.

The second chapter investigates the dual roles of congestion delays and horizontal
product differentiation in airline network choice. A particular feature of this work is
the incorporation of all possible network structures in a three-city network, including a
hub-and-spoke network (HS), point-to-point network (PP), mixed network (MX), 2-hub
network (2H), with a 3-hub network (3H) as an extension. More importantly, besides

contributing to the limited amount of literature on the effects of congestion delays, for the



ii
function of 2H, I focus on the exploitation of horizontal product differentiation rather than
hub airport congestion reduction. In reality, the horizontal product differentiation arises
as a result of different flight departure time slots and passengers’ brand loyalty. 1 find
that, first, because of the inclusion of congestion delays, the airline may choose PP even
when the extra travel time disutility of one-stop services is relatively low. Second, without
considering the airline’s fixed investments of developing a hub airport, 2H will dominate
the three other network structures as long as it is feasible, as it involves the horizontal
product differentiation in more markets than the three other network structures. Third,
comparative statics show that, under MX, for example, when the marginal congestion
delay cost increases, the change of flight frequency between two spoke airports depends
on the trade-off between the direct negative effect of a higher delay cost and the strategic
redistribution of traffic among different routes. Finally, welfare analysis shows the airline’s
inefficient biases towards PP and 2H.

The third chapter, jointly written with Wanjun Yao and Shigeyuki Hamori, proposes
that the agricultural land marketization affects the average output per unit of land, or
average land productivity, not only through improving the land allocation efficiency but
also through increasing the average operational farm size. The effect of the higher land
allocation efficiency on average land productivity is positive. However, when there exists
an inverse relationship between farm size and output per unit of land, or land produc-
tivity, the effect of the larger average operational farm size on average land productivity
is negative. Then, the net effect of the agricultural land marketization on average land
productivity depends on the comparison of these two channels. By using the agricul-
tural land marketization reform in China in 2008 as the indicator of marketization and
the China Health and Nutrition Survey (CHNS) database, this chapter empirically finds
that: first, there exists an inverse relationship between farm size and land productivity in
China; second, the agricultural land marketization in China improves the land allocation
efficiency and increases the average operational farm size; and third, the higher land allo-
cation efficiency improves the average land productivity by 29.1% and the larger average

operational farm size reduces the average land productivity by 9.2%, implying that the
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agricultural land marketization in China finally improves the average land productivity

by 19.9%.
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Introduction

This thesis aims to apply the economic theories and empirical methods in the fields of
industrial organization and applied microeconomics to analyze the air transportation and
agricultural land markets. Specifically, this thesis consists of three self-contained papers,
each of which corresponds to one chapter. The first chapter mainly uses the methodology
of contract theory to address the adverse selection problem in the design of delay reduc-
tion contract in Europe. The second chapter investigates the dual roles of congestion
delays and horizontal product differentiation in airline network choice. Moreover, the
third chapter tests empirically whether or not the agricultural land marketization will
necessarily improve the average land productivity by examining the role of the inverse
relationship between farm size and land productivity.

In the context of SESAR (Single European Sky ATM! Research) project, the Air
Navigation Service Provider (ANSP) can provide a delay reduction service to airlines.
Thus, the first chapter, jointly written with Estelle Malavolti, studies the optimal design
of delay reduction contract signed between an ANSP and a monopoly airline.

Aviation in Europe is expected to experience a rapid growth and more delays in the
future. According to STATFOR (2013), in the most-likely scenario, there will be 14.4
million flights in Europe in 2035, 50% more than 2012. Moreover, air traffic growth
will be limited by the available airport capacity. When the capacity limits are reached,
congestion at airports will increase quite rapidly, leading to more delays. To satisfy the
development of EU air transport sector, in 2004, European Union and EUROCONTROL
founded the SESAR project, in which satisfying future safety needs and reducing delays

are important targets (see European Union and EUROCONTROL, 2015). In the context

LATM is the abbreviation of Air Traffic Management.



of SESAR, in order to reduce delays, the Air Navigation Service Provider (ANSP) can
provide a delay reduction service to airlines. In the short run, the service can be provided
for free because of generous funds of SESAR. In the long run, however, the ANSP will
face financial constraints. Then, a contract, the so-called delay reduction contract in this
chapter, signed between the ANSP and airlines will be necessary. Therefore, this chapter
aims to study the optimal design of delay reduction contract.

Specifically, we consider an ANSP, a monopoly airline, two airports, and a contract
signed between an ANSP and a monopoly airline to reduce delays, in which contracting
variables are the degree of the delay reduction service and the transfer from the airline
to the ANSP. In the contract design, we mainly consider the adverse selection problem,
which comes from airlines’ private information about their values of time, and thus the
trade-off between efficiency and rent extraction. In fact, airlines may have very different
values of time, for example, Air France and easyJet, and airlines always know better
about their values of time than the ANSP.

Then, we derive optimal contracts analytically considering both the welfare-maximizing
and profit-maximizing ANSP. In particular, we find that, under incomplete information,
the optimal degree of the delay reduction service for the airline with a low value of time
may be distorted downwards to decrease the information rent of the airline with a high
value of time. Moreover, because contracts should be adjusted over time according to the
evolution of some relevant exogenous variables, we conduct comparative-static analysis
to study the effects of safety standard and flight frequency on optimal contracts. Finally,
we use numerical examples to study when a welfare-maximizing ANSP has to use public
funds to provide the delay reduction service, and we find that, if the service is very ef-
fective, the ANSP may not have to use public funds; if the service is very ineffective, the
ANSP has to use public funds; if the effectiveness of the service is intermediate, when
the effectiveness decreases, the ANSP may not have to use public funds only when the
passengers’ value of time becomes higher.

This chapter is closely related to three branches of literature. In the incentives theory

and regulation literature, Caillaud et al. (1988) summarize two types of the regulator’s



objective function, that is, distributional objectives and the cost of public funds. Baron
and Myerson (1982) and Baron and Besanko (1984) use the distributional-objectives
objective function, while Laffont and Tirole (1986) use the objective function with the
cost of public funds. This chapter considers the cost of public funds when the ANSP acts
as a social planner. Specifically, because passengers can benefit from the service but do
not pay to the ANSP, it is possible that the service is socially desirable while the airline’s
benefit from the service is not as high as the total cost of providing the service. In this
case, the ANSP has to use public funds to subsidize the service and thus consider the
cost of public funds in the objective function.

The second branch of literature is the modeling of passenger utility. Some studies
follow Dixit (1979) to use a quadratic passenger utility function, for example, Lin (2012)
and Wang (2017). The main purpose of this kind of utility function is to include two
substitutable air transport services. In this chapter, however, we follow Brueckner (2004),
Brueckner and Flores-Fillol (2007), Flores-Fillol (2009), and Flores-Fillol (2010) and use
a linear utility function. This kind of utility function can help us simplify the analysis.

The third branch of literature is the modeling of delay function. Among others,
Brueckner (2002, 2005) models the delay cost as a non-decreasing function of the number
of flights during the peak travel period of a day. Moreover, US Federal Aviation Admin-
istration (1969) models delays as a convex function of the number of flights. This delay
function is estimated from steady-state queuing theory and has been used by Morrison
(1987), Zhang and Zhang (1997, 2003, 2006) and Basso (2008). Pels and Verhoef (2004),
De Borger and Van Dender (2006), Basso and Zhang (2007), and Yang and Zhang (2011)
use a linear delay function. In this chapter, we model the delay function to capture the
causes of delays. Specifically, our delay function consists of the delays due to excep-
tional events? in own slot and the delays induced by other flights, in which the number
of exceptional events in a slot follows a Poisson distribution.

The second chapter investigates the dual roles of congestion delays and horizontal

product differentiation in airline network choice.

2Exceptional events can be, for example, adverse weather conditions, aircraft defects and airport
facilities limitations.



Air traffic delays remain a significant and worldwide reality. In Europe, from 2005
to 2015, the percentages of delayed flights for arrivals are approximately 40%, with an
average delay per delayed flight for arrivals of approximately 29 minutes (see EUROCON-
TROL, 2010, 2011, 2016). As a result, and considering also the time values estimated by
University of Westminster (2015) and Cook and Tanner (2015), delays are costly to both
airlines and passengers. In fact, it has been well established that different airline’s net-
work structures may result in varying degrees of delays.®> However, the means by which
airlines respond to these costly delays by adjusting their network structure is, to date,
little studied.* Therefore, this chapter aims to study how congestion delays shape airline
network structure, within which the role of horizontal product differentiation will also be
investigated.

In the model, I consider a monopoly airline and passengers in three markets. Pas-
sengers maximize their utility, which is a quadratic function of traffic of imperfectly
substitutable non-stop and one-stop air transport services. This imperfect substitution
indicates the horizontal product differentiation of services. Moreover, passengers value
flight frequency because they dislike schedule delays. According to Douglas and Miller
(1974) and Panzar (1979), schedule delay is the absolute difference between a passen-
ger’s most preferred departure time and that of his/her actual departure. The higher the
flight frequency is, the shorter schedule delays will be. Thus, considering also the travel
time, the difference in flight frequency and travel time indicates the vertical product
differentiation of services.

The airline maximizes its profit by choosing a network structure, flight frequencies
and passenger traffic. One feature of the model is the coverage of all possible network
structures in a three-city network, that is, a hub-and-spoke network (HS), point-to-point
network (PP), mixed network (MX), and 2-hub network (2H), as well as a 3-hub network
(3H) as an extension. Under HS (e.g., Alitalia), passengers who travel between two

spoke airports are required to connect at a hub airport. Differing from HS, under PP

3For example, Mayer and Sinai (2003) find that hubbing is the primary economic contributor to air
traffic congestion.

4In the literature, only Fageda and Flores-Fillol (2015) and Silva et al. (2014) consider congestion
delays in airline network choice.



(e.g., Ryanair and easyJet), passengers can travel directly from one airport to any other.
Moreover, under MX (e.g., Air France), passengers who travel between two spoke airports
can choose either one-stop or non-stop services, implying that MX is a combination of
HS and PP. Finally, under 2H (e.g., Lufthansa and Air France-KLM group), two hubs
are available for connection, while under 3H, each airport works as a hub.

In addition, I assume that the airline’s cost function includes only the expected con-
gestion delay cost. In fact, this cost specification excludes the fixed cost of operating
a flight and the variable cost of serving a passenger. According to Doganis (2009), the
short-run marginal cost of serving an extra passenger on a flight is close to zero. In
addition, Smyth and Pearce (2007) and Pearce (2013) also claim a low marginal cost per
passenger. Thus, we can omit this in order to simplify the analysis. Fixed cost, however,
indeed accounts for a large share of the total cost. Previous literature models fixed cost
to capture the economies of traffic density and then to explain the existence of the hub-
and-spoke network. In fact, modeling the fixed cost will not provide further insights but
will make the model intractable. More importantly, excluding fixed cost can also help us
isolate the impact of the economies of traffic density on airline network choice.

The main trade-offs in the model are between congestion delays and schedule delays
and between flight frequency and travel time. For the former, if the flight frequency in one
route becomes higher, congestion delays in more than one route will increase. However,
passengers’ schedule delays in that route will decrease. For the latter, between two spoke
airports, non-stop services always have lower flight frequency but shorter travel time,
while one-stop services always have higher flight frequency but longer travel time.

When solving the model, I first consider HS, PP and MX alone in order to compare
them with Lin (2012). Besides the common results, I find, surprisingly, that the airline
may choose PP even when the extra travel time disutility of one-stop services is relatively
low. In fact, this result arises from the inclusion of congestion delays, that is, a negative
network externality. Specifically, on the one hand, because of the traffic concentration of
HS and the convex cost function with respect to flight frequencies, the introduction of

congestion delays, or negative network externality on the cost side, creates a cost disad-



vantage for HS, and thus makes HS less profitable. On the other hand, the introduction of
an omitted negative network externality also reduces the region that makes MX feasible.
Then, there will emerge an interval of extra travel time disutility, in which the disutility
is too high to make HS more profitable and too low to make MX feasible, leaving PP as
the airline’s optimal network structure. The key insight from this result is that including
the omitted negative network externality makes HS and MX less effective than previously
understood as in Lin (2012). In fact, in addition to the commonly received advantage of
PP, that is, saving the extra travel time of connecting at a hub airport, this result might
provide another explanation for why some legacy airlines start to use PP in some local
markets.

I then incorporate 2H into the analysis. I find that, without considering the airline’s
fixed investments of developing a hub airport, 2H will dominate the three other network
structures as long as it is feasible. Because non-stop and one-stop services are imperfectly
substitutable, passengers can obtain higher utility if both non-stop and one-stop services
are available to choose than if only one of them is available. Under 2H, there are two
markets, in which both non-stop and one-stop services are available. Under MX, there
is only one such market. However, under HS and PP, passengers in any market cannot
choose between non-stop and one-stop services. Therefore, because of the exploitation
of horizontal product differentiation to a larger extent, 2H can generate higher passenger
utility and then a higher airline profit than the three other network structures. To
summarize, this result shows the role of horizontal product differentiation in improving
passenger utility and airline profit.

In fact, this result can also help us understand the multi-hubbing and de-hubbing
phenomena in the airline industry. In reality, we can observe that some airlines develop
new hubs and then use 2H (multi-hubbing), while some others change from 2H to a single
hub network (de-hubbing). Here comes a question: what is the motivation for airlines to
use 2H? One answer is that when an airline’s hub airport is congested, the airline can
develop another hub to reduce the congestion of the previous hub. However, this answer

might not be strong enough because besides 2H, PP and MX can also reduce hub airport



congestion. The result above shows the role of horizontal product differentiation and thus
provides another explanation for the use of 2H.

Moreover, 1 conduct comparative-static analysis and find that, for the airline under
MX and 2H, there exist some strategic effects when the values of the parameters change,
due to the division of local and connecting traffic in one market. For instance, under MX,
when the marginal congestion delay cost increases, the change of flight frequency between
two spoke airports depends on the trade-off between the direct negative effect of a higher
delay cost and the strategic redistribution of traffic among different routes. Furthermore,
in welfare analysis, I derive not only the first-best, but also the second-best, socially
optimal network structure, and both show the airline’s inefficient biases towards PP and
2H. Besides which, I extend the analysis to 3H and again show the role of horizontal
product differentiation.

The contributions of this work are threefold. First, the majority of the airline network
choice literature (see Oum et al., 1995; Berechman and Shy, 1998; Kawasaki, 2008)
compare HS and PP alone, with a few others including one more network structure, either
MX (see Lin, 2012) or 2H (see Alderighi et al., 2005). In fact, Starr and Stinchcombe
(1992) and Hendricks et al. (1995, 1999) use rather general models, allowing the network
design to be endogenous. However, their frameworks focus mainly on airline cost but
not on passenger demand, which thus leaves little room for the optimality of network
structures other than HS and PP. Accordingly, this chapter contributes to the literature
by incorporating all possible network structures in a three-city network, each of which
has the potential to be an airline’s optimal network structure.

Second, most of the previous studies explain airline network choice from the point
of view of the economies of traffic density (see Bittlingmayer, 1990; Hendricks et al.,
1995, 1999), demand uncertainty (see Barla and Constantatos, 2005) and schedule delays
(see Brueckner, 2004), while only Fageda and Flores-Fillol (2015) and Silva et al. (2014)
consider congestion delays. Therefore, this chapter contributes to the currently limited
literature available on the effects of congestion delays on airline network choice.

The third is regarding the perspective of analyzing 2H. The conventional wisdom



concerning the function of 2H (see Bilotkach et al., 2013) is to divert passengers from
one hub to another and thus reduce hub airport congestion. In fact, a four-city network
is the minimum requirement in order to show the congestion reduction function of 2H;
however, this inevitably brings analytical difficulties. To make the analysis tractable,
previous literature (see Bilotkach et al., 2013) has had to simplify many important ele-
ments. Nevertheless, in this chapter, I focus on the exploitation of horizontal product
differentiation in 2H, which requires a three-city network only. In reality, the horizontal
product differentiation can come from, for instance, different departure time slots (see
Encaoua et al., 1996) and brand loyalty (see Brueckner and Whalen, 2000; Brueckner
and Flores-Fillol, 2007).

This chapter is closely related to three branches of literature. Since the airline deregu-
lation in the USA in 1978, there is a growing body of literature on airline network choice,
in which the first branch is the scope of network structures. Previously, the literature has
focused on the choice between HS and PP, but recently there has been a shift towards
some ‘real-life” network structures, that is, MX and 2H. For MX, among others, Dunn
(2008) empirically examines an airline’s choice of providing non-stop services or not, given
that the airline has (not) provided one-stop services. Moreover, Fageda and Flores-Fillol
(2012) study hub airlines’ incentives to provide non-stop services between spoke airports
under two recent innovations, that is, the regional jet technology and low-cost business
model. Further, Lin (2012) studies the network choice among HS, PP and MX under both
monopoly and duopoly setups. For 2H, Bilotkach et al. (2013) use the utility function &
la Mussa-Rosen (see Mussa and Rosen, 1978) to study the function of diverting traffic of
2H. Moreover, Wang (2016) theoretically examines the optimality of 2H in the spirit of
Brueckner and Spiller (1991).

The second branch of literature is the theory explaining airline network choice. One
theory is that airlines can better exploit the economies of traffic density under HS. Ac-
cording to Hendricks et al. (1995), the economies of traffic density arise when the cost per
passenger on a route decreases with the number of passengers flying on that route. As a

result, because HS has a higher traffic density than PP, as long as the cost of extra travel



time of one-stop services is not high enough, the total cost for a given level of demand
may be lower under HS than PP. Some empirical studies have confirmed the economies
of traffic density under HS (see Brueckner et al., 1992; Brueckner and Spiller, 1994).
Moreover, besides Hendricks, Piccione, and Tan (1995), theoretical studies explaining
airline network choice from the point of view of the economies of traffic density include,
for example, Bittlingmayer (1990), Oum et al. (1995) and Hendricks et al. (1999) °.

Another theory concerns demand uncertainty. Barla and Constantatos (2005) show
the flexibility of HS under uncertainty. Interestingly, they also find that both airlines
may choose PP, because by committing not to enjoy the flexibility, airlines can avoid the
spread of competition from one market to others. Furthermore, Hu (2010) also considers
demand uncertainty but under a different setup.

Because passengers greatly value flight frequency (see Berry and Jia, 2010), schedule
delays may be an important factor affecting airline network choice. Berechman and Shy
(1998) and Brueckner and Zhang (2001) first connected airline network structure and
scheduling. Then, Brueckner (2004) builds a framework that improves upon the previous
two studies and shows that a high disutility of schedule delays would be conducive to HS.
In addition, other relevant studies include Kawasaki (2008) and Flores-Fillol (2009).

Furthermore, some studies have introduced congestion delays into their models. In
Fageda and Flores-Fillol (2015), they find that, even if there is a higher delay cost, duopoly
airlines exhibit a preference for HS, which may be inefficient from the perspective of a
welfare-maximizing social planner. Moreover, Silva et al. (2014) also consider congestion
delays and show that a higher value of travel time favors PP. However, the frameworks of
these two studies do not allow for the analysis of MX and 2H. Besides which, in Fageda
and Flores-Fillol (2015), passenger demand is also perfectly inelastic.

The last theory is the horizontal product differentiation. Lin (2012) finds that HS
will be the airline’s optimal network structure if passengers do not differentiate between
non-stop and one-stop services too much, and if the extra travel time disutility of one-

stop services is low. However, if the passenger differentiation is substantial, MX (resp.

SHendricks et al. (1999) also consider the nature of competition, that is, airlines compete aggressively
or not.
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PP) will be the airline’s optimal network structure when the extra travel time disutility
is low (resp. high).

The third branch of literature is the modeling of vertical and horizontal product
differentiation. With respect to the vertical product differentiation, Flores-Fillol (2010)
considers that airlines may compete in flight frequencies. Moreover, in the models of
Brueckner (2004) and Kawasaki (2008), one-stop services always cost more time than
non-stop services. With respect to the horizontal product differentiation, Encaoua et al.
(1996) consider the difference of the departure time slot, while Brueckner and Whalen
(2000) and Brueckner and Flores-Fillol (2007) consider brand loyalty. In addition, Lin
(2012) uses the quadratic utility function in Dixit (1979) to capture the horizontal product
differentiation.

The third chapter, jointly written with Wanjun Yao and Shigeyuki Hamori, tests
empirically whether or not the agricultural land marketization will necessarily improve
the average land productivity by examining the role of the inverse relationship between
farm size and land productivity.

For developing countries, especially those in transition from agricultural to non-
agricultural economy, on the one hand, the transition of economy reduces the amount
of agricultural labor significantly and thus decreases the utilization rate of agricultural
land. On the other hand, the transition increases the demand of agricultural products of
urban areas and thus further aggravates the balance between supply and demand. Given
the reality that the domestic farmland cannot be enlarged easily, governments in many
countries try to improve the output per unit of land, or land productivity, to increase the
supply of agricultural products.

According to economic theory, the agricultural land marketization can improve the
land allocation efficiency. After the agricultural land marketization, less efficient agri-
cultural producers can rent out or sell some of their land at a price higher than their
marginal production, while more efficient producers can rent in or buy some land at a
price lower than their marginal production. Finally, the agricultural land will be allocated

more efficiently through market mechanism (see Yao, 2000; Benjamin and Brandt, 2002;
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Carter and Yao, 2002; Deininger and Jin, 2005, 2008; Deininger et al., 2008a; Deininger
et al., 2008b; Jin and Deininger, 2009; Barrett et al., 2010). Then, if the agricultural
land marketization can improve the land allocation efficiency, can it also improve the
average output per unit of land, or average land productivity? The conventional answer
is affirmative because the higher land allocation efficiency implies the higher average land
productivity (see, for example, Restuccia and Santaeulalia-Llopis, 2017%). However, if we
consider the inverse relationship between farm size and land productivity, the answer is
uncertain.

In many developing countries, there exists an inverse relationship between farm size
and land productivity.” That is, compared to rural households with a large farm size,
those with a small farm size have higher land productivity. This relationship has been
found in the countries of Asia (see Sen, 1962; Lau and Yotopoulos, 1971; Bardhan, 1973;
Rao and Chotigeat, 1981; Carter, 1984; Newell et al., 1997; Heltberg, 1998; Lamb, 2003),
Africa (see Collier, 1983; Barrett, 1996; Byiringiro and Reardon, 1996; Kimhi, 2006;
Carletto et al., 2013; Larson et al., 2014; Ali and Deininger, 2015), Europe (see Chayanov,
1926; Alvarez and Arias, 2004), and Latin America (see Berry and Cline, 1979; Cornia,
1985).8

After the agricultural land marketization, on the one hand, the previously unused
land can be used again, and thus the total operational farm size may increase. Given
the amount of rural households, the average operational farm size may also increase. On
the other hand, rural households can obtain monetary incomes from land transactions,
which can provide a basic guarantee for their migrations to urban areas. In this way,

the amount of rural households may decrease, and the average operational farm size may

6Restuccia and Santaeulalia-Llopis (2017) use household-level data from Malawi and find that a real-
location of production factors to their efficient use will result in higher average total factor productivity
(TFP) of farmers, in which the farm TFP and the output per unit of land are found to be strongly
positively correlated across farms because the allocation of land is not related to productivity so many
productive farmers are constrained by size.

"The reasons explaining the existence of inverse relationship include, among others, land market
imperfections (see Heltberg, 1998; Lamb, 2003), labor market imperfections (see Sen, 1966; Rosenzweig
and Wolpin, 1985; Frisvold, 1994), credit market imperfections (see Feder, 1985; Eswaran and Kotwal,
1986; Carter, 1988), and risk (see Wiens, 1977; Rosenzweig and Binswanger, 1993; Kevane, 1996).

8Some studies show that, in USA and Japan, farm size is positively correlated with land productivity
(see Sumner, 2014; Kawasaki, 2010).
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then increase. Under the inverse relationship, the increase of average operational farm
size will reduce the average land productivity.

To summarize, the agricultural land marketization affects the average land productiv-
ity not only through improving the land allocation efficiency but also through increasing
the average operational farm size.” The improvement of land allocation efficiency has
a positive effect on average land productivity. However, when there exists an inverse
relationship between farm size and land productivity, the increase of average operational
farm size has a negative effect on average land productivity. Therefore, the agricultural
land marketization does not necessarily improve the average land productivity. Only
when the positive effect of the higher land allocation efficiency dominates the negative
effect of the larger average operational farm size, the marketization will finally improve
the average land productivity.

In this chapter, we use the year 2008 as the indicator of the agricultural land mar-
ketization in China to test empirically the effect of the marketization on average land
productivity. The empirical framework is the one for the study of inverse relationship
(see Binswanger et al., 1995; Assun¢ao and Braido, 2007; Barrett et al., 2010; Carletto
et al., 2013) and the data we use is from the China Health and Nutrition Survey (CHNS)
database!®. Finally, we find that: first, there exists an inverse relationship between farm
size and land productivity in China; second, the agricultural land marketization in China
improves the land allocation efficiency and increases the average operational farm size;
third, the higher land allocation efficiency improves the average land productivity by
29.1% and the larger average operational farm size reduces the average land productivity
by 9.2%, implying that the agricultural land marketization in China finally improves the

average land productivity by 19.9%.

9The agricultural land marketization affects the average land productivity also through, for example,
influencing indirectly the amount of labor input and intermediate inputs. However, in this chapter, we
focus our discussions on the direct effects of the marketization, that is, improving the land allocation
efficiency and increasing the average operational farm size.
Ohttp://www.cpc.unc.edu/projects/china
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Chapter 1

Contract Design for EU Air Traffic

Delay Reduction

1.1 Introduction

Aviation in Europe is expected to experience a rapid growth and more delays in the
future. According to STATFOR (2013), in the most-likely scenario, there will be 14.4
million flights in Europe in 2035, 50% more than 2012. Moreover, air traffic growth
will be limited by the available airport capacity. When the capacity limits are reached,
congestion at airports will increase quite rapidly, leading to more delays. To satisfy the
development of EU air transport sector, in 2004, European Union and EUROCONTROL
founded the SESAR (Single European Sky ATM! Research) project, in which satisfying
future safety needs and reducing delays are important targets (see European Union and
EUROCONTROL, 2015). In the context of SESAR, in order to reduce delays, the Air
Navigation Service Provider (ANSP) can provide a delay reduction service to airlines.
Under the delay reduction service, when facing potential delays, an airline will contact
the ANSP to find a solution to reduce delays. After receiving the airline’s request, the
ANSP can find out several solutions satisfying all regulation constraints. Then, by costly
calculation, evaluation and coordination, the ANSP can determine the solution which can

reduce delays most and then implement it. In the short run, the service can be provided

LATM is the abbreviation of Air Traffic Management.
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for free because of generous funds of SESAR. In the long run, however, the ANSP will
face financial constraints. Then, a contract, the so-called delay reduction contract in this
chapter, signed between the ANSP and airlines will be necessary. Therefore, this chapter
aims to study the optimal design of delay reduction contract.

Specifically, we consider an ANSP, a monopoly airline, two airports, and a contract
signed between an ANSP and a monopoly airline to reduce delays, in which contracting
variables are the degree of the delay reduction service and the transfer from the airline
to the ANSP. In the contract design, we mainly consider the adverse selection problem,
which comes from airlines’ private information about their values of time, and thus the
trade-off between efficiency and rent extraction. In fact, airlines may have very different
values of time, for example, Air France and easylJet, and airlines always know better
about their values of time than the ANSP.

Then, we derive optimal contracts analytically considering both the welfare-maximizing
and profit-maximizing ANSP. In particular, we find that, under incomplete information,
the optimal degree of the delay reduction service for the airline with a low value of time
may be distorted downwards to decrease the information rent of the airline with a high
value of time. Moreover, because contracts should be adjusted over time according to the
evolution of some relevant exogenous variables, we conduct comparative-static analysis
to study the effects of safety standard and flight frequency on optimal contracts. Finally,
we use numerical examples to study when a welfare-maximizing ANSP has to use public
funds to provide the delay reduction service, and we find that, if the service is very ef-
fective, the ANSP may not have to use public funds; if the service is very ineffective, the
ANSP has to use public funds; if the effectiveness of the service is intermediate, when
the effectiveness decreases, the ANSP may not have to use public funds only when the

passengers’ value of time becomes higher.

Related Literature

This chapter is closely related to three branches of literature. In the incentives theory

and regulation literature, Caillaud et al. (1988) summarize two types of the regulator’s
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objective function, that is, distributional objectives and the cost of public funds. Baron
and Myerson (1982) and Baron and Besanko (1984) use the distributional-objectives
objective function, while Laffont and Tirole (1986) use the objective function with the
cost of public funds. This chapter considers the cost of public funds when the ANSP acts
as a social planner. Specifically, because passengers can benefit from the service but do
not pay to the ANSP, it is possible that the service is socially desirable while the airline’s
benefit from the service is not as high as the total cost of providing the service. In this
case, the ANSP has to use public funds to subsidize the service and thus consider the
cost of public funds in the objective function.

The second branch of literature is the modeling of passenger utility. Some studies
follow Dixit (1979) to use a quadratic passenger utility function, for example, Lin (2012)
and Wang (2017). The main purpose of this kind of utility function is to include two
substitutable air transport services. In this chapter, however, we follow Brueckner (2004),
Brueckner and Flores-Fillol (2007), Flores-Fillol (2009), and Flores-Fillol (2010) and use
a linear utility function. This kind of utility function can help us simplify the analysis.

The third branch of literature is the modeling of delay function. Among others,
Brueckner (2002, 2005) models the delay cost as a non-decreasing function of the number
of flights during the peak travel period of a day. Moreover, US Federal Aviation Admin-
istration (1969) models delays as a convex function of the number of flights. This delay
function is estimated from steady-state queuing theory and has been used by Morrison
(1987), Zhang and Zhang (1997, 2003, 2006) and Basso (2008). Pels and Verhoef (2004),
De Borger and Van Dender (2006), Basso and Zhang (2007), and Yang and Zhang (2011)
use a linear delay function. In this chapter, we model the delay function to capture the
causes of delays. Specifically, our delay function consists of the delays due to excep-
tional events? in own slot and the delays induced by other flights, in which the number
of exceptional events in a slot follows a Poisson distribution.

The rest of the chapter is organized as follows. Section 1.2 introduces the model.

Section 1.3 derives optimal delay reduction contracts. Section 1.4 studies the adjustments

2Exceptional events can be, for example, adverse weather conditions, aircraft defects and airport
facilities limitations.
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of optimal contracts. That is, this section conducts comparative-static analysis to study
the effects of safety standard and flight frequency on optimal contracts. Section 1.5 uses
numerical examples to study when a welfare-maximizing ANSP has to use public funds

to provide the delay reduction service. Section 1.6 concludes.

1.2 The Model

We consider an ANSP, a monopoly airline, passengers with a mass N, and an air transport
market connecting two airports.
Conditional on the use of the airline, following Brueckner (2004), Brueckner and

Flores-Fillol (2007), Flores-Fillol (2009), and Flores-Fillol (2010), the passenger utility is:

v=y—p+b+a(s)—aD(s). (1.1)

In (1.1), y is the passengers’ income; p is the fare; b is the passengers’ travel benefit which
is uniformly distributed on the support [(,£]; a (s) is the passengers’ utility gain from a
safety standard s with a’ (s) > 0; a is the passengers’ value of time?®; and D (s) is expected
delays per flight (in time units). Moreover, the safety standard s is exogenous and can

vary within [s,5]. Note that s is far higher than the minimum safety requirement.

3According to University of Westminster (2015), three types of passenger costs of delay may be
considered: “hard” costs (borne by the airline, such as re-booking and compensation), “soft” costs (borne
by the airline, such as the loss of market share due to passenger dissatisfaction) and “internalized” costs
(borne by the passenger and not passed on to the airline, such as potential loss of business due to late
arrival at meeting). The passengers’ value of time in this model mainly refers to the “internalized” costs
in University of Westminster (2015).
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The specification of expected delays per flight* is:

oo (g)ke—(?)

D=2 |3 kg (5) 18 (?) 6(5)|. (12)

In (1.2), the first term in the square brackets is the delays due to exceptional events in
own slot. We assume that the number of exceptional events in a slot follows a Poisson
distribution with parameter ﬂTT, in which ( is the exceptional event arriving rate; T is
the number of available hours; and f is the flight frequency. Assume that flights are
evenly spaced during available hours. Thus, the duration of a slot is % k is the number
of exceptional events. ¢(s) is the amount of delays caused by an exceptional event.
g (s) = 0 captures the fact that the higher the safety standard is, the longer delays will
be. The second term in the square brackets is the delays induced by other flights, which
decreases with % and increases with 5 and ¢ (s). Moreover, the parameter v > 0 is the
so-called delay externality parameter in this chapter. A greater v implies a severer effect
from other flights. In fact, the second term can represent the delays caused by airport
congestion. The square brackets times two because there are two airports.

Passengers also have an outside option, for instance, traveling by train. Conditional

on the use of the outside option, the passenger utility is:
Vg =Y + 2, (13)

In (1.3), z is the net benefit of the outside option.

Thus, a passenger chooses to travel by plane when:

y—p+bta(s)—aD(s)2y+z, (1.4)

4According to Cook and Tanner (2011), the cost of delays for airlines is calculated for strategic delays
(those accounted for in advance) and tactical delays (those incurred on the day of operations and not
accounted for in advance). Strategic delays are for adding buffer to the airline schedule. Tactical delays
include primary delays and secondary or reactionary delays, in which original delays caused by one
aircraft (primary delays) cause “knock-on” effects in the rest of the network (known as secondary or
reactionary delays). In fact, air traffic delays in this model mainly refer to tactical delays in Cook and
Tanner (2011). Moreover, the delays due to exceptional events in own slots and the delays induced
by other flights in the delay function of this model correspond roughly to the primary and reactionary
delays, as defined in Cook and Tanner (2011), respectively.
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that is, b > p —a(s) + aD (s) + z. The air traffic then equals:

¢ N
- / L)
p—a(s)+aD(s)+z 5 - C

— e —ptals)—aD(s)— 2

§=¢

(1.5)

The airline’s cost is:

Cairline = Tq + (Sf + (ng (S) . (16)

In (1.6), Tq is the variable cost, in which 7 is the marginal cost per seat; §f is the fixed
cost, in which ¢ is the fixed operating cost of a flight; and 6fD (s) is the supply side
delay cost, in which 6 is the airline’s value of time. § may be unobservable to the ANSP.
However, it is common knowledge that 6 belongs to the set © = {9, Q}, in which 6,6 > 0
and A@ = 0 — 0 > 0. If § is the airline’s private knowledge, the airline can be the one
with @ or § with probabilities ;¢ and 1 — p, respectively.

The airline maximizes profit by choosing the fare®, that is:

maxm = pq (p) = [rq (p) +0f +0fD(s)]. (L.7)

Letting n = &, the optimal solution of (1.7) is:

P ()= gl THals)— 2 —aD(s), (1.9
¢ (5) = gnle 7 +a(s) ~ = —aD(s), (19
7 (6,5) =~ {2[6 7 +a(s) 2] —aD(s)}aD(s) — 67D (s)
h demand si(;g delay cost ’ supply side delay cost
+in[£—7+a(s)—z]2—5f. (1.10)

In (1.10), we can find both the airline’s demand and supply side delay costs. Then, the

5In this model, flight frequency is not a endogenous decision variable of the airline. One reason
can be the slot control in Europe. That is, at all major European airports, take-off and landing slots
are allocated through grandfather right and “use it or lose it” rule. However, in the comparative-static
analysis, we will study how the change of flight frequency affects optimal contracts.
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passenger utility and surplus are:

v (s) =y —p" (s) +b+al(s)—aD(s), (1.11)
3 p*(s)—a(s)+aD(s)+z
per(s) = [ =1 ()b as) D (s)nds + [ (y + =) nd
Jp7(s)=als)+aD(s)+2 PGS >
from ;rrtraﬁic from outside‘:)ption traffic

= —Sn{2le— T+ als)~ ]~ aD ()} aD (s) + gnle+ 7~ als) + o

~
passenger delay cost

1 1
- ¢ [£+T—a(8)—z]+§n§2—77€(y+2)+n€y, (1.12)

respectively. In (1.12), we can find the total passenger utility loss resulting from delays.

The ANSP signs a contract with the airline, in which contracting variables are r and
t. r € [0,1] is the degree of the delay reduction service that the ANSP provides to the
airline and t is the transfer from the airline to the ANSP. After signing the contract,
expected delays per flight reduce from D (s) to D (s)[1 —oln(1+7)]. oln (1 + ) is the
fraction of delay reduction, in which o € [O, ﬁ] measures the effectiveness of the service
and In (1 + r) captures that the marginal value of the service is positive but decreasing
with the degree. Then, the fare, air traffic, airline profit, passenger utility, and passenger

surplus will be:

P*(s,7) = 9" () + 50D (s) o (14 7). (1.13)
Q" (s,m)=q"(s) + %naD (s)oIn(l+7r), (1.14)

I (6,s,r) = 7" (0,s) + ;anzQD (s)2 02 [In(1+7)]>+¢* (s)aD (s)oln (1 +7)

initial profit demand side dela;,reduction benefit
+ 60fD(s)oln(l+7r), (1.15)
supply side dela;/rreduction benefit
1

V*(s,r)=v"(s)+ §ozD (s)oln(1+7), (1.16)

1 (1
PS* (s,r) = ps* (s) +=3-na’D ()’ In(1+r)) +¢ (s)aD(s)oln(1+7r)p,

S—— 2 (4

initial passenger surplus ~~
passenger delay reduction benefit

(1.17)



CHAPTER 1. DELAY REDUCTION CONTRACT 20

respectively. According to (1.13), (1.15) and (1.17), we can find that the airline can enjoy
both demand and supply side delay reduction benefits and passengers can enjoy higher
surplus even though the fare increases.

Finally, the ANSP’s cost of providing the service is:

Cansp (s,7) =m(s)r. (1.18)

In (1.18), m (s) is the marginal cost of the service, which increases with the safety stan-
dard, that is, m'(s) > 0. In fact, when providing the service, the ANSP has to spend
more time on evaluation and coordination for satisfying a higher safety standard, which
will inevitably result in a higher cost.®

The timeline of the model is shown in Figure 1.1.

y y y y
T T T T

The ANSP offers
a contract

The contract
is executed

The airline accepts
or refuses the
contract

The airline’s value
of time becomes
common or
private knowledge

Figure 1.1: Timeline

1.3 Optimal Contracts

Next, we will derive optimal contracts by considering both the welfare-maximizing and

profit-maximizing ANSP.

1.3.1 Welfare-Maximizing ANSP

The welfare-maximizing ANSP’s objective is to maximize social welfare, that is:

{I?E%W = PS* (s,r) + 1" (0,5,7) — Cansp (5,7) = AM[Cansp (5,7) = t] Licesr), (1.19)

6 Another feasible setup is the linear benefit and convex cost, which is essentially equivalent to our
setting, that is, the concave benefit and linear cost.
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in which A is the shadow cost of public funds.

Next, we discuss the model solution according to the passengers’ value of time «.”

1.3.1.1 Scenario 1: =0

When « = 0, passengers cannot enjoy any benefit from the service, implying that the
airline in fact delegates the provision of the service to the ANSP. Thus, the optimization

problem of the ANSP, or the airline, is:
maxW = II" (0, s,7) — Cansp (s,7) . (1.20)

Then, by taking the first-order and second-order conditions of (1.20), we can obtain
that optimal contracts for the airline with 6 and @ are {(F*,f*)} and {(r*,t*)}, respec-

tively, in which:

. (s)o
= b (1.21)
e [m (s) 7, II* (0,s,7) — 7" (0, s)] . (1.22)

. 0o
== ) 1, (1.23)
t e [m(s)r" 17 (0, s,07) — 7 (6, 5)] . (1.24)

Because 6 > 6, we have 7 > r*, that is, the airline with a high value of time will enjoy a
higher degree of the service.

Moreover, by checking 7* > 0 and r* > 0, we can find that the delay reduction service

will be provided to the airline with § and  if and only if 0 > J%5 and o >z hold,

respectively, that is, the service is effective enough.

"We focus our following discussions on interior solutions. Moreover, these solutions can be imple-
mented only when the social values of the service are non-negative, that is, [PS* (s,r) — ps* (s)] +
[IT* (0, s,7) —7* (0,8)] — Cansp (s,7) = N[Cansp (s,7) — 1] ]1t<C(s,'r) > 0.
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E—1+4a(s)—z

1.3.1.2 Scenario 2: o > Ds)

According to the passenger utility, we have:

Ezbzp—a(s)+aD(s)+z=7—a(s)+aD(s)+z

E—T+a(s)—=z

= a<
“ D(s)

(1.25)

+a(s)—z

Thus, when a > g_TD(S) , no passenger will choose to travel by plane. Then, the air

transport market will close down and there will be no such contract.

1.3.1.3 Scenario 3: 0 < a < % and High Airline Benefit

In this scenario, both passengers and the airline can benefit from the service and the

airline’s benefit is higher than the ANSP’s cost of providing the service.

Complete Information Under complete information, it is optimal for the ANSP to
set the transfer at least as the cost of providing the service. Thus, the optimization

problem of the ANSP is:
maxW = PS* (s,r) + 11" (0,s,7) — Cansp (s,7) . (1.26)

Then, by taking the first-order condition of (1.26), we can obtain that the first-
best optimal contracts for the airline with  and 6 are { (TF B ,fFB>} and {(zF B FB ) },
respectively. Specifically, as shown in (1.27) and (1.29), 772 and r® are determined
by Q and €, respectively. For both Q and €, the optimal degree is determined by the
intersection of a logarithmic and linear function of r. According to (1.27) and (1.29),
because 6 > 6, we also have 778 > B A detailed discussion about the second-order
condition of (1.26) is in Section 1.7.1.1. Discussions about other second-order conditions

in this chapter are similar to Section 1.7.1.1 and thus are omitted hereafter.® Moreover,

8 All omitted discussions about second-order conditions are available upon request.
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7 and tI'B are given by (1.28) and (1.30), respectively.

Q=3na’D (s)* 0% In (1+777) = {4m (s) (1+777)
=3l —7+a(s)—z—aD(s)]aD(s)o—40fD(s)o} =0, (1.27)
i e [m(s)7FP, 11" (8,5,7F) — 7 (,5)] (1.28)
Q =3na’D (s)*0’In (1 + r"P) — {4m (s) (1 + rP)

=3[ —717+a(s)—z—aD(s)aD(s)oc—40fD (s)o} =0, (1.29)

th'B e [m (s)rfB 11" (Q, s,fFB) —7* (6, 5)} . (1.30)

Incomplete Information Under incomplete information, the first-best optimal de-
grees of the service can be feasible and public funds may still not be used.

The ANSP maximizes the expected social welfare, that is:

{(II}E%(}W = [PS* (s,7) + II* (0, 5,7) — Cansp (s,7)]

+ (=) [PS" (s,0) + 11" (6, 5,1) — Cansp (s,1)] . (1.31)

For feasible separating contracts, the airline’s incentive compatibility and participa-

tion constraints must be satisfied, that is:

I (6,s,7) — T > II* (6, s,1) — ¢, (1.32)
I (0,s,1) —t > 11" (0,5,7) — £, (1.33)
I (6,s,7) —t > 7" (6,s), (1.34)
I (6, s,7) — t > 7 (6, ) (1.35)

Denoting the information rent of the airline with # and @ by @ and w, respectively, in

which:

£
I

I (6,s,7) — 7 (0, s) — ¢, (1.36)

1S
|

I (0, s,r) — w* (0,s) —t. (1.37)

=
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Then, we can write the airline’s incentive compatibility and participation constraints as:

uzu+A0fD(s)oln(l+r1), (1.38)
w>u—AOfD(s)oln(1+7), (1.39)
u >0, (1.40)
u>0 (1.41)

In order to solve the ANSP’s problem, first make (1.38) and (1.41) be binding and
omit (1.39) and (1.40) and then check the omitted constraints after solving the problem.

Thus, we have:

u=A0fD(s)oln(1+71), (1.42)

[S
I

0. (1.43)

In fact, the maximization of (1.31) gives the same optimal degrees of the service
as under complete information, that is, 7% and r¥'Z determined by (1.27) and (1.29).

Moreover, the second-best optimal degrees 77 = 7B and r°8 = rI'B

can satisfy the
omitted constraints (1.39) and (1.40). According to (1.42) and (1.43), the second-best

optimal transfers are:

#7 =10 (0,5,7"%) = 7 (0,5) = AOFD (s)oln (1 +177), (1.44)

58 = I1* (Q, S,ZFB) —7*(0,s), (1.45)

as long as P > Cansp (S,[FB). Furthermore, as shown in (1.44), the ANSP provides
an information rent AGfD (s) o In (1 + EFB) to the airline with 6 in order to make it not
mimic the other type.

1t °F < Cansp (s,[FB), the ANSP may still propose separating contracts by using
public funds or propose a pooling contract without using public funds instead. The

separating contracts are better than the pooling contract in terms of efficiency, while the

pooling contract saves the cost of public funds. As the optimality between these two
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types of contracts depends on parameter values, we will not discuss them in details.

1.3.1.4 Scenario 4: 0 < a < % and Low Airline Benefit

In this scenario, both passengers and the airline can benefit from the service and the
airline’s benefit is lower than the ANSP’s cost of providing the service. Therefore, as
long as the social benefit of the service outweighs the social cost, it is optimal for the
ANSP to use public funds to cover the part of cost which cannot be covered by the
airline’s transfer.

Because the analysis for 775 and rf” under complete information is similar to that

in Scenario 3, we will only derive optimal contracts under incomplete information.

Incomplete Information Under incomplete information, the ANSP maximizes the

expected social welfare, that is:

{(F%?E};D}W = U {PS* (S,F) + IT* (8, S,F) - CANSP (S,F) — A [CANSP (S,F) - t]}

+ (1 —p){PS*(s,r) + 11" (0, 5,7) — Cansp (s,7) — X [Cansp (s,1) — 1]},
(1.46)

subject to the airline’s incentive compatibility and participation constraints as shown in
(1.32) through (1.41).

When solving the problem, we also have (1.42) and (1.43). Next, plugging:

oI
I

I (6, s,7) — 7 (6,s) — AOfD (s)oln(1+r), (1.47)

t

I (8,s,r) — 7" (6, s), (1.48)

into (1.46) and taking the first-order condition of (1.46), we can obtain the second-
best optimal menu of contracts {(FSB ,ESB> , (r°8 ,ESB)}, as shown in (1.49) through
(1.52). Again, 77 and r°? are determined by the intersection of a logarithmic and linear

function and can satisfy omitted constraints. Moreover, the second-order condition can
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be satisfied.

Q= (3+2\)na’D(s)*o*In (1 +TSB) — {4(1+/\)m(s) (1 —I—TSB)

—B+2N)n[f—T7+a(s)—z—aD(s)]aD(s)o

—4(1+X)6fD(s)o} =0, (1.49)
P = }17704219 O [In (1 —I—FSB)}Q + {%n E—T4a(s)—z—aD(s)a
+0f} D (s)oln (1+7°F) — AOfD (s)oln (1 +1°7), (1.50)

Q= (3+2)\)na’D (s)*o*In (L+7%7) = {41+ N)m(s) (1 +r°F)
—@B+2)n[—7+a(s)—z—aD(s)|aD(s)o

—4 (14X 0fD (s)a+4ﬁ)\A9fD (8)0} =0, (1.51)

58 = %177042D (5)202 [ln (1 —|—£SB)}2 + {%n E—T+a(s)—z—aD(s)]«a

+0f} D (s)oln (1 +1r97). (1.52)

According to (1.49) and (1.51), for the optimal degrees of the service, we can obtain
7B = 7F'B_that is, there is no distortion for the airline with 8, while 758 < B that is,
there is a downward distortion for the one with §. Here, we also have 78 > 5B More-
over, only the airline with 6 can get a positive information rent A0fD (s) o In (1 + 9B )
In fact, under incomplete information, the optimal degree for the airline with 6 is dis-
torted downwards to decrease the information rent of the airline with 6, which reflects
the trade-off between efficiency and rent extraction. The graphical comparison of optimal

degrees between complete and incomplete information is in Section 1.7.1.2.

1.3.2 Profit-Maximizing ANSP

The profit-maximizing ANSP’s objective is to maximize the difference between the trans-

fer and the cost of providing the service, that is:

maxH =t —C S,T) . 1.53
{r} ansp (5,7) (153)
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Next, we will derive optimal contracts under 0 < o < —g_Tz;’(ls()s )=z

Complete Information Under complete information, the ANSP will set the transfer
as the airline’s benefit from the service, that is, t = I1* (6, s,r) — 7* (6, s). Thus, the
optimization problem of the ANSP is:

maxH = 11" (0, s,r7) — 7 (0,s) — Cansp (s,7) . (1.54)

T

Then, by taking the first-order condition of (1.54), we can obtain that the first-

best optimal contracts for the airline with  and 6 are { <FF B ,EFB>} and {(fF B tFB ) },

FB

respectively, as shown in (1.55) through (1.58). Again, 777 and 7P are determined

by the intersection of a logarithmic and linear function, and because § > 6, we have

7I'B > B Moreover, the second-order condition can be satisfied.

Q =na’D (s)’o?ln (1 +FFB) — {Zm(s) (1 +FFB)
—n[¢—7+a(s)—z—aD(s)|aD(s)o —20fD(s)o} =0, (1.55)

%FB:}anQD(S)QOJ [ln(l—l—FFB)}QnL{%n[§—7'+a(s)_Z_O‘D(S)]Oé

+0f} D (s)oln (1+77), (1.56)
Q=na?D (s)?c?In (1 +1r"?) — {2m (s) (1 +rFF)
—n—T+a(s)—z—aD(s)aD(s)o—20fD(s)c} =0, (1.57)

= %177042D($)202 [ln(1+[FB)}2+{%n[ﬁ—rjta(s) —z—aD(s)]a

+0f} D (s)oln (1 +175). (1.58)

Incomplete Information Under incomplete information, the ANSP maximizes the

expected profit, that is:

max H = [t — Cansp (5,7)] + (1 = p) [t = Cansp (s,17)], (1.59)

{F):n}
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subject to the airline’s incentive compatibility and participation constraints as shown in
(1.32) through (1.41).

Then, by taking the first-order condition of (1.59), we can obtain the second-best
optimal menu of contracts {(FSB,ESB> , (9B, t5P) }, as shown in (1.60) through (1.63).
Again, 7P and r°F are determined by the intersection of a logarithmic and linear func-
tion and can satisfy omitted constraints. Moreover, the second-order condition can be

satisfied.

Q=na?D (s)?0?In (1 +78) — {2m (s) (1 +7°7)
—n[§—=7+a(s)—z—aD(s)]aD(s)o —20fD(s)c} =0, (1.60)
= inoﬂp () 02 [In (1 +757)]" + {%n € —7+a(s)—z—aD(s)a
+0f} D (s)oln (1+7F) = AOfD (s)oln (1 +157), (1.61)
Q=na’D(s)>0?In (1 + 1) — {2m (s) (1 + r°F)
—nl§—7+a(s)—z—aD(s)]aD(s)o —20fD(s)o

+2%A0fD (s) 0} —0, (1.62)

t58 = }1770421) (s)* o” [In (1 +£SB)]2+ {%n E—T4a(s)—z—aD(s)a

+0f} D (s)oln (1+r°5). (1.63)

According to (1.60) and (1.62), for the optimal degrees of the service, we can obtain
7B = 7B _that is, there is no distortion for the airline with 0, while 5% < 5 that is,
there is a downward distortion for the one with 6. Here, we also have 78 > r5B. More-

over, only the airline with § can get a positive information rent AGfD (s) o ln (1 + r57).

1.4 Adjustments of Optimal Contracts

Because contracts should be adjusted over time according to the evolution of some rele-
vant exogenous variables, we will study the effects of safety standard and flight frequency

on optimal contracts. Moreover, we will analyze only the adjustments of optimal con-
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tracts under incomplete information in Scenario 4 of welfare-maximizing ANSP. For other
optimal contracts, the analysis is similar and thus is omitted hereafter.
When 0 < a < %, we do not have explicit solutions for the optimal degree of

the service. Thus, we will use derivatives of implicit functions. Specifically, for a variable

x (I=1,2,---, L), we have:

or o [0z
— = 1.64
Ox; o Jor (1.64)
Because:
o0
— =slope (LOGR) — slope (LR) < 0, (1.65)

or

holds for any optimal degree, the sign of g—; is the same as that of 3_2- That is, in order
to see the effect of a variable on the optimal degree, we just need to study its effect on

the implicit function determining the optimal degree.

1.4.1 Effect of Safety Standard

Undoubtedly, safety is the highest priority in air transport sector and the safety standard
always becomes higher. Thus, it is worthy to study how the improvement of safety

standard affects optimal degrees. We first give a definition.

Definition 1.1. The safety elasticity of delays and the safety elasticity of cost are defined

as, respectively:

_d9(s) s

695_ g(S) dS7 (166)
_dm(s) s

Ems = m(s) % (167)

The safety elasticity of delays (resp. cost) measures the percentage change in delays
caused by an exceptional event (the marginal cost of the service) in response to a one

percent change in safety standard.

Let 298 (FSB) and %8 (ESB ) denote two thresholds, in which:

_ (3+2N)naD(s)os v (s,755)
2(1+ ) (14+78)m(s) s ’

ESB (FSB)

(1.68)
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(1.69)

SB) (342N naD (s)os V" (s,r°F) .

= E_2(14—)\)(1 + r5B)m (s) Js

Then, we have Proposition 1.1.

Proposition 1.1.

WV

1. 7B increases with s if and only if e46 — €ms = TP (FSB).

SB (T’SB) )

2. 158 increases with s if and only if €45 — s > €

Proof. We first consider the effect of s on 72, Taking the derivative of (1.49) with respect
to s, we can obtain:
o0

B {2(3+2\)na®D (s)o®In (1 +7°7) — (3+2\)na’D (s) o

+B+20)n[f—T+a(s)—z—aD(s)ac+4(1+\)0fc}
+oo (BT ke_(g)
-2 Z%‘F“Yﬁ% g (s)

k=1

+(3+2)0)naD (s)oa (s) —4(1+A) (L+75)m’ (s). (1.70)

By using (1.66), (1.67) and (1.49), (1.70) becomes:

D= LN (14 77) m(5) (s — )

+(B+2\)naD(s)o {a' (s)s —aD(s) [l —oln (1 +7°F)] 595}} . (1.71)

Next, introducing the direct effect of the improvement of safety standard on passenger
utility, that is:
(%)

k

av* 7—SB ) +oo (BT e~ /

(;ST ) :% a (s) — 2« Z <f<]2_1)' _'_75% [1_0_1n(1+TSB)]g (5)
k=1 '

:2%{@/ (s)s —aD(s) |:1—O'1H(1—|—FSB)}595}, (1.72)

and plugging (1.72) into (1.71), we can obtain the first point of Proposition 1.1.

Moreover, we can obtain the second point analogously. O



CHAPTER 1. DELAY REDUCTION CONTRACT 31

According to Proposition 1.1, the optimal degree of the service increases with safety
standard if and only if the difference between the safety elasticity of delays and cost is
greater than a threshold, which is a function of the direct effect of the improvement of
safety standard on passenger utility. Moreover, if passengers can directly benefit from a
higher safety standard, the threshold will be negative.

To illustrate the first point of Proposition 1.1, we should analyze the effects of safety
standard in (1.70). Specifically, the improvement of safety standard implies longer delays
caused by an exceptional event, a higher passengers’ utility gain and a higher marginal
cost of the service. The first term in (1.70) shows a direct and an indirect effect of longer
delays caused by an exceptional event on the degree. On the one hand, longer delays
will increase the marginal benefit of the service to society and thus give the ANSP a
direct incentive to increase the degree. €, in the first point represents part of this direct
effect. On the other hand, longer delays will decrease the air traffic, which implies a lower
marginal benefit of the service to society, and thus give the ANSP an indirect incentive
to decrease the degree. In the second term, the higher utility gain will increase the air
traffic, which implies a higher marginal benefit of the service to society, and thus gives
the ANSP an indirect incentive to increase the degree. In addition, in the third term,
the higher marginal cost of the service gives the ANSP a direct incentive to decrease the
degree. ¢,,s in the first point represents this direct effect. Finally, the condition in the
first point is the synthesis of the effects above, which, more precisely, is about whether
or not the effects conducive to the increase of the degree can dominate the others.

Moreover, we can illustrate the second point analogously, except considering another
effect in terms of the information rent. Specifically, longer delays caused by an exceptional
event will increase the information rent of the airline with @, which is a function of %,
and thus give the ANSP an indirect incentive to decrease 5.

Next, as we discuss a lot about the effects of the improvement of safety standard,
through longer delays caused by an exceptional event, we extend our analysis to study

how longer expected delays per flight affect optimal degrees. Let a°? (FSB ) and o°P (ZSB )
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denote two thresholds, in which:

o v D(s)\ (3+2\)no [1—oln (14 7F)]
smy 2 \/ (L+ N m(s) (1+1°5) w7

555 (759) 2\/ (1+A)m (s) (1+795) L73)

aSB( '
D(s)\ 342 \)no[1 —oln (1 + r5B)]

Then, we have Proposition 1.2.

Proposition 1.2.
1. 78 increases with D (s) if and only if a < @
2. 198 increases with D (s) if and only if a < a
Proof. In Section 1.7.2. O

According to Proposition 1.2, the optimal degree increases with expected delays per
flight if and only if the passengers’ value of time is lower than a threshold.

As shown in the analysis of Proposition 1.1, longer delays affect optimal degrees
mainly through a direct effect (higher marginal benefit of the service to society) and an
indirect effect (less traffic). Proposition 1.2 tells us that, if the passengers’ value of time
is relatively low, the direct effect will dominate the indirect one, and then optimal degrees
will increase. Otherwise, the outside option will be more valuable for passengers. Thus,
the direct effect will be dominated by the indirect one, and then optimal degrees will
decrease.

Moreover, as a°? (FSB ) > o8 (fSB), it is possible that when delays become longer,

the ANSP should adjust optimal degrees in opposite directions. Considering also at'? (TF B ) >

FB (fFB)

Q under complete information, we have Corollary 1.1.

Corollary 1.1. When D (s) becomes longer, if o''P (fFB) < a < af® (FFB) (resp.

aSB

(ESB) <a<a’® (FSB)), optimal degrees under complete (resp. incomplete) infor-
mation will move in opposite directions. Moreover, a°B (FSB) —ao°B (fSB) > al'B (FFB) —

o

FB (fFB) implies that the existence of information rent increases the possibility that op-

timal degrees move in opposite directions.
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1.4.2 Effect of Flight Frequency

In this model, because of the slot control in Europe, we assume that flight frequency is
not a endogenous decision variable of the airline. Here, we study how the change of flight
frequency affects optimal degrees.

orSB

We first introduce some notations. According to Proposition 1.2, o0 = 0 if and

only if ® > 0 and gé—sz) > 0 if and only if ¥ > 0, in which:

A1+ N m(s) (L+78) = (3+20)na’D (s)?o [L—oln (1 +75)],  (1.75)

)
v

A1+ N m(s) (L+19) = (3+20)na’D(s)?o [ —oln (1 +r°F)].  (1.76)

Moreover, let ff and I'; denote two thresholds, in which:

_ — 1 T
T;,=—2(14+\60D(s)0———, 1.77
; (L4 08D (3 o g s (1.77)
H » 1 T
L, =TI'=2[(1+X Q——)\AQ:|DS o———, 1.78
k=1 /pr )
oo (BT _ 8T\ 12
P=y () -5 (1.79)
(k—1)! ’ ’
k=1
In fact, I' is a threshold such that 81;}8) > 0 if and only if v > I". Then, we have

Proposition 1.3.

Proposition 1.3.
1. When® > (resp. <)0, 7B increases with f if and only if v > (resp. <) max {O,Ff}.

2. When U > (resp. <)0, r°B increases with f if and only if v > (resp. <) max {O,Ef}.

Proof. We first consider the effect of f on 7°B. Taking the derivative of (1.49) with
respect to f, we can obtain:
09 2 2 —SB 2
a7 = [2B+2\)na®D (s)o*In (1 +7°7) — (34 2X\)na®D (s) o
+(B+20)n(E—T+a(s)—z—aD(s)ac+4(1+\)0fo]
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0 </3_T>k€(BfT) (k _ ﬁ_T) 1
-2 —Z d d fg(s)%—vﬁlg(s) +4(1+X\)0D (s)o.
— (k—1)! T
(1.80)
By using (1.49), (1.80) becomes:
k
- oo (BTY =) (p— BT 1
00 2 < ( 7 ) e Tk =TF)73 1 o
— = — — ®+2(1+N)60D
5D | T 0(s) 18 50(9)| 0+ 214 VD () o
(1.81)
Next, using (1.77) and (1.79), we can obtain the first point of Proposition 1.3.
Moreover, we can obtain the second point analogously. O]

According to Proposition 1.3, when the optimal degree of the service increases with
expected delays per flight, it will increase with flight frequency if and only if the delay
externality parameter is greater than a threshold. However, when the optimal degree
decreases with expected delays per flight, it will increase with flight frequency if and only
if the delay externality parameter is less than a threshold.

To illustrate the first point of Proposition 1.3, we should analyze the effects of flight
frequency in (1.80). Specifically, the increase of flight frequency implies shorter delays
due to exceptional events in own slot, longer delays induced by other flights and a higher
supply side delay reduction benefit of the airline. In (1.80) The first term shows the
change of delays and the second term shows the change of supply side delay reduction
benefit.

First consider the case ® > 0. In this case, we have I' > ff. If the externality of
delays between flights is significant, that is, v > I, the delays induced by other flights
will dominate the delays due to exceptional events in own slot. Thus, expected delays
per flight become longer when flight frequency increases. Given ® > 0, that is, the direct
effect of longer delays (higher marginal benefit of the service to society) dominates the
indirect effect of longer delays (less traffic), the net effect shown in the first term in (1.80)

is to increase 7P when flight frequency increases. Considering also the higher supply
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side delay reduction benefit of the airline shown in the second term in (1.80), 798 will
increase with flight frequency.

However, if the externality of delays between flights is not significant, that is, v < T,
the delays induced by other flights will be dominated by the delays due to exceptional
events in own slot. Thus, expected delays per flight become shorter when flight frequency
increases, and then the net effect shown in the first term in (1.80) is to decrease 7¥ when
flight frequency increases. Next, if max {O,Tf} < v < T, that is, the externality of delays
between flights is not very insignificant, the effect from the delays due to exceptional
events in own slot will be relatively weak, compared with the higher supply side delay
reduction benefit of the airline shown in the second term in (1.80). Then, 78 will still
increase with flight frequency. Nevertheless, if v < max {O, ff}, the effect from the delays
due to exceptional events in own slot will be strong enough. Then, 7°Z will decrease with
flight frequency. To summarize, when ® > 0, 77 will increase with flight frequency if
and only if v > max {0,ff}. Moreover, we can analyze the case & < 0 analogously.

In fact, the analysis for the second point of Proposition 1.3 is similar as above, except
that we should also consider the effect of flight frequency on the information rent of the

airline with 6.

1.5 Use of Public Funds

For a welfare-maximizing ANSP, when the airline’s benefit is higher than the ANSP’s
cost of providing the service (Scenario 3), the ANSP may not have to use public funds.
However, when the airline’s benefit is lower than the ANSP’s cost of providing the service
(Scenario 4), the ANSP has to use public funds. Therefore, in this section, by choosing
proper parameter values’ and function specifications, we use numerical examples to study
when a welfare-maximizing ANSP has to use public funds to provide the delay reduction
service.
Ins

Specifically, in all numerical examples, we use a (s) = 0.5 * {3, g (s) = 0.01 * 2° and

9Parameter values used in numerical examples can satisfy all second-order conditions. They can
also ensure that the social values of the service are non-negative, that is, [PS*(s,r) —ps* (s)] +
[H* (9, S, ’I”) —7* (9, S)] - CANSP (S, 7’) - A [CANSP (S, 7’) - t] ]]-t<C(s,7') = 0.
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m(s) = 0.06 4+ 0.01s. As we can see, a(s) is a concave function of s; ¢ (s) is a convex
function of s; and m (s) is a linear function of s. Moreover, we use § = 0.01, v = 120,
0=1,A2=004, N=2,({=3,(=1,s=2,7=08 T =15, f=1,and z = 2.

Counsider first the airline’s net benefit from the service:
w=1II"(0,s,r) — 7" (0,s) — Cansp (s,7), (1.82)

which is the net benefit of the airline when it is asked to pay the total cost of providing
the service. By using a large number of numerical examples, we can find that, for each
set of parameter values, there exists a threshold 7 such that w > 0 if and only if r < 7.
Thus, as long as » > 7, the ANSP has to use public funds to provide the service. For

example, using a = 0.35 and 0 = 15, we can obtain Figure 1.21°.

The airline’s net benefit from the service

Figure 1.2: The Airline’s Net Benefit from the Service and 7

Denote the marginal benefit of the service to society by M B and the marginal cost
of the service to ANSP by MC. If MB(r) < MC, in order to make M B equal to
MC', the ANSP will decrease the degree, and then the optimal degree will be r~ with
r~ < 7. When r = r~| the airline’s benefit is higher than the ANSP’s cost of providing

the service, implying w > 0, and thus the ANSP may not have to use public funds.

ONote that the curve in Figure 1.2 seems smooth, while it is in fact not. Because that curve only
fluctuates in extremely small intervals, we can regard it as a smooth one. Moreover, because of the
fluctuation of the curve, some values smaller than 7 may also make u = 0. However, we can omit them
because they are extremely close to 7.
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However, if M B (r) > MC, in order to make M B equal to M C', the ANSP will increase
the degree, and then the optimal degree will be r* with »* > 7. When r = r™, the
airline’s benefit is lower than the ANSP’s cost of providing the service, implying w < 0,
and thus the ANSP has to use public funds.

Consider next two important parameters, that is, the passengers’ value of time o and
the effectiveness of the service o. Here, we use the following values of a and o: a = 0.05«
with & € [0,50] N Z and o = 0.05 * ;% with & € [9,20] N Z. For each set of parameter
values, we calculate 7. Then, we calculate M B () — M C'. If the difference is positive, the
ANSP has to use public funds. Otherwise, the ANSP may not have to use public funds.

Calculation results are shown in Figure 1.3.

a N
3 -
25 &
The ANSP may not have to
2 7 use public funds
1.5
1 —
0.5 4 The ANSP has to
use public funds
>
I I I I -~
0 1/2In2 3/5In2  7/10In2 4/5In2  9/10In2 1/In2 o

Figure 1.3: a, o and Use of Public Funds

In Figure 1.3, we find that, if o is high, that is, the service is very effective, the airline
can always obtain a high benefit from the service. Thus, the ANSP may not have to
use public funds. If o is low, that is, the service is very ineffective, the airline can only
obtain a very limited benefit from the service. Thus, the ANSP has to use public funds.

Finally, if o falls into an intermediate interval, that is, the effectiveness of the service
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is intermediate, when the effectiveness decreases, the ANSP may not have to use public
funds only when the passengers’ value of time a becomes higher. Because the passengers’
value of time is positively related to the total benefit of the service to society, a higher «
can compensate the loss of benefits resulting from the decrease of the effectiveness of the

service.

1.6 Conclusion

In the context of SESAR project, an ANSP can provide a delay reduction service to
airlines. Thus, this chapter studies the optimal design of delay reduction contract signed
between an ANSP and a monopoly airline. In the contract design, the main issue is to
address the adverse selection problem, which comes from airlines’ private information
about their values of time. Then, we derive optimal contracts analytically considering
both the welfare-maximizing and profit-maximizing ANSP, in which we find that, under
incomplete information, the optimal degree of the service for the airline with a low value
of time may be distorted downwards. Moreover, we conduct comparative-static analysis
to study how the changes of safety standard and flight frequency affect optimal contracts.
Besides, we use numerical examples to study when a welfare-maximizing ANSP has to
use public funds to provide the service.

This chapter focuses on a monopoly airline market structure. Thus, an extension to
oligopoly airline market structure and a study for strategic interactions between airlines
will be a direction of future research. Moreover, in this chapter, passengers only make
a single trip and the passengers’ demand is inelastic. Thus, multiple trips and elastic

demand are also possible extensions.
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1.7 Appendix

1.7.1 Optimal Contracts

1.7.1.1 Second-Order Condition in Complete Information in Scenario 3

In (1.27), the first term of Q is a logarithmic function of 77'Z and we denote it by LOGR;
and the second term of € is a linear function of 7% and we denote it by LR. Analogously,
in (1.29), the first term of © is a logarithmic function of r’# and we denote it by LOGR;
and the second term of Q is a linear function of r*# and we denote it by LR.

Next, we try to confirm the second-order condition of (1.26) according to the slope of
the logarithmic and linear functions and the intercept of the linear function on horizontal

axis. Moreover, let I; and I, denote two expressions indicating the signs of the intercepts,

in which:
L=4[0fD(s)o—m(s)] +3n[—T1+a(s) —z—aD(s)]aD(s)o, (1.83)
I, =4[0fD (s)o —m(s)|+3n[{ =T +a(s) —z—aD(s)|aD(s)o. (1.84)

Case1: 0<a< D(QS)H/T%(;) and I, >0

This case is shown in Figure 1.4. 0 < a < =2 m(s)

D(s)ye '\l 3y is equivalent to 0 < 3na?D (5)2 o <

4m (s) and implies that the slope of LR (resp. LR) is greater than that of LOGR (resp.
LOGR) for any r. Moreover, I, > 0 implies that the signs of LR’s and LR’s intercepts
on horizontal axis are positive.
Because I, > 0 and 6 > 6, we can obtain:
W 1

Gy m {3002D (5)° 0% [1 — In (1 4 77F)]

—3nl—7+a(s)—z—aD(s)]aD(s)o —40fD (s)o}
< zl(TlfFB)Q {3na*D (s)? o [1—In(1+7"P)] —dm(s)}. (1.85)

< 0.

7=pFB

Then, according to (1.85) and 0 < 3na?D (s)* 0? < 4m (s), we have Z%
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LOGR, LR
N
LR LR
. LOGR, LOGR
0 EFB FFB 1 I

Figure 1.4: Case 1 (Complete Information of Scenario 3)

Moreover, we can show %5

Case 2: 2

m(s)
Dise \ 3 <

ozégf

40

This case is shown in Figure 1.5. In this case, the slope of LR (resp. LR) is first less

and then greater than that of LOGR (resp. LOGR). Moreover, the signs of LR’s and

LR’s intercepts on horizontal axis are positive.

As shown in Figure 1.5, when r = ry,,:

Thus, we have:

1

3na?D (s)* o T

=4m(s).

] =1In (14 rim) <ln(1—|—FFB).

(1.86)

(1.87)
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Figure 1.5: Case 2 (Complete Information of Scenario 3)

According to (1.87), we can obtain:

82W 1 2 2 2 —FB
W}ﬂg<m{37]@ D(S) o [1—1H(1+7" )}—4m(s)}

<4<1+7FB>2{3” P {1 1[ (3 ” ! “}

_m(s) {3na2D(8)2 o2 {1 o [W] } _ 1}_ (1.88)

(1478)? 4m (s) 4m (s)
Then, because [z (1 —Inz) — 1] = 0 when 2 > 1, we have 2% < 0.
sup or F—7FB
Moreover, we can show BSTVQV s < 0 analogously.

Case 3: D(QS)U@/”;(;) <a< %, I, >0,and I, < 0
This case is shown in Figure 1.6. In this case, the slope of LR (resp. LR) is first
less and then greater than that of LOGR (resp. LOGR). Moreover, the sign of LR’s

intercept on horizontal axis is positive, while the sign of LR’s intercept on horizontal axis



CHAPTER 1. DELAY REDUCTION CONTRACT 42

is negative.
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Figure 1.6: Case 3 (Complete Information of Scenario 3)

. 2 .
Following Case 2, we can show 887%/ oy < 0 analogously. Next, we consider
=T
2w
Oor2

r=rt'B

As shown in Figure 1.6, LOGR and LR have two intersections. For the first intersec-

tion r =T, because I, < 0, we have:

82W 1 2 2 2 o~
6[2 - = m {37]& D (8) g {1 —In (1 +£)]
=3 —T+a(s)—z—aD(s)aD(s)o—40fD (s)o}
1 2 2 2 ~
> 0y {3na2D (5)*0*[1 —In (1 +7)] — 4m(s)}. (1.89)

Given the value of m (s), a large value of 3na®D (s)* o2 will result in 8;;3

violating the second-order condition.

Next, consider the second intersection of LOGR and LR, that is, r = 2. As shown
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in Figure 1.6, we have:

3na2D (s)? o2 1n (1 + Tian
dm (s) = 2% @}irtn( + Tian) (1.90)

Because the sign of LR’s intercept on horizontal axis is negative, there exists a solution
only when J > |r;,,|, that is:

g 3na’D (3)2 o?1n (1 + 744n)

Am (S) — Ttan
- -3 —-1+a(s)—z—aD Ejj ?;? (s)o —48fD (s)o +4m (s) el (1.91)

Then, according to (1.86), we have:

—3n—717+a(s)—z—aD(s)]|aD(s)oc—40fD(s)o
< 3na®D (s)* 0% 1n (1 + rean)

—4m (s) (1 + 7¢an)
o [y [B102D (0]
= 3na’D (s) {1 T () ] 1}. (1.92)

According to (1.92), we can obtain:

i ] o N
2 | s m{?ﬂwms) o2 [1 —In (1+175)]

=3nl—71+a(s)—z—aD(s)|aD(s)o—40fD (s)o}
3na2D (s)* o ) 3na2D (s)* o —n B
NEERE {1 [ 4m (s) ] 1 +r )}

_ 3na’D (s)? 02 [3770421? (s)” 0-2—(1+;FB) ]

(1 +£FB)2 am (s) (1.93)

Then, because 3na®D (s)* o2

ﬁ < 4m (s) always holds, according to (1.93), we have

Case 4: Dé)awﬁs) <a< % and I; <0

This case is shown in Figure 1.7. In this case, the slope of LR (LR) is first less
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and then greater than that of LOGR (LOGR). Moreover, the signs of LR’s and LR’s

intercepts on horizontal axis are negative.
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Figure 1.7: Case 4 (Complete Information of Scenario 3)

L < 0 analogously.

. 2 2
Following Case 3, we can show rw <0and 2%
’ O |s_7FB or F

1.7.1.2 Comparison of Optimal Degrees in Scenario 4

The comparison is shown is Figures 1.8 through 1.12.

1.7.2 Proof of Proposition 1.2

Proof. We first consider the effect of D (s) on 792, Taking the derivative of (1.49) with
respect to D (s) and using (1.49), we can obtain:
o 1
oD (s) D(s
—(3+2\)na’D(s)’0 [1 —oln (1 +77)]}. (1.94)

) {4(1+)\)m(5) (1—1—?53)

Rewriting (1.94), we can obtain the first point of Proposition 1.2.
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Figure 1.8: Case 1 (Scenario 4)

Moreover, we can obtain the second point analogously. O
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Chapter 2

Congestion Delays, Horizontal Product

Differentiation and Airline Networks

2.1 Introduction

Air traffic delays remain a significant and worldwide reality. In Europe, from 2005 to
2015, the percentages of delayed flights for arrivals are approximately 40%, with an
average delay per delayed flight for arrivals of approximately 29 minutes (see Figure 2.1).
As a result, and considering also the time values estimated by University of Westminster
(2015) and Cook and Tanner (2015), delays are costly to both airlines and passengers.
In fact, it has been well established that different airline’s network structures may result
in varying degrees of delays.! However, the means by which airlines respond to these
costly delays by adjusting their network structure is, to date, little studied.? Therefore,
this chapter aims to study how congestion delays shape airline network structure, within
which the role of horizontal product differentiation will also be investigated.

In the model, I consider a monopoly airline and passengers in three markets. Pas-
sengers maximize their utility, which is a quadratic function of traffic of imperfectly

substitutable non-stop and one-stop air transport services. This imperfect substitution

1For example, Mayer and Sinai (2003) find that hubbing is the primary economic contributor to air
traffic congestion. Moreover, Figure 2.2 also provides an evidence.

2In the literature, only Fageda and Flores-Fillol (2015) and Silva et al. (2014) consider congestion
delays in airline network choice.

48
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Figure 2.1: Air Traffic Delays for Arrivals in Europe
Source: EUROCONTROL (2010, 2011, 2016)

indicates the horizontal product differentiation of services. Moreover, passengers value
flight frequency because they dislike schedule delays. According to Douglas and Miller
(1974) and Panzar (1979), schedule delay is the absolute difference between a passen-
ger’s most preferred departure time and that of his/her actual departure. The higher the
flight frequency is, the shorter schedule delays will be. Thus, considering also the travel
time, the difference in flight frequency and travel time indicates the vertical product
differentiation of services.

The airline maximizes its profit by choosing a network structure, flight frequencies
and passenger traffic. One feature of the model is the coverage of all possible network
structures in a three-city network, that is, a hub-and-spoke network (HS), point-to-point
network (PP), mixed network (MX), and 2-hub network (2H), as well as a 3-hub network
(3H) as an extension. Under HS (e.g., Alitalia), passengers who travel between two
spoke airports are required to connect at a hub airport. Differing from HS, under PP
(e.g., Ryanair and easyJet), passengers can travel directly from one airport to any other.
Moreover, under MX (e.g., Air France), passengers who travel between two spoke airports
can choose either one-stop or non-stop services, implying that MX is a combination of
HS and PP. Finally, under 2H (e.g., Lufthansa and Air France-KLM group), two hubs

are available for connection, while under 3H, each airport works as a hub.
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Figure 2.2: Box Plots for Airline Network and On-Time Performance (July 2016)

Source: The on-time performance data is from OAG (2016) and airlines’ network structures are from their official websites.
Note: 1. The airline sample includes the top 25 European airlines with their subsidiaries by passenger volume, except
Virgin Atlantic, which does not operate flights within Europe; 2. According to OAG (2016), the on-time performance is
the percentage of flights that depart or arrive within 15 minutes of schedule.

In addition, I assume that the airline’s cost function includes only the expected con-
gestion delay cost. In fact, this cost specification excludes the fixed cost of operating
a flight and the variable cost of serving a passenger. According to Doganis (2009), the
short-run marginal cost of serving an extra passenger on a flight is close to zero. In
addition, Smyth and Pearce (2007) and Pearce (2013) also claim a low marginal cost per
passenger. Thus, we can omit this in order to simplify the analysis. Fixed cost, however,
indeed accounts for a large share of the total cost. Previous literature models fixed cost
to capture the economies of traffic density and then to explain the existence of the hub-
and-spoke network. In fact, modeling the fixed cost will not provide further insights but
will make the model intractable. More importantly, excluding fixed cost can also help us
isolate the impact of the economies of traffic density on airline network choice.

The main trade-offs in the model are between congestion delays and schedule delays
and between flight frequency and travel time. For the former, if the flight frequency in one
route becomes higher, congestion delays in more than one route will increase. However,
passengers’ schedule delays in that route will decrease. For the latter, between two spoke
airports, non-stop services always have lower flight frequency but shorter travel time,

while one-stop services always have higher flight frequency but longer travel time.
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When solving the model, I first consider HS, PP and MX alone in order to compare
them with Lin (2012). Besides the common results, I find, surprisingly, that the airline
may choose PP even when the extra travel time disutility of one-stop services is relatively
low. In fact, this result arises from the inclusion of congestion delays, that is, a negative
network externality. Specifically, on the one hand, because of the traffic concentration of
HS and the convex cost function with respect to flight frequencies, the introduction of
congestion delays, or negative network externality on the cost side, creates a cost disad-
vantage for HS, and thus makes HS less profitable. On the other hand, the introduction of
an omitted negative network externality also reduces the region that makes MX feasible.
Then, there will emerge an interval of extra travel time disutility, in which the disutility
is too high to make HS more profitable and too low to make MX feasible, leaving PP as
the airline’s optimal network structure. The key insight from this result is that including
the omitted negative network externality makes HS and MX less effective than previously
understood as in Lin (2012). In fact, in addition to the commonly received advantage of
PP, that is, saving the extra travel time of connecting at a hub airport, this result might
provide another explanation for why some legacy airlines start to use PP in some local
markets.

I then incorporate 2H into the analysis. I find that, without considering the airline’s
fixed investments of developing a hub airport, 2H will dominate the three other network
structures as long as it is feasible. Because non-stop and one-stop services are imperfectly
substitutable, passengers can obtain higher utility if both non-stop and one-stop services
are available to choose than if only one of them is available. Under 2H, there are two
markets, in which both non-stop and one-stop services are available. Under MX, there
is only one such market. However, under HS and PP, passengers in any market cannot
choose between non-stop and one-stop services. Therefore, because of the exploitation
of horizontal product differentiation to a larger extent, 2H can generate higher passenger
utility and then a higher airline profit than the three other network structures. To
summarize, this result shows the role of horizontal product differentiation in improving

passenger utility and airline profit.



CHAPTER 2. AIRLINE NETWORKS 52

In fact, this result can also help us understand the multi-hubbing and de-hubbing
phenomena in the airline industry. In reality, we can observe that some airlines develop
new hubs and then use 2H (multi-hubbing), while some others change from 2H to a single
hub network (de-hubbing). Here comes a question: what is the motivation for airlines to
use 2H? One answer is that when an airline’s hub airport is congested, the airline can
develop another hub to reduce the congestion of the previous hub. However, this answer
might not be strong enough because besides 2H, PP and MX can also reduce hub airport
congestion. The result above shows the role of horizontal product differentiation and thus
provides another explanation for the use of 2H.

Moreover, I conduct comparative-static analysis and find that, for the airline under
MX and 2H, there exist some strategic effects when the values of the parameters change,
due to the division of local and connecting traffic in one market. For instance, under MX,
when the marginal congestion delay cost increases, the change of flight frequency between
two spoke airports depends on the trade-off between the direct negative effect of a higher
delay cost and the strategic redistribution of traffic among different routes. Furthermore,
in welfare analysis, I derive not only the first-best, but also the second-best, socially
optimal network structure, and both show the airline’s inefficient biases towards PP and
2H. Besides which, I extend the analysis to 3H and again show the role of horizontal
product differentiation.

The contributions of this chapter are threefold. First, the majority of the airline net-
work choice literature (see Oum et al., 1995; Berechman and Shy, 1998; Kawasaki, 2008)
compare HS and PP alone, with a few others including one more network structure, either
MX (see Lin, 2012) or 2H (see Alderighi et al., 2005). In fact, Starr and Stinchcombe
(1992) and Hendricks et al. (1995, 1999) use rather general models, allowing the network
design to be endogenous. However, their frameworks focus mainly on airline cost but
not on passenger demand, which thus leaves little room for the optimality of network
structures other than HS and PP. Accordingly, this chapter contributes to the literature
by incorporating all possible network structures in a three-city network, each of which

has the potential to be an airline’s optimal network structure.
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Second, most of the previous studies explain airline network choice from the point
of view of the economies of traffic density (see Bittlingmayer, 1990; Hendricks et al.,
1995, 1999), demand uncertainty (see Barla and Constantatos, 2005) and schedule delays
(see Brueckner, 2004), while only Fageda and Flores-Fillol (2015) and Silva et al. (2014)
consider congestion delays. Therefore, this chapter contributes to the currently limited
literature available on the effects of congestion delays on airline network choice.

The third is regarding the perspective of analyzing 2H. The conventional wisdom
concerning the function of 2H (see Bilotkach et al., 2013) is to divert passengers from
one hub to another and thus reduce hub airport congestion. In fact, a four-city network
(see Figure 2.3) is the minimum requirement in order to show the congestion reduction
function of 2H; however, this inevitably brings analytical difficulties. To make the anal-
ysis tractable, previous literature (see Bilotkach et al., 2013) has had to simplify many

important elements.

Hub Airport 1

Hub ;Xirport 2

Figure 2.3: Commonly Studied Four-City 2-Hub Network

Note: In all network structure figures, solid (resp. dotted) lines represent the existence of non-stop (resp. one-stop)
services.

Nevertheless, in this chapter, I focus on the exploitation of horizontal product differen-
tiation in 2H, which requires a three-city network only. In reality, the horizontal product
differentiation can come from, for instance, different departure time slots (see Encaoua
et al., 1996) and brand loyalty (see Brueckner and Whalen, 2000; Brueckner and Flores-
Fillol, 2007). To see this, one example is the Lufthansa network (see Figure 2.4), in which

Frankfurt and Munich are hub airports and Toulouse is a spoke airport.® Specifically,

3Concrete examples of other network structures are given in Section 2.7.
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passengers traveling between Toulouse and Frankfurt can take either Lufthansa flights to
arrive directly, or Lufthansa Cityline (a subsidiary of Lufthansa) flights and Lufthansa
flights connecting at Munich. Similarly, passengers traveling between Toulouse and Mu-
nich can take either Lufthansa Cityline flights or Air Dolomiti (a subsidiary of Lufthansa)
flights to arrive directly, or Lufthansa flights connecting at Frankfurt. For different de-
parture time slots, flight schedules between Toulouse and Frankfurt (Munich) provide
evidence (see Section 2.7). For brand loyalty, as shown in Figure 2.4, Lufthansa uses

differentiated brands to operate the network.

(Hub)
Frankfurt

Lufthansa Cityline (Hub)
Air Dolomiti

Figure 2.4: An Example of Three-City 2-Hub Network (Lufthansa)

Related Literature

This chapter is closely related to three branches of literature. Since the airline deregula-
tion in the USA in 1978, there is a growing body of literature on airline network choice,
in which the first branch is the scope of network structures. Previously, the literature has
focused on the choice between HS and PP, but recently there has been a shift towards
some ‘“real-life” network structures, that is, MX and 2H. For MX, among others, Dunn
(2008) empirically examines an airline’s choice of providing non-stop services or not, given
that the airline has (not) provided one-stop services. Moreover, Fageda and Flores-Fillol
(2012) study hub airlines’ incentives to provide non-stop services between spoke airports

under two recent innovations, that is, the regional jet technology and low-cost business
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model. Further, Lin (2012) studies the network choice among HS, PP and MX under both
monopoly and duopoly setups. For 2H, Bilotkach et al. (2013) use the utility function a
la Mussa-Rosen (see Mussa and Rosen, 1978) to study the function of diverting traffic of
2H. Moreover, Wang (2016) theoretically examines the optimality of 2H in the spirit of
Brueckner and Spiller (1991).

The second branch of literature is the theory explaining airline network choice. One
theory is that airlines can better exploit the economies of traffic density under HS. Ac-
cording to Hendricks et al. (1995), the economies of traffic density arise when the cost per
passenger on a route decreases with the number of passengers flying on that route. As a
result, because HS has a higher traffic density than PP, as long as the cost of extra travel
time of one-stop services is not high enough, the total cost for a given level of demand
may be lower under HS than PP. Some empirical studies have confirmed the economies
of traffic density under HS (see Brueckner et al., 1992; Brueckner and Spiller, 1994).
Moreover, besides Hendricks, Piccione, and Tan (1995), theoretical studies explaining
airline network choice from the point of view of the economies of traffic density include,
for example, Bittlingmayer (1990), Oum et al. (1995) and Hendricks et al. (1999) 4.

Another theory concerns demand uncertainty. Barla and Constantatos (2005) show
the flexibility of HS under uncertainty. Interestingly, they also find that both airlines
may choose PP, because by committing not to enjoy the flexibility, airlines can avoid the
spread of competition from one market to others. Furthermore, Hu (2010) also considers
demand uncertainty but under a different setup.

Because passengers greatly value flight frequency (see Berry and Jia, 2010), schedule
delays may be an important factor affecting airline network choice. Berechman and Shy
(1998) and Brueckner and Zhang (2001) first connected airline network structure and
scheduling. Then, Brueckner (2004) builds a framework that improves upon the previous
two studies and shows that a high disutility of schedule delays would be conducive to HS.
In addition, other relevant studies include Kawasaki (2008) and Flores-Fillol (2009).

Furthermore, some studies have introduced congestion delays into their models. In

4Hendricks et al. (1999) also consider the nature of competition, that is, airlines compete aggressively
or not.
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Fageda and Flores-Fillol (2015), they find that, even if there is a higher delay cost, duopoly
airlines exhibit a preference for HS, which may be inefficient from the perspective of a
welfare-maximizing social planner. Moreover, Silva et al. (2014) also consider congestion
delays and show that a higher value of travel time favors PP. However, the frameworks of
these two studies do not allow for the analysis of MX and 2H. Besides which, in Fageda
and Flores-Fillol (2015), passenger demand is also perfectly inelastic.

The last theory is the horizontal product differentiation. Lin (2012) finds that HS
will be the airline’s optimal network structure if passengers do not differentiate between
non-stop and one-stop services too much, and if the extra travel time disutility of one-
stop services is low. However, if the passenger differentiation is substantial, MX (resp.
PP) will be the airline’s optimal network structure when the extra travel time disutility
is low (resp. high).

The third branch of literature is the modeling of vertical and horizontal product
differentiation. With respect to the vertical product differentiation, Flores-Fillol (2010)
considers that airlines may compete in flight frequencies. Moreover, in the models of
Brueckner (2004) and Kawasaki (2008), one-stop services always cost more time than
non-stop services. With respect to the horizontal product differentiation, Encaoua et al.
(1996) consider the difference of the departure time slot, while Brueckner and Whalen
(2000) and Brueckner and Flores-Fillol (2007) consider brand loyalty. In addition, Lin
(2012) uses the quadratic utility function in Dixit (1979) to capture the horizontal product
differentiation.

The rest of the chapter is organized as follows. Section 2.2 describes the model. Sec-
tion 2.3 derives the market outcome, which includes comparisons within each network
structure and across different network structures, as well as comparative statics. Section
2.4 compares the airline’s optimal network structure with the first-best and second-best
socially optimal network structures. Section 2.5 extends the analysis to the 3-hub net-

work. Finally, Section 2.6 concludes.
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2.2 The Model

In this model, I consider three symmetrically-located airports (cities), K, A and B, in
which all of them are capacity-constrained and K and A can work as hub airports. Pas-
sengers who wish to travel between city pairs form markets AK, BK and AB, denoted
by markets 1, 2 and 3, respectively. The airline can choose from amongst four network
structures, that is, a hub-and-spoke network (HS), point-to-point network (PP), mixed
network (MX), and a 2-hub network (2H). Moreover, for completeness, I study a 3-hub

network (3H), or an all-hub network, as an extension.

2.2.1 Passengers

Assume that there exists one representative passenger in each market. Following Dixit

(1979), the passenger utility in market i (€ {1,2,3}) is:

U (Q0, Q1) = 0jQo + 0l @1 — 5 (50 (Q° + 29QuQ + 61 (@)Y (2)

In (2.1), Qo is the traffic of non-stop services and @); is the traffic of one-stop services.
The concavity of passenger utility with respect to )y and @) requires Sy > 0, 81 > 0,
and 72 < fp31. Moreover, the parameter v > 0 represents the passenger differentiation
between non-stop and one-stop services. The greater ~ is, the higher the degree of
substitution will be between non-stop and one-stop services. To simplify the algebra, I
assume 3y = f; = 1 and v = 3.5 Besides, af and o} are the marginal utility of local and

connecting traffic, respectively, with:

b = v+ \F', (2.2)

2

ap =0+ 9

—t. (2.3)

5If we relax the assumptions for By, 81 and 7, the degree of substitutability between non-stop and
one-stop services will change, and thus the region that a network structure is optimal for the airline may
enlarge or shrink. However, all of the properties and intuitions found in this chapter will not be affected.
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In (2.2) and (2.3), v € R, is the passenger’s travel benefit. F" is the flight frequency
between the city pair of market 7, and ¢ € R, , is the extra travel time disutility, in which
the extra travel time of one-stop services includes both the extra in-aircraft travel time
compared to non-stop services and the layover time at the hub airport. The parameter
A € R, is positively related to the marginal benefit of schedule delay reduction and
is hereafter used as the proxy of the latter. Terms AF* and )\% are the schedule
delay reduction benefits of non-stop and one-stop services, respectively. In particular,
following Lin (2012), the schedule delay reduction of one-stop services takes the average
of two relevant flight frequencies. Another method is to take the minimum; however this
is problematic if we consider the layover time at the hub airport (see Rietveld and Brons,
2001).

Following Singh and Vives (1984), the passenger surplus in market i (€ {1,2,3}) is

the difference between passenger utility and total payment:

U (Qo, Q) — Y PlQ-. (24)
7€{0,1}
In (2.4), P: (7 = 0,1) are the fares of non-stop and one-stop services, respectively.

Next, passengers’ demand for each network structure is discussed.

2.2.1.1 Hub-and-Spoke Network

Under HS (Figure 2.5), K is a hub airport and A and B are spoke airports. Then, under
HS, passengers in markets AK and BK can choose non-stop services only, and their
marginal utility of local traffic is af = v + Aflg, in which fi is the flight frequency
between the city pair of market i (€ {1,2}). Moreover, the passenger in market AB can
choose one-stop services connecting at K only, and his/her marginal utility of connecting
traffic is a2 = v + AM —t.

After observing fares and flight frequencies, the representative passenger in each mar-

ket chooses traffic in order to maximize passenger surplus. Then, passengers’ optimal
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Figure 2.5: Hub-and-Spoke Network

choices give the following inverse demand functions:

> fi
Phs :v+)\# —t—q}g (2.6)

In (2.5) and (2.6), piyg and ¢4y (i € {1,2,3}) are the fares and traffic in markets AK,

BK and AB, respectively.

2.2.1.2 Point-to-Point Network

Under PP (Figure 2.6), all airports are identical. Then, under PP, all passengers can
choose non-stop services only, and their marginal utility of local traffic is ag = v + A fbp,

in which f%, is the flight frequency between the city pair of market i (€ {1,2,3}).

K

fpp fop

1 2
dpp dpp

3 3
A fep dpp B

Figure 2.6: Point-to-Point Network
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The inverse demand functions will then be:
Pop =0+ Apbp — qpp. (2.7)

In (2.7), php and ¢bp (i € {1,2,3}) are the fares and traffic in markets AK, BK and AB,

respectively.

2.2.1.3 Mixed Network

Under MX (Figure 2.7), K is a hub airport and A and B are spoke airports. Then, under
MX, passengers in markets AK and BK can choose non-stop services only, and their
marginal utility of local traffic is af = v + Afi,y, in which fi, is the flight frequency
between the city pair of market i (€ {1,2}). Moreover, the passenger in market AB can
choose not only non-stop services between A and B but also one-stop services connecting

at K, with the marginal utility of local traffic o = v + Af3; and connecting traffic

i i
3 U—}—)\Z 6{1,22} MX

a3 = —t, in which f3, is the flight frequency between the city pair of
market AB.°

Hub

()

3 30
I\ f Mx  9ux B

Figure 2.7: Mixed Network

6Under PP, theoretically, the passenger in market AB may buy tickets for routes AK and BK and thus
has “one-stop services”. However, the scheduling of flights in routes AK and BK can be a problem for this
possibility. For example, when the passenger arrives at K, flights from K to B may have already departed.
Under MX, this problem does not exist because of the coordination of flight schedules. Therefore, the
scheduling of flights is a key difference between PP and MX.
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The inverse demand functions will then be:

Phux =0+ My — Cuxs (2.8)
1
p?\gx =+ Af]%w( - Q%EX - 597%/})(’ (2-9)
Zi 1,2 fiex 1
p?vlfx =v+ )\% —t—= 5(1?\2)( - Qﬁx- (2.10)

In (2.8), piyx and ¢4y (i € {1,2}) are the fares and traffic in markets AK and BK,
respectively. In (2.9) and (2.10), p30, @32, pity, and ¢ii, are the fares and traffic of
local and connecting traffic in market AB, respectively. In particular, the notation ;50
represents non-stop services and j1 represents one-stop services for market j. We will use

this style of notation hereafter.

2.2.1.4 2-Hub Network

Under 2H (Figure 2.8), K and A are hub airports and B is a spoke airport. Then, under
2H, the passenger in market AK can choose non-stop services only, and his/her marginal
utility of local traffic is af = v + Afyy, in which fj;; is the flight frequency between the
city pair of market AK. Moreover, passengers in markets BK and AB can choose not
only non-stop services between B and K and between A and B, respectively, but also
one-stop services connecting at A and K, respectively, with the marginal utility of local
traffic o) = v + Afi; and connecting traffic of = v + )\w —t, in which fi,
is the flight frequency between the city pair of market i (€ {2, 3}).

The inverse demand functions will then be:

Phi = v+ Aoy — Gy, (2.11)
i i i 1,

pz(}l =v+ Aoy — QQ(I]'{ - 5(]21117 (2‘12)
; D ici1.2.30\{i ng L, i

Pog = v+ A ISt ’2}\{ ! —t- 5%%1 — G- (2.13)

In (2.11), p3 and g3y are the fare and traffic in market AK, respectively. In (2.12) and

(2.13), pYy, ¢, Pisy, and gy (i € {2, 3}) are the fares and traffic of local and connecting
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Figure 2.8: 2-Hub Network

traffic in markets BK and AB, respectively.

2.2.2 The Airline

For the airline’s cost function, I assume that it includes the expected congestion delay
cost only.” Specifically, the airline’s cost is based on route, and the expected congestion
delay cost of a flight in route n is proportional to the total number of aircraft movements

at the origin and destination airports in that route, that is:

oY (2.14)
me{1,2,3}
in which ™" is a network-specific parameter with ™" € N.® In (2.14), the parameter
¥ € R, is positively related to the marginal congestion delay cost and is hereafter used
as the proxy of the latter.

Next, I discuss the airline’s cost for each network structure. Under HS, the numbers

“In fact, passengers also endure some level of disutility from congestion delays. However, because
omitting the impact of congestion delays on passengers does not affect the insights of the model but
makes the model more tractable, I only consider the negative effect of congestion delays on the airline.

8For the literature on delay function, among others, Brueckner (2002, 2005) models the delay cost
as a non-decreasing function of the number of flights during the peak travel period of a day. Moreover,
US Federal Aviation Administration (1969) models delays as a convex function of the number of flights.
This delay function is estimated from steady-state queuing theory and has been used by Morrison (1987),
Zhang and Zhang (1997, 2003, 2006) and Basso (2008). Pels and Verhoef (2004), De Borger and Van
Dender (2006), Basso and Zhang (2007), and Yang and Zhang (2011) use a linear delay function. In this
chapter, following Brueckner and Van Dender (2008) and Flores-Fillol (2010), I collapse the peak and
off-peak travel periods, as in Brueckner (2002, 2005), into a single travel period, in which delays always
exist.
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of aircraft movements at airports A, B and K are f},q, f&#s and fig + f7g, respectively.
Thus, the total number of aircraft movements between the city pair of market i (€ {1,2})
is 2fi g+ flig (5 € {1,2}\ {i}). Then, the expected congestion delay cost for each flight
is ¥ (2firs + fhis)-

Under PP, the numbers of aircraft movements at airports A, B and K are fbp + f2p,
fip+ [ip and fhp + f3p, respectively. Thus, the total number of aircraft movements
between the city pair of market i (€ {1,2,3}) is 2fpp + 3 jcri0a 0 fhp. Then, the
expected congestion delay cost for each flight is v <2f};P + Zje{l’zg}\{i} fljgp>. Note that
the cost structures of MX and 2H are the same as PP.

The airline’s objective is to maximize profit by choosing a network structure, flight
frequencies, and traffic. For convenience of exposition, I solve the optimization problem
sequentially as for a dynamic model (see the timeline in Figure 2.9). That is, given a
chosen network structure, I derive the airline’s optimal decision on flight frequencies and

traffic. Then, I consider the airline’s optimal network structure.

The airline chooses flight
frequencies and traffic

The airline chooses a

|
|
|
network structure |

Figure 2.9: Timeline

Finally, following Brueckner (2004), I assume that the load factor of each flight equals
100 percent. In fact, the analysis will be the same if we fix a load factor realistically less

than 100 percent. In this way, the aircraft size:
(2.15)

is implicitly determined if the airline selects the optimal flight frequency f and traffic q.
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2.3 Market Outcome

2.3.1 Flight Frequencies and Traffic

I first consider the airline’s optimal decision on flight frequencies and traffic, given a

chosen network structure.

2.3.1.1 Hub-and-Spoke Network

Let mps : RS — R! be a C? function of Qps = (fhg, fis Ghs, Ths (hs)- The airline

maximizes profit subject to a non-arbitrage condition” and five non-negativity constraints,

that is:
., WMax o THS = Z p%sqqu - Z ¢f}{s (Qf}-IS + f}{S)v
Tasi Tas 9s 9masdus i€{1,2,3} ie{1,2},je{1,2N\{i}
subject to iy + Pirs = Phrs, (2.16)
and f11{57 fIQJSa Qqus» Cﬁ{s, qzs 2 0.

The process of solving (2.16) is to first omit the non-arbitrage condition, then derive
the Kuhn-Tucker conditions, and finally to examine the satisfaction of the omitted con-
dition. In fact, I show in the appendix that the only candidate for the optimum is the
interior solution. For the second-order condition, making the Hessian D?*mpyg negative
definite for all Qg € RY, requires ¢ € (595, 400), in which ¢§7¢ = %2. Moreover, I also
show that the optimal solution is a unique global maximizer of mg5g on Ri o All details
of derivation and proof are in Section 2.8.1.1.

In addition, under ¢ € (37§, +00), the constraint of extra travel time disutility ¢ to
make all variables positive is ¢ € (0,7xs), in which tys = Iﬁ%, coming from ¢3¢ > 0.
In fact, if the extra travel time disutility becomes too high, the passenger in market AB
cannot obtain positive utility from choosing one-stop services, and thus the airline has

no interest in providing the service, implying ¢3¢ — 0.

9There is in fact another type of possible arbitrage, that is, passengers buy a connecting ticket but
use only one portion. According to Hendricks et al. (1997) and Barla and Constantatos (2005), airlines
can easily stop this practice. Thus, this type of arbitrage is not considered here.
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I also compare variables within HS and find that all variables in market AK are equal
to those in market BK, respectively. This result comes from the symmetry of these two
markets. Moreover, I also find ¢i¢ > qifg and p¥hg > pire (i € {1,2}). Indeed, we can

explain these results by the following first-order condition:

0 , .

TS b4 i — 2qis = 0, (2.17)
My
0 i fi
%_UJFAM_F%S_ ' (2.18)
s 2

In (2.17) and (2.18), as all passengers enjoy the same flight frequency fis = f&s, ¢5g >
g3 comes directly from the fact that the passenger in market AB has to endure the extra
travel time disutility and thus has a lower willingness-to-pay. Then, for the passenger
in market AB, the downward shift of demand curve from the extra travel time disutility
dominates the upward movement along the curve due to lower traffic. Thus, we can

obtain p%¢ > pis.

2.3.1.2 Point-to-Point Network

Let mpp : RS — R! be a C? function of Qpp = (fbp,qbp) (i € {1,2,3}). The airline

maximizes profit subject to six non-negativity constraints, that is:

L, Jmaxo o Tpp = Z Pppdpp = Ufpp | 2fpp + Z e | |
Tep:fpp fppdppdppdpp ie{1,2,3} jef1,2,31\{i}
subject to fop,qop =0 (i€ {1,2,3}). (2.19)

The second-order condition for solving (2.19) requires ¢ € (Y¥5, +00), in which ¢35 =

’\IQ. All details of derivation and proof are in Section 2.8.1.2. Moreover, under ¢ €

(Y5, +00), all variables are positive and symmetric across three markets.

2.3.1.3 Mixed Network

Then, let mpx: Ri — R be a C* function of Qux = (firx, firxs firx x> Qx> Gagx Gorx)-

The airline maximizes profit subject to a non-arbitrage condition and seven non-negativity
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constraints, that is:

max TMxX = Z Prxhx + Z Parxdarx

1 2 3 1 2 30 31
Farxo I oo f vex oG x 9 x93 x93 x ie{1,2} ie{0,1}

— Z Ufsx | 2fax + Z flx |

i€{1,2,3} Je{1,2,31\{i}
subject to Prrx + Px = Dy (2.20)
and f]%/[Xaf]%/[Xaf]:\)’/[X7QJ1\/[X7Q%JX7Q§2X7QI3\}X 2 0.

The second-order condition for solving (2.20) requires ¢ € (9395, +00), in which

2
Yk = %. All details of derivation and proof are in Section 2.8.1.3.

In addition, under ¢ € (¢33, +0o0), the constraint of extra travel time disutility ¢

. e — . (494322 ) S
to make all variables positive is t € (tMX,tMX), in which tyx = e and tyx =
mff—_”v, coming from f3f, > 0 and ¢i}% > 0, respectively. In fact, if the extra travel

time disutility becomes too low, the disadvantage of one-stop services will become less
significant, implying f3*,, — 0. However, if the extra travel time disutility becomes too
high, the passenger in market AB cannot obtain positive utility from choosing one-stop
services, and thus the airline has no interest in providing the service, implying ¢35 — 0.

I also compare variables within MX and find that all variables in market AK are equal
to those in market BK, respectively. This result comes from the symmetry of these two

markets. Moreover, I also find fi > [y, ¢y > a0% > @apy and piy > p3%% > pils |

. . . . 3% + 31x 30 .
as well as the comparison of aircraft sizes s%;, = MXTIMX < ;ﬁx = sy (1 €{1,2}).
MX MX

We can in fact explain fi5y > fary by the first-order condition:

o R z. .
afile =A (qMX + % — 20 | 2fyx + Z fux ] =0, (2.21)
Mx je{1,23M\{i}
on i
S = Miix — 20 2fix + Z fux | =0. (2.22)
A frrx

1€{1,2}
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According to (2.21) and (2.22),

31x
x> fix © dax + —A;X > ¢ (2.23)

in which the latter holds (unsurprisingly, given the nature of traffic). That is, the disper-
sion of traffic in market AB makes the local traffic in market AB lower than the sum of
the total traffic in market ¢ and half of the connecting traffic in market AB.1° Intuitively,
the increase in flight frequency can raise the willingness-to-pay of passengers. Then, if
the traffic effectively paying the increased fare between the city pair of market ¢ is higher

than that between the city pair of market AB, the marginal benefit of f%,, will be greater

than that of f3,y, that is, (qf\’j[X + q%‘*’() > A\g3%. Therefore, firy should be higher

than f3ry to balance the marginal benefit and cost.

Analogously, ¢4y > ¢3%% also comes from the dispersion of traffic in market AB. This

dispersion pushes the flight frequency of non-stop services for market AB down and thus
reduces the willingness-to-pay of local traffic in market AB. In addition, the substitution

of connecting traffic in market AB can also reduce ¢3%%.

For ¢3% > ¢il%, the effect of extra travel time disutility endured by the connecting
traffic dominates the more significant schedule delay reduction. Thus, the willingness-to-

pay of local traffic in market AB is higher than that of connecting traffic, and then ¢3%%

will be set higher than ¢}}%.

Moreover, the comparison of fares comes from the relationship between the shift of
demand curve, for various reasons discussed above, and the movement along the demand
curve due to higher or lower traffic. Finally, the comparison of aircraft sizes shows that

the airline optimally uses smaller aircraft between A (B) and K in order to significantly

increase flight frequency and thus reduce passengers’ schedule delays.

10Half of the connecting traffic in market AB comes from the fact that flights between the city pair of
markets AK and BK carry the connecting traffic in market AB together.
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2.3.1.4 2-Hub Network

Then, let ToH: Ri — Rl be a (CQ function of QZH - (f21H7 f22H7 f23H7 Q%H7 q%?{? qg}f: q%?{, qglltl)
The airline maximizes profit subject to two non-arbitrage conditions and eight non-

negativity constraints, that is:

max Ton = DhpGpt Y Y Diudsy

142 3 1 20 .21 30 31
Far o Sam fSm GG G G951 jef0,1} ie{2,3}

- Z Ufsn | 2fam + Z fu |, (2.24)

ie{1,2,3} 7e{1,2,31\{i}
subject to  phy +phy =Py (i €{2,3},5 € {2,3}\ {i}),

1 2 3 1 20 21 30 31
and Joms fom o Gms Gms Gas Gy G = 0.

The second-order condition for solving (2.24) requires ¢ € (159, 400), in which 5% =

i

75+ All details of derivation and proof are in Section 2.8.1.4.

In addition, under ¢ € (3%, 400), the constraint of extra travel time disutility ¢ to

5A2)e
Mand

make all variables positive is ¢ € (max{0,tay},fp), in which toy = — 5

tog = mip—jv (= tamx), coming from fi; > 0 and ¢i}; > 0 (i € {2,3}), respectively.

We first consider ¢ > max {0, %,y }. Between airports B and K (A), there exist both
local and connecting traffic. Furthermore, the local traffic involves one flight, while the
connecting traffic involves two flights. Thus, when the marginal congestion delay cost
is high enough, that is, ¢ € [%, +oo>, the airline will prefer the local traffic. As a
result, for any extra travel time disutility, flight frequencies between airports B and K
(A) are positive. When the marginal congestion delay cost is not too high, that is,
(IS ( 57 %), if the extra travel time disutility becomes lower, the local traffic will
decrease because the disadvantage of one-stop services becomes less significant. However,
the connecting traffic is uncertain because on the one hand, the lower extra travel time
disutility will make one-stop services more attractive, while on the other hand, due to the
existence of the demand side network effect, the decrease in local traffic will weaken the

schedule delay reduction and subsequently make one-stop services less attractive. In this

model, the effect of the decrease in local traffic dominates that of lower extra travel time
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disutility. Hence, if the extra travel time disutility becomes lower, the connecting traffic
will also decrease. Therefore, both the decrease in local and connecting traffic resulting
from the lower ¢ will impel fi%, — 0.

Then, for t < ty5, if the extra travel time disutility is too high, passengers in markets
BK and AB cannot obtain positive utility from choosing one-stop services, and thus the
airline has no interest in providing the service, implying g% — 0.

I also compare variables within 2H and find that all variables in market BK are equal
to those in market AB, respectively. This result comes from the symmetry of these two

markets. Moreover, I also find fy5; > for,, qat > max {quy, o5}, pysy > max {phyy, pir},

16)\24)v
192992 —52X2¢)+3)1%

10% i1

and ¢4 > ¢i&r and phyy > pitr if and only if ¢ >

as well as the comparison

. . s BT e % R . .
of aircraft sizes sy5; = o < PR = sy (i€ {2,3} and j € {2,3}\ {i}).
2H 2H

In fact, explanations for these comparisons are essentially the same as those in MX,

except that the effect of extra travel time disutility no longer always dominates.

2.3.1.5 Comparative Statics

Table 2.1 presents the comparative statics of HS and PP. For HS, the increase in pas-
senger’s travel benefit v can raise the passenger’s willingness-to-pay, and thus raise the
marginal benefit of serving one more unit of traffic. The traffic will then increase with
v. Moreover, higher traffic implies a higher marginal benefit of flight frequency. Then,
flight frequencies will increase with v. For fares, the upward shift of demand curve from
a higher travel benefit and flight frequency dominates the downward movement along the
curve due to higher traffic. Then, fares will increase with v. Furthermore, as the airline
can extract more surplus if passengers can enjoy more benefits from travel and passenger
surplus is in fact an increasing function of traffic, the airline’s profit, passenger surplus
and social welfare will all increase with v. Otherwise, according to Table 2.1, under HS,
flight frequency is less volatile than traffic when v changes. Thus, the aircraft size will
become larger when v increases. We can then analyze the effect of extra travel time
disutility ¢ analogously.

The same logic can also apply to the effect of the marginal benefit of schedule delay
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reduction X\. Thus, all variables except aircraft size increase with A. In particular, for
the aircraft size under HS, a higher A will provide the airline with a direct motivation to
increase flight frequency. Thus, when X increases, the extent to which flight frequency
increases is larger than traffic and then the aircraft size will decrease.

In addition, the effect of marginal congestion delay cost 1) comes from the fact that
it can raise the airline’s cost. As a result, all variables except aircraft size decrease with
1. In particular, for the aircraft size under HS, a higher ¢ will provide the airline with
a direct motivation to decrease flight frequency. Thus, when 1 increases, the extent that
flight frequency decreases is larger than traffic and then the aircraft size will increase.

For PP, the only difference compared to HS is that the aircraft size is independent of
v. This result comes from the fact that PP does not relate to ¢, and thus both traffic and

flight frequency are proportional to v.

HS v t XN v PP v X ¥
s -+ - e -
qHs +o- o+ - gpp  + -
ails S .
Phs + -+ - TEp + + -
P + - 4+ - pspp + + -
Tirg + -+ - 3psEp + + -
PSig + - 4+ - swBp + -
psHg + -+ - sk 0 -+
2ps}}s +ps§}‘s + - + -
SWirg + - + -
S}L}"S + - -+

Table 2.1: Comparative Statics of HS and PP

Table 2.2 presents the comparative statics of MX. All critical values in Table 2.2, as
well as Table 2.3, are given in Table 2.15 in Section 2.10. For MX, compared to HS and
PP, the effect of parameters is reversed on some variables. In fact, this new pattern is
essentially due to the fact that MX is a network structure that involves the division of

local and connecting traffic in one market.
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Let us use the effect of ¢ on 3,y as an example to illustrate this pattern. When
1 increases, operating flights for local traffic becomes costly and then f3,, will become
lower. This mechanism shows the direct effect of 1. However, in market AB, the local
traffic involves one flight, while the connecting traffic involves two flights. Thus, when v
increases, allocating more traffic to non-stop services is more cost efficient and then f3,
will become higher. This mechanism shows the strategic effect of ). Therefore, when
increases, the eventual change of f3,, depends on the trade-off between the direct and
strategic effects. Then, if ¢ is relatively high, that is, ¢ > #3,y, the connecting traffic in
market AB is already low and thus the strategic effect will be too weak to dominate the
direct effect, implying that f3,y will become lower when ¢ increases. However, if t is
relatively low, that is, ¢ < t3,y, the connecting traffic in market AB is significant and
thus the strategic effect will be strong enough to dominate the direct effect, implying
that f3, will become higher when 1) increases. From the above analysis, we see that the

division of traffic gives the airline more flexibility in the decision-making process.

MX v t A b
Mx T - - _

B - + +ifft >3, +ifft <t)y
Wix ™ - - _

3% Fiff g > 32 + Sifft <ty Hifft<ti
Bk + - T -
Piix ™ - - _

P30, iff g > + Sifft <y, Hifft <t
Pirk + - + -
Thrx 5 - A _
Psyix ™ ' - _

psiiy +ifft <ty +iffe>15, -ifft<tf 4+ ifft <tfx
2pspyx + DPShix + - T )
swh, + - + -
Shix - + ) +

s¥ T - +ifft <ty Hifft> 8,

Table 2.2: Comparative Statics of MX



CHAPTER 2. AIRLINE NETWORKS 72

Table 2.3 presents the comparative statics of 2H and shows similar patterns to MX.

2H v t A P
2i + - + -
2 Fiff g > 22 + Vit e >3, ifft <ty
G + - + -
a3y + + Sifft<td, +ifft<tly,
a3 + - + -
Pan + - + -
oy + + Sifft <ty  +ifft<thy
i + - + -
Top + - + -
psyy; + - + -
psay + +iff t >t + -
psbiy + 2y - + -
SWa gy + - + -
sy - + - +
s, + - +ifft <3, +ifft >S5,

Table 2.3: Comparative Statics of 2H

2.3.2 Network Structure

I next consider which network structure will bring the airline the highest profit. To
compare with the literature, I first focus on HS, PP and MX. I then incorporate 2H
into the analysis to examine the airline’s optimal network structure under four network
structures. Note that in market outcome analysis, the parameter space is 1 € (Y575, +00)
for comparing HS and PP, ¢ € (439, +o0) for comparing HS, PP and MX, and ¢ €

(159, +00) for comparing HS, PP, MX, and 2H.

2.3.2.1 Comparison Between HS and PP

First, I compare the important variables between HS and PP, some of which are crucial

in order to understand the comparison of profits, and some, for example, the total flight
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frequency and aircraft size, are indeed important issues in the literature. For all of the
following propositions, I will only provide the proofs that are essential to the derivation
of the main conclusions in the appendix.!’ Nonetheless, I provide all critical values in
Table 2.16 in Section 2.10. Letting sjjq = %, SEp = %, O3 = 61 (fL)°, and
. p = 120 (f55)?, we have Proposition 2.1,

Proposition 2.1.

1. The flight frequency under HS is higher than PP, that is, fijs > fb5.

2. The total flight frequency and total cost under HS are higher than PP, respectively,
that is, 2fs > 3fFp and O34 > Opp if t € (0,22].

3. The traffic and fare in markets AK and BK under HS are higher than PP, respec-
tively, that is, qifg > qpp and pkg > php.

4. The traffic and fare in market AB under HS are higher than PP, respectively, that
is, qitg > qpp and pie > pEp, if and only if t € (0,th e pp)-

5. The aircraft size under HS is smaller than PP, that is, sjjq < Spp.

6. The cost per passenger under HS is higher than PP, that is Ous _ > Okr,

" 2aystays T 3app

According to Proposition 2.1, generally speaking, passengers in most of the markets
face higher flight frequencies and fares, while the airline faces a higher cost under HS
than PP. Then, first, fjjs > fpp is a classic result in the literature (see Brueckner, 2004)
but the interpretation is different in this model because of the existence of congestion
delays. Specifically, we can also explain it by relevant first-order conditions after imposing

symmetry:

(897}{{5 =0 1 q%;S 1%
s = A qgs + 5 )~ 6v frs = 0, (2.25)
f}lfs - f%zs J
3\
87r11:vp — 0
oler = Agpp — 8UfFp = 0. (2.26)
levp - fl%P - fI%P )

In (2.25) and (2.26), intuitively, the increase in flight frequency can raise the willingness-

1 Other proofs are available upon request.
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to-pay of passengers. Then, because of the pooling of traffic under HS, the traffic effec-
tively paying the increased fare between the city pair of markets AK or BK under HS is
higher than that between the city pair of any market under PP. Thus, the marginal bene-
fit of f,¢ will be greater than that of f}p, that is, A (q}}ks + q%’TS) > A\gpp. Moreover, the
existence of congestion delays makes the marginal cost of flight frequency less sensitive
to flight frequency under HS than PP. Therefore, f/g should be higher than f4% in order
to balance the higher marginal benefit and the lower sensitivity of marginal cost under
HS.

For the second point, I compare only under the extra travel time disutility ¢ € (0, ?)IU} ,
which in fact includes all relevant cases. Specifically, the higher total flight frequency
under HS stands in stark contrast to one of the core assumptions in Brueckner (2004)
and Fageda and Flores-Fillol (2015), in which they justify their position by arguing that
under HS, the airline operates fewer routes and thus naturally provides a lower total
flight frequency. In this model, because of the existence of congestion delays and the
consequent lower sensitivity of marginal cost under HS, the total flight frequency of two
routes under HS can be so high that it exceeds the total flight frequency of three routes
under PP. Moreover, 61 (f4)° > 12¢ (f55)? results directly from 2% > 3 /5.

Then, we can also use first-order conditions to explain the comparison of traffic:

aT('HS

=0+ Mg — 24y5 = 0, (2.27)

Mps

on

5 PE = v+ Mhp — 2¢bp = 0. (2.28)
dpp

In (2.27) and (2.28), qi7s > qpp comes directly from the more significant schedule delay
reduction under HS. For pYy > pby, compared to PP, under HS, the upward shift of
demand curve from a higher flight frequency dominates the downward movement along
the curve due to higher traffic. In any case, we can interpret the comparison between
¢3¢ and ¢pp and between pirg and php analogously, except that the extra travel time
disutility can significantly reduce the willingness-to-pay of the passenger in market AB.

In particular, what is also surprising is sty < skp, which is totally contrary to the
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previous literature (see Brueckner (2004)). Conventional wisdom suggests that HS can
efficiently employ the economies of traffic density by using larger aircraft in order to save
cost. However, results in this model show that HS may also be more profitable by signif-
icantly increasing flight frequency and thus reducing the schedule delays of passengers.
In this way, using smaller aircraft can be the airline’s optimal strategy. Finally, another
consequence of the significantly higher flight frequency under HS is the higher cost per
passenger shown in the last point, which is also contrary to the literature.

Then, the comparison between 7};¢ and 75 p gives Proposition 2.2.

Proposition 2.2. Under ¢ € (Y37, 4+00), for the airline, HS is more profitable than PP

if and only if t € (0,54 pp)-
Proof. In Section 2.8.2.1. O

Proposition 2.2 is shown in Figure 2.10. To interpret this, we decompose the difference
of m} ¢ and 7} as the difference of schedule delay reduction, extra travel time disutility,
the rest of margin, and total cost, which are positive, positive, negative, and positive,

respectively, if the extra travel time disutility ¢ € (O, %’} .

12

0.6 1

0.4

0.2

HS

0 1 1 1 1 1 1 1 i
04 06 08 1 12 14 16 A2

Figure 2.10: Comparison of Profits Between HS and PP
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* x SDR SDR 2%
Tns — Tpp = Kps — hpp - s
N’ ~—~
Difference of Schedule Delay Reduction Difference of Extra Travel Time Disutility
RM RM TC TC
+ Kps — Kpp - (“HS "‘fPP) (2:29)
—_———

—_——
Difference of the Rest of Margin Difference of Total Cost

in which:

Kig = A Z fisdiis,  Khs = Z (U - qzs) s, Kis = G@Z)( }I*S)Q’

i€{1,2,3} i€{1,2,3}
HggR A Z f PQPP> Kl@g = Z (U - qu) Qgpa HPP =129 ( ) .
1€{1,2,3} 1€{1,2,3}

Then, for given values of the passenger’s travel benefit v and the marginal benefit
of schedule delay reduction A, I will discuss the comparison between 7} and 7pp by
considering the marginal congestion delay cost ¢/ and the extra travel time disutility ¢.
Let us first fix v and explain the choice of network structure if ¢ increases. According
to Proposition 2.2, given a marginal congestion delay cost, HS is more profitable if the
extra travel time disutility is low and PP is more profitable otherwise. Under HS, if the
extra travel time disutility is low, the passenger in market AB does not have to endure
a considerable loss when connecting at the hub, and thus there will be high traffic of
one-stop services. Meanwhile, according to (2.25), the high traffic in market AB will
increase the marginal benefit of flight frequency and consequently motivate the airline to
set a high flight frequency. Furthermore, as in (2.27), a high flight frequency will enable
passengers in markets AK and BK to enjoy a more significant schedule delay reduction,
and as a result there will also be high traffic of non-stop services. In fact, this process
shows the mechanism of the demand side network effect.

Therefore, if the extra travel time disutility ¢ is low, even though HS endures the loss
of passengers, which is due first to the existence of extra travel time disutility that does
not relate to PP, second, as it incurs a higher total cost than PP, and third, as it obtains

a lower value of the rest of margin, as in (2.29), it can still exert its advantage of reducing
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schedule delays sufficiently and will thus be more profitable than PP. However, if the
extra travel time disutility becomes high, connecting at the hub will greatly reduce the
utility of the passenger in market AB, and the benefit from reducing schedule delays will
also become very weak. In this way, HS cannot be more profitable.

Let us then fix ¢t and explain the choice of network structure if ¢ increases. Obviously,
if the extra travel time disutility ¢ is high enough, PP is always more profitable than HS,
as discussed above. Nevertheless, given the relatively low extra travel time disutility, as
the marginal congestion delay cost 1) increases, first, HS is more profitable and then PP is
more profitable. In fact, a relatively low marginal congestion delay cost will motivate the
airline under HS to set high flight frequency in order to sufficiently enjoy the advantage of
schedule delay reduction. The advantage of schedule delay reduction of HS will dominate
the three disadvantages, and thus HS will be more profitable. However, when the marginal
congestion delay cost becomes high, maintaining high flight frequency becomes more
costly. This change will motivate the airline under HS to reduce flight frequency, and the
advantage of schedule delay reduction of HS will be dominated by the three disadvantages.

Hence, PP will be more profitable.

2.3.2.2 Comparison Between HS (PP) and MX

I also compare the important variables of HS and PP with those of MX. Letting O}, =

29 [3( ﬁxf + 2faix farx + ( 1%4*)()2

, we have Proposition 2.3.

Proposition 2.3. Table 2.4 summarizes the comparison of variables between HS (PP)

and MX.

According to Proposition 2.3, compared to HS and PP, passengers in markets AK and
BK under MX face an intermediate flight frequency and fare, while the airline under MX
faces an intermediate cost. This result arises due to the fact that MX is a combination
of HS and PP. Thus, variables under MX are not as high as HS and not as low as PP.

Specifically, results in Proposition 2.3 can essentially be explained by the same ap-
proach as in Proposition 2.1. Thus, only the comparison of aircraft sizes between HS and

MX will be discussed. For MX, a central problem is to allocate the traffic of market AB
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HS vs MX PP vs MX

Markets AK/BK AB AK/BK AB
Flight Frequency Tits > fiix fits > iix > fiix Iep <hix  fiix <I¥p < fiix
Traffic alfs > ahix Gy < dis < % app <diix PP > dirx > dirk
Fare Pis >Phix  Pix <Pifs <Pix  PPp <Piix Ppp>Pirx >Pirx

Total Flight Frequency 2f11{*s < 2fMX + f]%/?X 3f113*}D < Zf%/;‘x + f}?/fx
Total Cost O s > Oirx Opp <O/ x
Cost per Passenger 2‘1}12;15“1%5 24}&;X+eq%1/[v(f)§(+q?v};( fqii 2057 x +®‘7;M\/(I));((+q%/}§(
Aircraft Size shie <shr ifft >t o o sk < s3r s3> shp > shhy

Table 2.4: Comparison of Variables Between HS (PP) and MX

between non-stop and one-stop services. Specifically, if the extra travel time disutility
t is low, the airline has a stronger motivation to attract passengers to choose one-stop
services. As a result, between city pairs of markets AK and BK, using small aircraft to
increase flight frequency and then to reduce passengers’ schedule delays is the airline’s
optimal strategy. We then obtain sjjq > s}iy. Otherwise, such motivation is weak and
thus s}jg < si;y is possible. Moreover, because of the limited scale of non-stop services
of market AB under MX, using larger aircraft to decrease flight frequency and reduce
congestion delay cost is the airline’s optimal strategy. We then obtain skfg < s37 .

The comparison between 75,4 (75p) and 73,y gives Proposition 2.4.

Proposition 2.4. Under ¢ € (137, +00), for the airline:
1. HS is less (resp. more) profitable than MX if t € (tMX,tMX) (resp. t €
(07tMX] U [tMX7@));

2. PP is less profitable than MX if and only if t € (tMX, tMX).

Proof. In Section 2.8.2.2. O

Figures of Proposition 2.4 are in Section 2.8.2.2. According to Proposition 2.4, without
considering the airline’s fixed investments of developing a hub airport, MX will dominate
HS and PP as long as it is feasible.!? Because non-stop and one-stop services are imper-

fectly substitutable, passengers can obtain higher utility if both non-stop and one-stop

12The reason I do not model the airline’s fixed investments of developing a hub airport is the concern
of tractability. However, in spite of this limitation, we can gain a better understanding of the role of
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services are available to choose than if only one of them is available. Under MX, there
is one market, in which both non-stop and one-stop services are available. However, un-
der HS and PP, passengers in any market cannot choose between non-stop and one-stop
services. Therefore, because of the exploitation of horizontal product differentiation, MX
can generate higher passenger utility and then a higher airline profit than HS and PP
as long as it is feasible. Moreover, when MX is no longer feasible, HS and PP are the
only available choices. To summarize, this result shows the role of horizontal product

differentiation in improving passenger utility and airline profit.

2.3.2.3 The Airline’s Optimal Network Structure (HS, PP and MX)

I then compare 7};4, Tpp, and 7y, x Wwith each other and provide the airline’s optimal

network structure from amongst HS, PP and MX in Proposition 2.5.

Proposition 2.5. Considering only HS, PP and MX, under ¢ € (3%, +00), the air-
line’s optimal network structure is HS ift € (0,5, ppl, PP ift € (tT g pp,tux]| U [tarx, +00)

and MX th € (th,th).
Proof. In Section 2.8.2.3. O]

Proposition 2.5 is shown in Figure 2.11. According to the intuition from Proposition
2.2 and 2.4, if the extra travel time disutility ¢ is low, focusing on one-stop services in
market AB can sufficiently use the schedule delay reduction without losing a lot of traffic,
and thus HS will be the airline’s optimal network structure. However, if the extra travel
time disutility is high, focusing on non-stop services in market AB can efficiently keep
the traffic, and thus PP will be the airline’s optimal network structure.

For the rest of the region, MX (resp. PP) will be the airline’s optimal network
structure if the extra travel time disutility ¢ is relatively high (resp. low). This result is
somewhat contrary to the conventional wisdom that an airline prefers PP only if the extra

travel time disutility is high (see Lin (2012)). In fact, the region we are discussing is the

horizontal product differentiation in airline network choice from this chapter. In fact, if we model the
fixed investments, the network structures with fewer hubs will be favored more by the airline, while all
of the properties and intuitions found in this chapter will not be affected.
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intermediate extra travel time disutility, which is not high enough to greatly reduce the
utility of the passenger in market AB who connects at the hub. Intuitively, if the extra
travel time disutility is relatively high, MX is feasible. Then, because of the exploitation
of horizontal product differentiation, MX will be the airline’s optimal network structure.
However, if the extra travel time disutility is relatively low, the flight frequency between
the city pair of market AB under MX cannot be positive, while HS cannot also be more
profitable than PP. Thus, PP will be the airline’s optimal network structure. I will then
explain why, in this model, PP can be the airline’s optimal network structure even when

the extra travel time disutility is relatively low, while it cannot be in Lin (2012).

t
PP
0.6 |
MX
0.4
0.2 PP
HS
0 1 1 1 1 1 1 i
0.6 0.8 1 1.2 1.4 1.6 A2

Figure 2.11: The Airline’s Optimal Network Structure (HS, PP and MX)

~

In Lin (2012), letting t},4.pp denote the indifference curve of HS and PP, tus denote

the upper bound of extra travel time disutility ¢ of HS and #yx and ,,x denote the lower

and upper bounds of ¢ of MX, respectively, HS is more profitable than PP if and only

if t e (O,tA}YISNPP]. HS is less (resp. more) profitable than MX if ¢ € (tAMX,fMX) (resp.

=~

te (O,tAMX] U [tMX,%;>). Moreover, PP is less profitable than MX if and only if ¢ €

(%\MX,tAMX). Then, given the order of critical values 0 < tAMX < tA“HSNPP < tAMX < tAHS,

=~

the airline’s optimal network structure is HS if ¢t € (O,tAMX], PPift e [tMX, +oo) and

MX ift € (%\Mx,?Mx>.

Therefore, as shown in Proposition 2.5, the new result in this model comes from the
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fact that the indifference curve of HS and PP is below the lower bound of MX, instead of
between the bounds of MX. In fact, the different relative positions of curves and bounds
result essentially from different cost functions. Without considering congestion delays, as
in Lin (2012), the airline’s cost for one route depends on the flight frequency of this route
only. However, in this model, in considering congestion delays, that is, a negative network
externality, the airline’s cost for one route depends on not only the flight frequency of
this route but also those of other routes. Next, I analyze how different cost functions
affect the indifference curve of HS and PP and the bounds of MX.

Let us first rewrite the airline’s cost function under HS and PP as:

2

| ST (fus) +oms | > fis | |- (2.30)
ie{1,2} ie{1,2}
2

Ol (Fhe) e | Y foe | | (2.31)

i€{1,2,3} i€{1,2,3}

respectively. In this way, 0gg = dpp = 0 is the case of Lin (2012) and dys = dpp = 1
is the case of this model. Given (2.30) and (2.31), we can obtain the general form of

indifference curve of HS and PP:

~ v
tr =
HSPP T 4 (14 20s) —

- \/ 2 [8) (1 + 205) — 302 [40) (1 + 20515) (1 + 30pp) — A2 (1 — 46515 + 95pp)] }

44) (14 30pp) — N2

(2.32)
Then, we find that:
Otfrspp
—2== <0 2.33
Mhrspp
—2= >0 2.34
85PP Y ( )

hold for the appropriate parameter space. Specifically, for (2.33), a higher dyg will

disadvantage HS in cost and thus make the region in which HS is more profitable smaller,
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that is, ,¢_pp moves downwards. However, for (2.34), a higher dpp will disadvantage
PP in cost, or equivalently advantage HS in cost. Thus, the region in which HS is more
profitable will become larger, that is, %o _p»p moves upwards. Then, the change of t%¢._pp
depends crucially on the comparison of the effects of dyg and dpp. In fact, under the
general framework of (2.30), (2.31) and (2.32), when (dys,dpp) changes from (0,0) to
(1,1), the effect of dys on ;%SN pp dominates that of dpp, that is, the indifference curve
moves downwards. To gain a more concrete understanding of these partial derivatives,
we look at a numerical example.

Example 2.1. Setting % = 1—70 and changing dgs and dpp from 0 through 1, as shown

. . . 7 . .
in Figure 2.12, given dpp, we can observe that -5=EE decreases with dpg, and given oy,

" . . .
we can observe that “#5~EE increases with dpp. Moreover, according to (2.35):

s T
HS~PP HS~PP
’(5Hs,5PP)=(0,0) >

_ 2.35
v v |(6H575PP)—(171)’ ( )

when (0gg,0pp) changes from (0,0) to (1,1), the indifference curve moves downwards.

AT

LA Z AT

L Lla i
o o

Figure 2.12: “s~re when § = L

Let us then consider the bounds of MX. The total cost with and without considering

congestion delays is:

v fux [ 2fuxt D Fix ) (2.36)

i€{1,2,3} 7e{1,2,31\{i}
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v Y (fix)® (2.37)

1€{1,2,3}

respectively. Changing from (2.37) to (2.36), the effect of flight frequency on the total
cost is amplified. Consequently, compared to Lin (2012), f3* and ¢3/% in this model are
lower.!® Then, because the flight frequency between the city pair of market AB under
MX increases with the extra travel time disutility ¢, f3ry in this model will first become
zero if t decreases. Analogously, because the connecting traffic in market AB under MX
decreases with the extra travel time disutility ¢, ¢35 in this model will first become zero
if ¢ increases. Therefore, the bounds of MX in this model are tighter.

To summarize, as shown in Figure 2.13, given the tighter bounds of MX and the lower
indifference curve of HS and PP in this model, PP could be the airline’s optimal network
structure even when the extra travel time disutility is relatively low. In fact, the key

insight from Proposition 2.5 is that including the omitted negative network externality

makes HS and MX less effective than previously understood as in Lin (2012).

i3
v

l Upper Bound of MX

Indifference Curve of HS and PP
Y

0 1 1 1 —_
0.6 b\\1 32
Lower Bound of MX

—0.5 |

Figure 2.13: Moves of Curve and Bounds after Introducing Congestion Delays

13Compared to Lin (2012), fary in this model is in fact higher when ¢ < %7 which, however, does
not affect the result.
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2.3.2.4 Comparison Between HS (PP, MX) and 2H

Next, I incorporate 2H into the analysis. As before, I first compare the important variables
of these network structures. Letting ©%, = 21 [( Le)? 4ok f2e 4 3( 22}})2], we have

Proposition 2.6.

Proposition 2.6. Table 2.5 (resp. Table 2.6, Table 2.7) summarizes the comparison of
variables between HS (resp. PP, MX) and 2H.

HS vs 2H
Markets AK (iff t > th g op) BK AB
Flight Frequency firs > fin flrg > 2B 5 e flrg > LaitBh 5 g2
Traffic s > B Ui's > Gy hs > G s < Gy 1> s o s > a
Fare PHs > Pyl Pis > Pati PHs > Do Phs <pay fft > the op.pifs > p
Total Flight Frequency QfIl{*S > f211*{ + 2f22;1 Total Cost O g > 05 iff t > t%{S~2H
Cost per Passenger Ohs > 62;H oTx Aircraft Size s}}‘s < s%}{ iff ¢ > t?IS~2Hv s}}‘s < s%;{

2q}fstals T a3p+2a3% +243y

Table 2.5: Comparison of Variables Between HS and 2H

PP vs 2H
Markets AK BK/AB
: 1% 1x f%ﬁ-’-f%}} 1% 2%
Flight Frequency bp < foi S2Ho2H > s > foh
Traffic abp < aby app > a3, abp > i
Fare PPP < Pajs PPp > P3y PPp > Pay iff t > thp oy
Total Flight Frequency ?)fll;,’jP < fglil + 2f221*{ Total Cost Opp <Oy
Cost per Passenger Srp Oau Aircraft Size 525 > shp > sl

8app 435 245y 2455

Table 2.6: Comparison of Variables Between PP and 2H

According to Proposition 2.6, generally speaking, compared to the three other network
structures, the passenger in market AK under 2H faces a relatively high flight frequency
and fare, while the airline under 2H faces a relatively high cost. This result comes mainly
from the fact that the airline gathers high traffic between the city pair of market AK
under 2H. Moreover, specific intuitions are the same as those from previous analysis.

: * * * * . o).
Then, the comparison between 7}, (7pp, Thyx) and 7, gives Proposition 2.7.
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MX vs 2H
Markets AK BK AB
Flight Frequency e < fiy e > M > f2r e > % > 2> i
Traffic qﬁx < q%}‘{ q;l\jx > q%?{* > qg}f qg%(* > q?»%{ > q?\/}ﬁ( > qS}I*
Fare Phix <Py Phix > PRI > PR P33 > Pirk > Pk > Pai
Total Flight Frequency 2f1{/’;x + ]%/;‘X < f%}'} + 2f221*{ Total Cost Oy x < O3 ifft > t11VIX~2H

* *
€—)1\/IX 92

Cost per Passenger < H iff t > 2
per Passeng Al < e ey > e

. . 3% 2% 1 1%
Aircraft Size SVIx > S5 > Siix > Som

Table 2.7: Comparison of Variables Between MX and 2H

Proposition 2.7. Under i € (5%, +00), for the airline:

1. HS is less (resp. more) profitable than 2H if t € (maX{O,tQ_H} ,@) (resp. t €
(0,tam| U [ton, tus) when ¢ € ( o %) and t € [toy, tys) when i € [%,4—00));

2. PP is less profitable than 2H if and only if t € (max {O,tz_H} ,@) ;

3. MX is always less profitable than 2H.

Proof. In Section 2.8.2.4. O

Figures of Proposition 2.7 are in Section 2.8.2.4. First of all, without considering the
airline’s fixed investments of developing a hub airport, 2H dominates the three other net-
work structures within its feasible region t € (max {0, tam } ,@) This result essentially
arises from the exploitation of horizontal product differentiation to a larger extent in 2H.
That is, compared to HS, PP and MX, 2H allows passengers in more markets to choose
between imperfectly substitutable non-stop and one-stop services. Moreover, HS and PP
will be more profitable than 2H when the latter is infeasible. However, MX can never be
more profitable than 2H, as tyx > toy and tyx = top.

To explain tyx > top, first, we know that £y x and ty5 come from fixe = 0 and
fo = 0(i € {2,3}), respectively. Then, because firy only carries local traffic between
A and B but fi% carries both the local traffic in market ¢ and the connecting traffic in
market j (i € {2,3},7 € {2,3}\ {i}), firx will naturally be lower than f&,.

Moreover, we can show that both fir, and fif; increase with the extra travel time

disutility ¢. Intuitively, under MX, the higher extra travel time disutility can make the
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airline allocate more traffic to non-stop services in market AB, and thus, a higher marginal
benefit of f3ry will motivate the airline to increase f37y. However, for fi*, because the
marginal benefit of fi*; is an increasing function of ¢4} and q%}{, there are two opposite
effects if the extra travel time disutility becomes higher. On the one hand, the higher
extra travel time disutility can make the airline allocate more traffic to non-stop services
in markets ¢ and j. Then, a higher marginal benefit of fi% will motivate the airline to
increase far;. On the other hand, the higher extra travel time disutility can also make the
airline allocate less traffic to one-stop services in markets ¢ and j. Then, a lower marginal
benefit of fi% will motivate the airline to decrease fi5,. Furthermore, as only f, carries
¢, the whole ¢&; affects the marginal benefit of f&3,. Nonetheless, as fi5; and fi, carry
qé}q together, only half of q%llq affects the marginal benefit of f&5,. Then, the first effect
dominates the second, and thus fi% also increases with the extra travel time disutility.

To summarize, as firy is lower than fi*, and both f3fy and fi%; increase with the
extra travel time disutility ¢, compared to fi%;, f3%, will first become zero if ¢ decreases.
We can then obtain tyx > tap.

Furthermore, in order to obtain that MX can never be more profitable than 2H, we
must also have ), x < foy. In fact, we can show it by contradiction. Suppose there exists
a marginal congestion delay cost J such that fp/x <1Z> < tom (J) < tux <1Z> Thus,
we have 7}, (E (15) ,@Z) > Thp (@Z) = Ty (E (2;) ,@Z), which contradicts the fact
that the airline’s optimal profit under MX is always lower than that under 2H when both

MX and 2H are feasible. Then, we can obtain that ¢,y < tog holds for any 1.

2.3.2.5 The Airline’s Optimal Network Structure (HS, PP, MX, and 2H)

I then compare 73;g, Tpp, Tysx, and 75, with each other and provide the airline’s optimal

network structure from amongst HS, PP, MX, and 2H in Proposition 2.8.

Proposition 2.8. Considering HS, PP, MX, and 2H, under € (3%, 400), the airline’s
optimal network structure is:
1. HS ift € (0,tfspp), PP if t € (thspptan] U [fam, +00) and 2H if t €

_ 2
(tom ton), when ¢ € ( 5%7_511211>;
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2. HS ift € (0,tapr], 2H if t € (tan,fonr) and PP if t € [fay,+00), when ¥ €
[_ 1572 ﬁ)
&—1110 4 )

3. 2H if t € (0,Ton) and PP if t € [toy,+00), when ¢ € [%,4—0@).

Proof. In Section 2.8.2.5. O

Proposition 2.8 is shown in Figure 2.14. First of all, PP could still be the airline’s
optimal network structure when the extra travel time disutility is relatively low, even
though the region that PP is optimal for the airline shrinks due to the domination of
2H. Moreover, the result in Proposition 2.8 that 2H dominates the three other network
structures when it is feasible can also help us understand the multi-hubbing and de-
hubbing phenomena in the airline industry. In reality, we can observe that some airlines
develop new hubs and then use 2H (multi-hubbing), while some others change from 2H
to a single hub network (de-hubbing). Here comes a question: what is the motivation
for airlines to use 2H? One answer is that when an airline’s hub airport is congested, the
airline can develop another hub to reduce the congestion of the previous hub. However,
this answer might not be strong enough because besides 2H, PP and MX can also reduce
hub airport congestion. The result in Proposition 2.8 shows the role of horizontal product
differentiation and thus provides another explanation for the use of 2H. Other intuitions
from Proposition 2.8 are the same as those from Proposition 2.5.

12

PP

0.6 1

0.4

0.2 +

0L . . : . .
0.6 0.8 1 1.2 14 1.6

KC
A2

Figure 2.14: The Airline’s Optimal Network Structure (HS, PP, MX, and 2H)
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2.4 Welfare Analysis

In this section, I assume that a social planner maximizes social welfare. In the second-
best socially optimal network structure analysis, the social planner chooses only a network
structure, while the airline chooses flight frequencies and traffic. However, in the first-best
socially optimal network structure analysis, the social planner decides all. The parameter
space of the first-best socially optimal network structure analysisis ¢ € <%, —1—00) , under
which I cannot infer whether or not the airline’s optimal network structure is efficient
when ¢ € (%, %} Therefore, considering both the first-best and second-best socially

optimal network structures will make the conclusion more robust. All critical values of

this section are in Table 2.17 in Section 2.10.

2.4.1 Second-Best Socially Optimal Network Structure

I define social welfare as the sum of airline profit and passenger surplus, in which the

passenger surplus is in fact a quadratic form of the traffic in different markets. That is:

SWyg = Ty + (ng)Q + % (Q?S)Qv (2.38)
Sy = hp + 5 (50)’) (2.30)
swhpx = mhx + (ahix)* + % [(fﬁ?}f + qhrxdar + (qﬁ}ﬂ, (2.40)
susy = i+ 3 (adi)” + [(B9)" + Euadh + (@h)7) (241)

According to (2.38) through (2.41), the network structure with higher traffic will make
itself more socially desirable.

First, I compare swyg, swpp, swy x, and swiy with each other and provide the
second-best socially optimal network structure from amongst HS, PP, MX, and 2H in

Lemma 2.1.

Lemma 2.1. Considering HS, PP, MX, and 2H, under ¢ € (5%,400), the second-best
soctally optimal network structure 1is:

1. HSift € (0,855 ppl, PPift € (tifspp, tar | U [fam, +00), MX ift € (tarx, tifxom]
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and 2H if t € (tam, tarx | U (63 xwom tonr ), when i € (%H 2—3)

2. HSift € (0,tou], 2H if t € (tam, tarx | U (E5%xasr f2r), MX if t € (tarx, t5%50m]
and PP if t € [Ty, +00), when ¢ € [g—g—>

3. HS ift € (0,ta], 2H if t € (tom,tomr) and PP if t € [tog,+00), when ¥ €

A2 5AZ Y.
£274 )

4. 2H if t € (0,%2) and PP if t € [toay, +00), when ¢ € [%,—l—oo).
Proof. In Section 2.9.1.1. m

A general observation from Lemma 2.1 tells us that MX can be socially desirable when
the marginal congestion delay cost v is low, which is different from the fact that MX can
never be the airline’s optimal network structure as long as 2H is under consideration.

Next, I compare Proposition 2.8 and Lemma 2.1 to find the difference between the
second-best socially optimal network structure and the airline’s optimal network structure

(HS, PP, MX, and 2H). Proposition 2.9 summarizes this comparison.

Proposition 2.9. Considering HS, PP, MX, and 2H, under 1) € (5%, 400):
1. The second-best socially optimal network structure is HS, while the airline’s optimal
network structure is PP, if t € (t5,qpp, min {¢5%% _pp, tan }|, when ¢ € ( e _5113_?211».
2. The second-best socially optimal network structure is MX, while the airline’s opti-

y y sw soc 2
mal network structure is 2H, if t € (tMX,tMXNQH}, when P € <¢2H7 2—2>
Proof. In Section 2.9.1.2. O

Proposition 2.9 is shown in Figure 2.15. Obviously, the inclusion of passenger surplus
does not help HS and PP to erode 2H.

For the first point in Proposition 2.9, according to the comparison of variables in
Proposition 2.1, the traffic in all markets under HS is higher than PP if the extra travel
time disutility ¢ is low. Thus, given the higher traffic under HS, the social planner will
favor HS more than the airline.

For the second point, among all flight frequencies of MX and 2H, fir (i € {1,2}) is

relatively high and carries all traffic in market AK (BK) and the connecting traffic in
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t

(Second—Best Socially Optimal Network Structure/
The Airline’s Optimal Network Structure)

0.6 | PP /PP

047 pp/pp

2H/2H

0.2 +

0L . . : . .
0.6 0.8 1 1.2 1.4 1.6

K
A2

Figure 2.15: Second-Best Socially Optimal Network Structure vs The Airline’s Optimal
Network Structure (HS, PP, MX, and 2H)

market AB. When the marginal congestion delay cost v is low, the airline is motivated
to set a high fi* . which in fact provides relevant passengers with a significant schedule
delay reduction and thus is conducive to achieving the high traffic of MX. Besides, if the
extra travel time disutility ¢ is close to tarx, fify will tend to zero and then MX is almost
de facto HS. According to Propositions 2.1, 2.3 and 2.6, HS has relatively high traffic
among all network structures. This fact thus explains why the traffic of MX is higher
only if ¢ is relatively low, given a low ¢). Then, given the higher traffic under MX in some
region, the social planner will favor MX more than the airline. To have a more concrete

understanding, we look at a numerical example.

Example 2.2. Setting v = 1, in Figure 2.16, we find that the passenger surplus of MX

is higher than 2H only when both % and t are low.

2.4.2 First-Best Socially Optimal Network Structure

I define social welfare as the difference between passenger utility and the cost of operating

flights. In fact, the social welfare function that the social planner maximizes under HS,
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PSmx — PSa2H

KA
A2

Figure 2.16: Passenger Surplus Difference Between MX and 2H (v = 1)

PP, MX, and 2H is equivalent to:

1 .
SWas = mus + 5 | > (gis) " (2.42)
1€{1,2,3}
1 .
SWpp =7pp + 5 | Z (q;op)2a (2.43)
ie{1,2,3}
1 .
SWyux = mux + 3 Z (‘ﬁ\/fx)2 + (Q?\?X)Q + gixdarx + (Qﬁxf ; (2.44)
ie{1,2}
SWarr = man + 5 4 (ab)* + D | (a5h)” + asyadia + (a3i)’] ¢ (2.45)
1€{2,3}

respectively. Compared to the airline, as in (2.42) through (2.45), the social planner takes
the passenger surplus into account when making the decision.

Moreover, the parameter space is ¢ € (VU5%, +00) for comparing HS, PP, MX, and 2H
in the first-best socially optimal network structure analysis, in which W3% = %. When
we compare the first-best socially optimal and the airline’s optimal network structures
(HS, PP, MX, and 2H), the parameter space is also ¢ € (¥5%, +00).

Except that the non-arbitrage condition does not exist any more, the process of solving
(2.42) through (2.45) is similar to that of solving (2.16), (2.19), (2.20), and (2.24). These
solutions are provided in Section 2.9.2. In the first-best socially optimal network structure

analysis, the constraint of extra travel time disutility ¢ of HS is t € (O,THS), in which
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The = 672%. Moreover, the constraint of t of MX is t € (TMX, TMX), in which Ty x =

(204322 )

T and Thrxy = =22 and the constraint of ¢ of 2H is t € (max {0,@} ,E),

BY—A2)

in which Toy = _(21&—8—3/\)71 and Thy = 831%2 (: TMX). For the following lemma and

propositions, I also omit proofs, which do not provide further information compared to
previous ones.

First, I provide the first-best socially optimal network structure from amongst HS,

PP, MX, and 2H in Lemma 2.2.

Lemma 2.2. Considering HS, PP, MX, and 2H, under ¢ € (V3% +00), the first-best
soctally optimal network structure is:

1. HS ift € (0,T5% pp|, PP ift € (T4 pp. Ton] U [Tom, +00) and 2H if t €
(Toss. Tom), when v € (W35, —2);

2. HS ift € (O,TQ_H], 2H if t € (@,E) and PP if t € TZH,+oo), when Y €
[_ 3002 @)

G-111° 2 )’

3. 2H ift € (O,E) and PP ift € TQH,—i—oo), when Y € [%,—l—oo).

In fact, because the difference between the airline’s and the social planner’s objective
function is only the passenger surplus, we can obtain the first-best socially optimal net-
work structure simply by shifting the airline’s optimal network structure horizontally to
the right.

Next, I compare Proposition 2.8 and Lemma 2.2 to find the difference between the
first-best socially optimal network structure and the airline’s optimal network structure

(HS, PP, MX, and 2H). Proposition 2.10 summarizes this comparison.

Proposition 2.10. Considering HS, PP, MX, and 2H, under ¢ € (V5%,+00):

1. The first-best socially optimal network structure is HS, while the airline’s op-
timal network structure is 2H, if t € (max{O,tg_H} , min {ngVNPP,TQ_H}], when Y €
(5. 5")

2. The first-best socially optimal network structure is PP, while the airline’s optimal

network structure is 2H, if t € (Tg?/NPP,TQH], when P € (@ggj, _51532\211);

14 All omitted proofs are available upon request.
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3. The first-best socially optimal network structure is 2H, while the airline’s optimal

network structure is PP, if t € [tay, Ton ), when ¢ € (W55, +00).

Proposition 2.10 is shown in Figure 2.17. According to Proposition 2.10, the airline’s
optimal network structure exhibits an inefficient bias towards 2H if the extra travel time
disutility ¢ is relatively low and PP if ¢ is relatively high.

t

(First—Best Socially Optimal Network Structure/
The Airline’s Optimal Network Structure)

0.6 | PP /PP

1.4 1.8 9.2 2.6 3 A2

Figure 2.17: First-Best Socially Optimal Network Structure vs The Airline’s Optimal
Network Structure (HS, PP, MX, and 2H)

Finally, according to the analysis of both first-best and second-best socially optimal

network structures, we can obtain Proposition 2.11.

Proposition 2.11. From the social welfare point of view, there exist inefficient biases

towards PP and 2H in the airline’s optimal network structure.

2.5 Extension: 3-Hub Network

For completeness, I extend this work to incorporate a 3-hub network (3H), or an all-
hub network. This type of network structure does not exist in reality. One reason may
be due to the airline’s substantial fixed investments of developing all airports as hubs.
However, the analysis for such network structure can help us better understand the role

of horizontal product differentiation.
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Under 3H (Figure 2.18), all airports are hubs. Then, under 3H, the passenger in each

market can choose not only non-stop but also one-stop services, with the marginal utility
) ) ) . L

of local traffic oy = v+ A fiy and connecting traffic of = v+ Aw —t, in which

f4y is the flight frequency between the city pair of market i (€ {1,2,3}).

Hub
(g

Figure 2.18: 3-Hub Network

The inverse demand functions will then be:

i i i 1,

p:)SLI = v+ ANy — Q:S{ - 5‘]311{7 (2-46)
, Y ief123 if?{H 1. ~

Phly = v+ ATy Sl — . (2.47)

2

In (2.46) and (2.47), p%y, ¢4y, Piyy, and ¢&t; (i € {1,2,3}) are the fares and traffic of local
and connecting traffic in each market.

Moreover, the cost structure of 3H is the same as that of PP.

Therefore, the airline’s problem is:

_ (Y]
max T3y = Pspdsy

1 2 3 10 11 20 21 30 31
S35 f3m B3 BB a B E G5 H jef0,1} ie{1,2,3}

- Z Ufar | 2f3m + Z fu )

ie{1,2,3} 7€{1,2,31\{i}
subject to >ooply =y (€{1,2,3}), (248)
JE{1,230\(i}

and  fig,q,diy =0 (i€ {1,2,3}).
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The second-order condition for solving (2.48) requires ¥ € (¥3%, +00), in which ¥5% =
71—’\22. The solution is found in Section 2.10.

In addition, under ¢ € (¥3%, +00), the constraint of extra travel time disutility ¢ to
make all variables positive is ¢ € (0,%3), in which {357 = wijl’—fx\g (= tmx = tan), coming
from ¢&x > 0 (i € {1,2,3}). For t < t3y, if the extra travel time disutility is too high, the
passenger in each market cannot obtain positive utility from choosing one-stop services,
and thus the airline has no interest in providing the service, implying ¢4 — 0.

I then compare 7};g, Thp, Tarxs Tam, and 75, with each other and provide the airline’s
optimal network structure from amongst HS, PP, MX, 2H, and 3H in Proposition 2.12.

The parameter space is ¢ € (5%, +00) for this comparison.

Proposition 2.12. Considering HS, PP, MX, 2H, and 3H, under ¢ € (3%, +00), the

airline’s optimal network structure is SH if t € (0,43) and PP if t € [t3y, +00).

Proposition 2.12 is shown in Figure 2.19 and tells us that, without considering the
airline’s fixed investments of developing a hub airport, 3H is optimal for the airline as
long as the extra travel time disutility ¢ is not too high. In fact, this result comes from
the presence of horizontal product differentiation in each market under 3H. Therefore,
Proposition 2.12 further shows the role of horizontal product differentiation in improving

passenger utility and airline profit.

2

PP
0.6 {

0.4 1
3H
0.2 1
0= 1 1 1 1 1 i
0.6 0.8 1 1.2 1.4 1.6 M2

Figure 2.19: The Airline’s Optimal Network Structure (HS, PP, MX, 2H, and 3H)
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2.6 Conclusion

This chapter investigates how congestion delays and horizontal product differentiation
shape airline network structures. The novelty of this work includes the complete coverage
of network structures, an increased understanding of the role of congestion delays in airline
network choice, and a new perspective of studying the 2-hub network (2H), that is, the
horizontal product differentiation.

The key results regarding the profitability of different network structures show the
impact of omitting negative network externality and the important role of horizontal
product differentiation in improving passenger utility and airline profit. Moreover, com-
parative statics show that the division of local and connecting traffic in one market can
provide airlines with some level of flexibility in the decision-making process.

In addition, welfare analysis also delivers a policy implication. When an airline pro-
poses merging with another in order to form a 2H, the antitrust authority should scrutinize
the case for the following reasons. First, when the network structure changes to 2H, fares
in many markets may increase but the social welfare may not. Second, with the sharp
decrease of oil price and the improvement of air traffic management systems, both the
marginal congestion delay cost and extra travel time disutility may decrease, and thus
the claimed efficiency of 2H could be in doubt.

Next, some caveats should be noted. One important assumption in this chapter is the
symmetry of demand among different markets. If the demand from a spoke airport to
hub airport is too limited, the airline’s benefit of horizontal product differentiation from
multiple hubs may be too weak compared to its fixed investments of developing a hub
airport. In this case, the network structures with fewer hubs will be favored more by the
airline. Moreover, according to the results of this chapter, one may try to hypothesize
that for some region, the more hubs there are, the higher the airline’s profit will be.
However, this hypothesis holds only when the airline’s fixed investments of developing
a hub airport are low enough. Furthermore, even though the focus of this chapter is
congestion delays and horizontal product differentiation, this does not mean that they are

the most important factors in airline network choice. Essentially, this chapter abstracts
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from other factors, for instance, the economies of traffic density and demand uncertainty,
and identifies how congestion delays and horizontal product differentiation themselves
affect airline network choice.

Finally, a direction of future research is to introduce airline competition, in which air-
lines can compete in one or more markets. Moreover, extending the analysis to arbitrary

number of cities in a network is also valuable.

2.7 Appendix A: Examples of Network Structures and

Schedules

First, an example of the hub-and-spoke network (HS) is the Alitalia network shown in
Figure 2.20. In this network, passengers traveling between Naples (Venice) and Rome
can take Alitalia flights to arrive directly, while passengers traveling between Naples and

Venice have to connect at Rome.

Naples Venice

Figure 2.20: An Example of Hub-and-Spoke Network (Alitalia)

Second, an example of the point-to-point network (PP) is the Ryanair network shown
in Figure 2.21. In this network, passengers traveling between any two airports from
amongst Edinburgh, Brussels-CRL and Bordeaux can take Ryanair flights to arrive di-
rectly.

Third, an example of the mixed network (MX) is the Air France network shown in

Figure 2.22. In this network, passengers traveling between Bordeaux (Nice) and Paris-
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Brussels-CRL

Ryanair Ryanair

Edinburgh - Bordeaux
Ryanair

Figure 2.21: An Example of Point-to-Point Network (Ryanair)

Orly can take Air France flights to arrive directly. However, for passengers traveling
between Bordeaux and Nice, they can take either HOP! flights to arrive directly or Air

France flights connecting at Paris-Orly.

(Hub)
Paris-Orly

\
Nice

v
Bordeaux

HOP!

Figure 2.22: An Example of Mixed Network (Air France)

Finally, as shown in Tables 2.8 through 2.11, flight schedules between Toulouse and

Frankfurt (Munich) indicate different flight departure time slots.
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O ted b
No. Departure Arrival Connection Airport perated by

First Part Second Part
1 07:05 09:00 Lufthansa
2 12:45 14:35 Lufthansa
3 18:55 20:45 Lufthansa
4 06:05 09:40 Munich Lufthansa Cityline  Lufthansa
5 06:05 10:10 Munich Lufthansa Cityline  Lufthansa
6 08:35 12:10 Munich Lufthansa Cityline  Lufthansa
7 08:35 13:05 Munich Lufthansa Cityline  Lufthansa
8 13:00 17:05 Munich Lufthansa Cityline  Lufthansa

Table 2.8: From Toulouse to Frankfurt on November 1, 2016

Source: Lufthansa’s reservation website

Operated b
No. Departure Arrival Connection Airport P Y

First Part Second Part
1 10:10 11:50 Lufthansa
2 16:35 18:15 Lufthansa
3 21:00 22:40 Lufthansa
4 07:15 12:25 Munich Lufthansa Lufthansa Cityline
) 08:15 12:25 Munich Lufthansa Lufthansa Cityline
6 13:15 17:35 Munich Lufthansa Air Dolomiti
7 16:15 21:00 Munich Lufthansa Lufthansa Cityline
8 17:15 21:00 Munich Lufthansa Lufthansa Cityline

Table 2.9: From Frankfurt to Toulouse on November 10, 2016

Source: Lufthansa’s reservation website

2.8 Appendix B: Derivations and Proofs of Market Out-

come

2.8.1 Derivations and Proofs of Flight Frequencies and Traffic
2.8.1.1 Hub-and-Spoke Network

I first do not put the non-arbitrage condition as a constraint of the maximization problem.

Then, the Kuhn-Tucker conditions are:

Omns i az i j i i Omns
af? =\ (QHS + % —2¢ (Qst + fjqu) <0, fps=0, fHS# =0; (2.49)
HS HS
0 : , . 0
IS — 0 Mg — 24is <O, Qs >0, Ghgmrs =0; (250)
Iy s ¢4
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O ted b
No. Departure Arrival Connection Airport perated by

First Part Second Part

1 06:05 07:50 Lufthansa Cityline

2 08:35 10:20 Lufthansa Cityline

3 13:00 14:45 Lufthansa Cityline

4 18:50 20:35 Air Dolomiti

5 07:05 11:15 Frankfurt Lufthansa Lufthansa
6 07:05 13:15 Frankfurt Lufthansa Lufthansa
7 12:45 17:15 Frankfurt Lufthansa Lufthansa
8 12:45 18:15 Frankfurt Lufthansa Lufthansa

Table 2.10: From Toulouse to Munich on November 1, 2016

Source: Lufthansa’s reservation website

Operated b
No. Departure Arrival Connection Airport perated by

First Part Second Part
1 06:10 08:00 Lufthansa Cityline
2 10:35 12:25 Lufthansa Cityline
3 15:45 17:35 Air Dolomiti
4 19:10 21:00 Lufthansa Cityline
5 08:00 11:50 Frankfurt Lufthansa Lufthansa
6 14:00 18:15 Frankfurt Lufthansa Lufthansa
7 18:00 22:40 Frankfurt Lufthansa Lufthansa
8 19:00 22:40 Frankfurt Lufthansa Lufthansa
Table 2.11: From Munich to Toulouse on November 10, 2016
Source: Lufthansa’s reservation website
or i fi or
Oas _ o aetatis y_op <o Gis >0, disgs =0, (251)
Oy 2 Oy

in which 7 € {1,2} and j € {1,2} \ {i}.

Next, according to (2.50), we have ¢ g > 0 because otherwise v > 0 and fig > 0

Omms
My s

ormgs

imply s > 0, contradicting

< 0. Then, we have f}¢ > 0 because otherwise
qirg > 0 cannot hold. Finally, we have ¢34 > 0 because otherwise PP will dominate HS.

Thus, only the interior solution matters, implying:

is = fiis = A(3v—1) 3dus) ™",
s = dits = (2490 — N*t) (6¢us) ",

Ghrs = [12¢ (v —t) + N*1] (3¢ms) ",
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in which ¢pg = 8 — A2
Then, the exclusion of all corner solutions implies that the domain of 7y becomes

which is a convex open set. Moreover, when v € (3%, 400), the Hessian D?*myg is

5
R
negative definite for all Qyg € R% ., implying that 7y is a strictly concave function on

Ri +- Consequently, the optimal solution is a unique global maximizer of 75 on ]RE’r L

Proof of Non-Arbitrage Condition

Proof. The non-arbitrage condition is satisfied because of:

Pis + Pis — Phs = [(60 — A?) t + 640 (3¢ms) "

> NBu+y (66ms) " > 0.

from e (wﬁfg,#»oo)

O
2.8.1.2 Point-to-Point Network
The Kuhn-Tucker conditions are:
Ompp i i j i ; Ompp _ N
o, = Mbr =20 2fip + > fhp| <0, fhp>0, Torgz =0 (2:52)
PP Je{1.231\{i} Pr
or ) ) ) O
ZDP =v+ /\fIZJP - 2Q§3P < 07 q}DP > 07 }JP fP = 07 (253)
Iqpp Iqpp

in which i € {1,2,3}.

Next, according to (2.53), we have ¢hp > 0 because otherwise v > 0 and fbhp > 0

Onpp

Ompp
. 94pp

imply i 0, contradicting

< 0. Then, we have fh, > 0 because otherwise

¢bp > 0 cannot hold. Thus, only the interior solution matters, implying:

Tk —1
pp = AV¢pp,

qu::8wU¢;£?

in which i € {1,2,3} and ¢pp = 161) — N2,
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Then, following the reasoning in Section 2.8.1.1, the optimal solution under PP is a

unique global maximizer of pp on RS ..

2.8.1.3 Mixed Network

The Kuhn-Tucker conditions are:

37TMX _ )\< C]ﬁx)
Ofx 2
i j i ; Ommx
—20 [ 2fux+ Y fix | <0, fux =0, fMXW =0; (2.54)
je{1,2,3N{i} MX
O nrx i Ommx
975 = Marx — 20 | 2f3x + Z fux | <0, fix =0, fMXa =0; (2.55)
Tarx ie{1,2} Firx
Ommx i i i ;. Omux
— = v+ Afux — 2qux <0, dux 20, duxz7— =0; (2.56)
aqMX 8qMX
o7 O
I = v+ M — 2080 — @iy <O, diix >0, diffx g =05 (257)
aqMX ' 8qMX
Omarx N )\Zz‘e{l,Q} Thux
7 R
MX
30 31 31 51 Ommx
—qux — 2qux <0, Qux =0, QMXaT =0, (2-58)
v x

in which i € {1,2}.

Next, (I) according to (2.56), we have %,y > 0 because otherwise v > 0 and fi, > 0

imply aqMX > 0, contradicting 8”2: < 0. (II) We have fi,y > 0 because otherwise
¢4yx > 0 cannot hold. (III) Analogously, fi;x = 0 and ¢}}y > 0 also cannot hold
simultaneously. (IV) f3;x > 0 and ¢3%, = 0 cannot hold simultaneously because it is
not optimal for the airline to operate empty flights. (V) If all variables except f3,y and
739 (resp. qiry) are positive, MX is de facto HS (resp. PP). (VI) If all variables except
i, @39 and g3}y are positive, PP will dominate MX. Thus, only the interior solution

matters, implying:

MX = fMX =A [12¢ (v—1t)— A2 (3v — t)] ¢]T41X7

Mx = [‘W( v+ 5t) — A (3v +t)] Darxs
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Gix = dhix = (96070 — 4N (100 + 3t) + A't] (2¢ux)
ity = 8¢ [40 (v + 1) = 3X*0] Pyry,

Garx = (49 — ) [8¢ (v — 2t) + N*t] ¢/,

in which ¢yrx = 96¢% — 5221 + 32
Then, following the reasoning in Section 2.8.1.1, the optimal solution under MX is a

unique global maximizer of myx on RY .

Proof of Non-Arbitrage Condition

Proof. The non-arbitrage condition is satisfied because of:

<11 _ \/ﬁ) v,

N | —

1% 2% 31%
Pux tPux —Pux =20t <

in which the latter always holds, that is:

t<tux <

from € (wfv?g( ,+oo)

(11 - ﬁ) .

DO | —

O
2.8.1.4 2-Hub Network
The Kuhn-Tucker conditions are:
Omon ) <Q%H n Dic(2.3) %5{)
Ofsm 2
-2 2f21H + Z f;H <0, f21H =0, f%ngp—iH =0; (2.59)
ie{2,3} 2H
FRRICES 3
-2 | 2fsy+ > fim| <O, fig =0, f;HZZ—gg =0; (260

Je{1,2,33\{s}
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0 0
M — v+ My — 2aky <0, Gy >0, giyat=0;  (2.61)
anH anH
87T . . . . . a']r
7 = v+ iy — 205y — gby <0, Gy 20, Gymm- =0 (2.62)
a(IQH anH
37T2H Zj€{1,2,3}\{i} f%H
0qsy 2
) , om
— g3 — 20y <0 Gir >0, Girger =0 (269

in which ¢ € {2,3} and j € {2,3}\ {i}.

Next, (I) according to (2.61), we have g3, > 0 because otherwise v > 0 and fj; > 0

871'2]-[

imply & 6”2’{ > 0, contradicting §7# < 0. (II) We have f;5 > 0 because otherwise gz > 0

cannot hold. (III) Analogously, fQZH — 0 and ¢i% > 0 (¢);, > 0) cannot hold simulta-

neously. (IV) According to (2.62), ¢io; = 0 and ¢}, = 0 cannot hold simultaneously

87’I’2H

S0 > 0, contradicting 3 8”2’“’ < 0. (V)

because otherwise v > 0 and fi; > 0 imply

fiz >0, ¢ = 0 and ¢J;, = 0 cannot hold simultaneously because it is not optimal for
the airline to operate empty flights. (VI) If there are fi; > 0, ¢i%;, > 0, ¢i%; = 0, fi; =0,
qgoH =0, and qé}{ > 0, 2H is de facto HS. (VII) If all variables except (resp. one of) g3}
and g3}, are positive, 2H is de facto PP (resp. MX). (VIII) Cases that all variables except
q3% or (and) ¢3% are positive imply that, there are non-stop services between the origin
and destination airports, but the airline forbids passengers who wish to travel between
them to choose these non-stop services, which are empirically irrelevant. (IX) If there is

fon = f2; = 0, PP will dominate 2H. Thus, only the interior solution matters, implying:

= A 120 (3v — 4t) — X* (5v — 41)] ¢,
= fofr = A [4 (v +4t) = 53] ¢op,
Gy = 2 [48Y%0 — 12X% (v + t) + N't] ¢y,
Gorr = Qo = [649° (v + 1) — AN*9 (8v + 3t) + A't] ¢y,

G = Gop = 2 (40 — 22) [8 (v — 2t) + N*t] ooy,

in which ¢oy = 192002 — 84)2¢) + 5AL.

Then, following the reasoning in Section 2.8.1.1, the optimal solution under 2H is a



CHAPTER 2. AIRLINE NETWORKS 105

unique global maximizer of moy on Ri 4

Proof of Non-Arbitrage Condition

Proof. The non-arbitrage conditions (i € {2,3},7 € {2,3} \ {i}) are satisfied because of:
P il il >0 e (—43+4@>t+6 (17—2@% <0,
in which the latter always holds. O]

2.8.2 Proofs of Network Structure
2.8.2.1 Proof of Proposition 2.2

Proof. Under ¢ € (¢37¢, +00), the sign of n};¢ — 7pp depends on a quadratic function
of t. As the coefficient of ¢? is positive, the parabola opens upwards. Moreover, the

discriminant:

A = 14490° (¢ys)? dpp,

is positive.
Then, solving 7};¢ — mpp = 0 gives two roots, in which the smaller root is less than
tus, while the larger root is greater than fyg. According to the constraint of ¢ of HS

t € (0,%ys), only the smaller root is relevant, denoted by:

o I CON PR G A?) /(160 — A2) ¥
HS~PP = T50 s Y — 160 2 :

Therefore, for the airline, 7}, ¢ is higher and then HS is more profitable if t € (0, % pp);
Tpp is higher and then PP is more profitable if t € ({5 pp, tns). Moreover, 7}, does

not exist and then PP is more profitable if ¢ € [tyg, +00). O

2.8.2.2 Proof of Proposition 2.4

Proof. Under ¢ € (¢39%, +00), the sign of n};¢ — 7}, x depends on a quadratic function

of t. As the coefficient of t? is negative, the parabola opens downwards. Moreover, the
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discriminant:

A=— 192)\21P2U2¢HS¢MX,

is negative. To summarize, the quadratic function of ¢ is always negative. We can
also verify tyrx < tgs. Therefore, for the airline, 7%,y is higher and then MX is more
profitable if t € (t MX, b X). Moreover, 7}y does not exist and then HS is more profitable

if t € (0, tax] U [mx, trs). This result is shown in Figure 2.23.

1
HS
0.6 +
MX
04 |
0.2 1 s
0 1 1 1 1 1 1 i
0.6 0.8 1 1.2 1.4 1.6 A2

Figure 2.23: Comparison of Profits Between HS and MX

In addition, under ¢ € (3%, +00), Tpp — T x is negative. Therefore, for the airline,
Thrx is higher and then MX is more profitable if ¢ € (tax,tarx). Moreover, m},y does
not exist and then PP is more profitable if ¢ € (O,tMX} U [tMX, —l—oo). This result is

shown in Figure 2.24.

2.8.2.3 Proof of Proposition 2.5

Proof. The comparison between ¢3¢ pp and tyx is the key to the proof.

Let A2 = z1), in which x € (0, QZ);\%) Then, we have:
MX

Hs~pP — ME ™ (0 420) (- + 16) (- + 12)
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12
PP
0.6 |
MX
0.4t
0.2 T PP
0 : : : : : : i
06 08 1 12 14 16 A

Figure 2.24: Comparison of Profits Between PP and MX

in which (—z + 20) (—x 4+ 16) (—x + 12) > 0 and:

o1 (z) = —32° + 922% — 896z + 3072 — 6 (—x + 20) (—z + 8) v—7 + 16.

By considering the gradients and extrema of dg—l) , we can find the gradients of 4 ,f 1(2)
Then, starting from d'o d;f and inferring step by step, there will be & Ul(z) > (0 and:
d d
sup 71 (¥) > 0, inf 71 (¥) < 0. (2.64)
32 dx (0 \2 ) dx
(0 wf;;g() 3159

According to (2.64), o1 () first decreases and then increases in . Moreover, we can also

find:
limoy (x) < 0, lim oy () <O. (2.65)
@=0 2 e

According to (2.65), we can obtain oy (x) < 0. Therefore, we have t7;5_pp < trx.
Then, the order of relevant critical values is 0 < thg.pp < tux < tux < tig.

Combining the results in Propositions 2.2 and 2.4, we can obtain Proposition 2.5. O
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2.8.2.4 Proof of Proposition 2.7

Proof. Under ¢ € (5%, +00), the sign of 7};¢ — 73, depends on a quadratic function of

i

t. Let A2 = a1, in which z € (O /\—2> Then, the coefficient of t* becomes oy (z) ¢?,
in which oy (z) is a polynomial of degree 3 and is negative. Thus, the parabola opens

downwards. Meanwhile, the discriminant:
A = —48yv* (288¢% — 140X* + 21\Y) dpsdan,

is negative. To summarize, the quadratic function of ¢ is always negative. Moreover,

because of toy = tyx and tyx < tyg, we have toy < tyg. Therefore, for the airline, 75,
is higher and then 2H is more profitable if ¢ € (max {O, tam } ,@) Moreover, 75, does
not exist and then HS is more profitable if t € (0, tay] U [f21, tus) when ¢ € <1/1§§f, %)

and t € [@, @) when v € [%, —|—oo>. This result is shown in Figure 2.25.

12

HS

0.6 t

0.4 1

0.2 {

0L

‘ ‘ | Y
0.6 0.8 1 1.2 1.4 16 A2

Figure 2.25: Comparison of Profits Between HS and 2H

In addition, under ¢ € (¢3%, +00), we have 75 p — w5 < 0. Therefore, for the airline,
may is higher and then 2H is more profitable if ¢t € (maX{O,tg_H} ,E) Moreover,
7y does not exist and then PP is more profitable if ¢t € (O,tg_H] U [ﬂ, +oo) when
(NS <¢§?j, %) and t € [fay, +00) when ¢ € [%, —|—oo>. This result is shown in Figure

2.26.
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t

PP
0.6 1

0.4

0.2 {

0L . . : . .
0.6 0.8 1 1.2 1.4 1.6

K
2
Figure 2.26: Comparison of Profits Between PP and 2H

Besides, under ¢ € (15%, +00), we have 73,y —75 5 < 0. We can then verify tyx > ton

and ty;x = tog. Therefore, for the airline, MX is always less profitable than 2H. O

2.8.2.5 Proof of Proposition 2.8

Proof. The comparison between 7. pp and toy is the key to the proof.

Let A2 = z1), in which x € (4 A ) Then, we have:

5 s

x ; o3 (z)v
HS~PP 207 96 (—2 4 16) (—z + 12)

in which (—z + 16) (—z + 12) > 0 and:

o3 (z) = —52° + 1442® — 12642 + 3840 — 96 (—x + 8) v/ —x + 16.

d"o3(x)
daxn Y

we can find the gradients of %

By considering the gradients and extrema of

Then, starting from d4g§§“r) and inferring step by step, there will be dﬁ’—ix) < 0 and:
sup o3 (z) >0, inf  o3(x) <0. (2.66)

2 4 A2
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According to (2.66), 3 1,62 > 0 such that o3 (% +61) >0 > o3 (ﬁ;ﬂ — 82). Note
that o3 (x) is real-valued and continuous on the compact interval [% + €1, #;{C — 52] in
R. Then, according to Bolzano’s theorem, 3 ' € (% + &1, & — 52), such that o3 (') =
0. Moreover, because o3 (z) strictly decreases in x, z' is unique. Meanwhile, we have

o3(x) >0,V z € (%,%4—61), and o3 (z) < 0,V x € (A—;{c —@,i). Therefore, 3 a

¥3 V3%
unique = € (%, df—i), such that o3 (x') = 0. Solving o3 () = 0 when x € (%, df—i) gives
2H 2H
= -1 iy which:

15

3

¢ = \/ 190657 — 135v/1966530 + \/ 190657 + 135v/1966530.

2
Therefore, we have t3,¢ _pp < tog when ¢ € < 571 —%) and 1% pp = toag When

(RS [— 5112211, %) Then, the order of relevant critical values is in Table 2.12. Combining

the results in Propositions 2.2 and 2.7, we can obtain Proposition 2.8.

Interval of v Order of Critical Values

1512 — 7
(1/15?{67 _517111> 0 <thg.pp <tem <lom <tHs

2 2 _ -
[_ BT %) 0 <tony < ts.pp < tom <tms

Table 2.12: Order of Critical Values (Proposition 2.8)

2.9 Appendix C: Proofs and Solutions of Welfare Anal-
ysis

2.9.1 Proofs of Second-Best Socially Optimal Network Structure
2.9.1.1 Proof of Lemma 2.1

. * *
(I) Comparison Between sw3; ¢ and sw}p
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Proof. Under 1 € (¢5%, +00), the sign of sw}; ¢—swpp depends on a quadratic function of
t. As the coefficient of #? is positive, the parabola opens upwards. Meanwhile, let A\? = z),
in which x € (O, #%) Then, for the discriminant, we have sign (A) = sign (o4 (x)), in
which o4 (z) is a polynomial of degree 3 and is positive. Thus, the discriminant is positive.

Then, solving swi;¢ — swpp = 0 gives two roots, in which the smaller root is less than

trs, while the larger root is greater than ¢yg. According to the constraint of ¢ of HS

t € (0,%ys), only the smaller root is relevant, denoted by:

6v
5w = 4o (12¢) — N2
PP 28842 — 56A%1) + 3A1 [ (120 =A%)

(8¢ — A2) /20 (46083 — 1344202 + 124\%) — 3X6)
160 — \2

Therefore, swj;¢ is higher and then HS is more socially desirable if ¢ € (0, 5% ppl;
swpp is higher and then PP is more socially desirable if ¢ € (¢5f%_pp,tns). Moreover,

swirg does not exist and then PP is more socially desirable if ¢ € [ts, +00). O

(IT) Comparison Between swj;¢ and swj,y

Proof. Under ¢ € (159, +00), the sign of swj;¢ — sw},;x depends on a quadratic function
of t. Let A = 27}, in which z € (O, ﬁ%) Then, the coefficient of ¢* becomes 205 () 1°,
in which o5 (x) is a polynomial of degree 5 and is negative. Thus, the parabola opens
downwards. Meanwhile, for the discriminant, we have sign (A) = sign (0¢ (z)), in which
o (r) is a polynomial of degree 3 and is negative. Then, the discriminant is negative.
To summarize, the quadratic function of ¢ is always negative. Therefore, swj,y is

higher and then MX is more socially desirable if t € (tMX, tMX). Moreover, swj;x does

not exist and then HS is more socially desirable if ¢ € (0, tMX} U [t M X,@). O

(ITII) Comparison Between swj; ¢ and swj

Proof. Under ¢ € (159, +00), the sign of swj;¢ — swi; depends on a quadratic function

of t. Let A2 = z), in which z € <0 A ) Then, the coefficient of ¢* becomes o7 (z) ¢°,

U3

in which o7 () is a polynomial of degree 6. By considering the gradients and extrema of
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dPa7(z)
dz®

d"01(®) " we can find the gradients of 4 0_71(90). Then, starting from

o' . .
a and inferring

: dov(x) .
step by step, there will be == > 0 and:

sup o7 (x) <0. (2.67)

(0 wéic)
According to (2.67), we can obtain o7 () < 0. Thus, the parabola opens downwards.

Meanwhile, for the discriminant, we have sign (A) = sign (og (x)), in which og (z) is a

(w)

polynomial of degree 5. By considering the gradients and extrema of ¢ , we can find

g(x) tog(x)

the gradients of < dxf_l . Then, starting from < i~ and inferring step by step, there

will be das( ) > 0 and:
sup og(z) <O0. (2.68)
(0 wéic)
According to (2.68), we can obtain og () < 0. Then, the discriminant is negative.
To summarize, the quadratic function of ¢ is always negative. Therefore, sw3; is
higher and then 2H is more socially desirable if t € (max {0, tam } ,E) Moreover, sws

does not exist and then HS is more socially desirable if ¢t € (O,tg_H] U [@, @) when

) e ( 2?1%) and ¢ € [fay7,Tis) when 1) € [_ +OO> -

(IV) Comparison Between sw}, and sw},

Proof. Under ¢ € (5%, +00), the sign of swpp — swy,;x depends on a quadratic function

of t. Let \> = z1, in which z € (0, w’\m> Then, the coefficient of #* becomes og () ¢°,

in which og () is a polynomial of degree 6. By considering the gradients and extrema of

9(z) (

”g(x . Then, starting from < —a,5 and inferring

; , we can find the gradlents of ¢
dag

step by step, there will be ) > 0 and:

sup oy (z) <O. (2.69)

2
(0 J)

According to (2.69), we can obtain gg¢ (z) < 0. Thus, the parabola opens downwards.
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Meanwhile, the discriminant:
A = 256 1202 (47,0 — )\2)2 (¢PP)2 (CbMX)Qa

is positive.
Then, solving swpp — swy;x = 0 gives two roots, in which the smaller root equals
tarx. Therefore, sw}, y is higher and then MX is more socially desirable if ¢ € (tM_X , M)
Moreover, sw},y does not exist and then PP is more socially desirableif ¢t € (0, M U [@, —I—oo).
O

(V) Comparison Between sw}, and swjy
Proof. Under 9 € (159, +00), the sign of swhp — swi, depends on a quadratic function

of t. Let A2 = 21, in which x € (0, wé“) Then, the coefficient of ¢* becomes oy () 15,

in which o1 () is a polynomial of degree 6. By considering the gradients and extrema of

dn%?f) we can find the gradients of d+1°1( Then, starting from % and inferring
step by step, there will be dom(x) > 0 and:
sup oy (x) < 0. (2.70)

(0 wéic)
According to (2.70), we can obtain oyo () < 0. Thus, the parabola opens downwards.

Meanwhile, the discriminant:
A = 256X %% (40 — N2)” (dpp)* (),

is positive.

Then, solving swhp — swiy = 0 gives two roots, in which the smaller root equals oy
Therefore, sw3,; is higher and then 2H is more socially desirable if t € (max {0, tam } , E) .
Moreover, sw3;; does not exist and then PP is more socially desirableif ¢ € (O, t2_H:| U [E, +oo)

when ¢ € ( 577 s %) and t € [E, +oo) when ¢ € [52 ,—i—oo) n
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(VI) Comparison Between sw?},, and sw},

Proof. Under ¢ € (¢35, +00), the sign of sw}, y — swi, depends on a quadratic function

of t. Let \* = x1), in which z € <0 > Then, the coefficient of t? becomes o1y () ¥,

9 wsoc

in which o1 () is a polynomial of degree 8. By considering the gradients and extrema of

dn%ﬂ” we can find the gradients of 9 o Z“l( ), Then, starting from % and inferring
step by step, there will be do(lj—lx(‘r) > (0 and:
sup o (x) >0, inf oy (z) <0. (2.71)

A2
(0, wéi) ze (07 w)

According to (2.71), 3 3,64 > 0 such that oy (e3) < 0 < opy (1/}’\—3, —54>. Note
2H
that o7 (z) is real-valued and continuous on the compact interval [53, qﬂ’\—ic - 54} in R.

Then, according to Bolzano’s theorem, 3 " € (63, — 54) such that oy ( ) = 0.

)\2
. . . "o, . .
Moreover, because oq; (x) strictly increases in x, x is unique. Meanwhile, we have

o < 0, Ve (0,83), and oq; > 0, Ve (&—84,&

<0 A ), such that o (9(:") = 0. Solving 041 () = 0 when z € (O A ) gives

>. Therefore, 4 a unique
T  TaE
z" =y (= 1.47).

Thus, we can obtain o1 (x) > 0 (resp. o011 (z) < 0) and then the parabola opens
upwards (resp. downwards) when 1 € ( 5% 2—?) (resp. ¢ € (;}—j,%—oo)). Moreover, we
can obtain o1y () = 0 and then the sign of sw},y — swj, depends on a linear function
of t when ¢ = ’\—

When ¢ = M—j, we have an increasing linear function of ¢, which equals zero at
2

tor (: tMX). Therefore, sw}, is lower than swj, if t € (tMX,tMX) when ¢ = e

When ¢ € (w;g;, 2—?) U </’>—?, —i—oo), the discriminant of the quadratic function of ¢:
A = 256X %07 (120 — TA2)? (49 — X%)° (barx)? (domr),

is positive. Then, solving swj,y — sw3y = 0 gives two roots, in which the first root equals
torr. However, we cannot determine the value of the second root.

Consider first ¢ € (@/}5%, m ) that is, the parabola opens upwards. Let \? = z1),
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in which z € (ul, df—i) By comparing the second root with 0, ty;x and tof, we have
2H —
that the second root is non-positive when x € (1, ps]; positive but not greater than ¢y, x
when € (jug,&]; and greater than ty,x but less than oy when z € (52, w’\g—ic>, in which
- 2H

2 (== 1.48) is a unique real root of:
1052°% — 71682° 4 1336642* — 9392642 + 307123222 — 46817282 + 2654208 = 0,
when = € <M1» w)‘—i6>, and & (= 1.51) is a unique real root of:
2H

632° — 217221 4 2619223 — 13113622 + 291840z — 221184 = 0,

when x € (/1/2, 1/))‘—1)
2H
Therefore, swj,y is higher (resp. lower) than swj, if ¢t € (tax,t3fxon]| (vesp.
t € (t5%x oy, t2r)) when ¢ € ( 5o, ’5\—22) and sw},x is lower than swjy, if ¢ € (tarx, ton)

when ¢ € [2—;, l’:—j), in which t37y oy denotes the second root when ¢ € (1#5‘};, 2‘—2), and

8 LR
t.]S\ZHXNZH - 1’[249;21)7 Wlth.

(o = 26542081)° — 4681728 \%° + 3071232\ 1*
— 9392641%% + 133664\31)% — 7168119 + 105112,
Gy = 4246732817 — 79331328\%1)°% 4 57028608 \*1)° — 20322048\%4*

+ 381363225103 — 36668810 + 1721612 — 315\,

Consider then 9 € <l’)—i, —|—oo>, that is, the parabola opens downwards. Let \? = 1),
in which z € (0, 41). By comparing the second root with foz, we have that the second
root is always greater than ty,x. Therefore, sw}, is lower than swi, if t € (tM_X, ﬁ)
when ¢ € (2—?,%—00).

To summarize, first, sw},y is higher (resp. lower) and then MX (resp. 2H) is more
socially desirable if t € (tarx, t3fx.on] (vesp. t € (63%x o, t2rr)) When ¢ € (1#5‘;;, 2—2),
second, swj,y is lower and then 2H is more socially desirable if ¢ € (tM_X, @) when

(NS [2—22, +oo>; and third, sw},y does not exist and then 2H is more socially desirable if
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t € (max {0,top } , tarx| under ¢ € (Y55, +00). O

(VII) Order of Critical Values

Proof. The comparison between t3s_pp and tyx (tan) is the key to the proof.

Let A2 = z1), in which x € (0, w);“> Then, we have:

sw 012 (l’) v

—t
HS~PP = SME ™ (g 4 20) (— + 16) (322 — 562 + 288)

in which (—z + 20) (—z + 16) (322 — 56z + 288) > 0 and:

019 (1) = 92* — 3242° 4 428822 — 271362 + 73728

— 6 (=2 4 20) (—x + 8) \/2 (=323 + 12422 — 13442 + 4608).

By considering the gradients and extrema of & Uli(x), we can find the gradients of
%. Then, starting from d531$25(x)7 we have sign (d?—x%(x)) = sign (013 (z)), in which

013 (x) is a polynomial of degree 12. By considering the gradients and extrema of dnLi(x)

)

we can find the gradients of dd+131(). Then, starting from dd"—lf’l and inferring step by
step, there will be dam(x) > 0 and:
sup o3 (x) >0, inf o3 (z) <0. (2.72)
2 = A2
(0 w%‘;—f) E(O w;oc

According to (2.72), 3 5,66 > 0 such that o13(e5) < 0 < o013 (%;C — 56>. Note
that 13 (z) is real-valued and continuous on the compact interval [55, ﬁ;} — 56} in R.
Then, according to Bolzano’s theorem, 3 =" € (65, %}; — 56>, such that o3 (:L‘W) = 0.
Moreover, because o3 (z) strictly increases in z, " is unique. Meanwhile, we have
o13(x) <0,V x € (0,e5), and o3 () >0,V z € <¢m — &g, wm) Therefore, 3 a unique

" ((), w’\soc>, such that o3 (x/") = 0. Solving 013 () = 0 when = € (0, wé°c> gives
" = ps (= 0.98).

Then, we have dSZf;gE) < 0 when z € (0, u3] and d?—i.,(m) > 0 when z € (,ug, wﬁc)
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" 4
Consequently, because of dfil—i() > 0 when = pus3, we have dfil—i(x) > 0 when z €

<0, ¢’\i> Continuing to infer step by step, finally, there will be d”” do12(@) () and:

sup oz (x) < 0. (2.73)

(0 wéic)
According to (2.73), we can obtain 015 (z) < 0. Therefore, we have 3% pp < tarx.

Let z € (5, WOC) Then, we have:

sw ¢ _ 014 (I) v
HS~PP 21 46—y 4 16) (312 — 561 + 288)’

in which (—z + 16) (322 — 562 + 288) > 0 and:

o4 (7) = 152" — 5322° + 67202% — 385281 + 92160

— 96 (—x + 8) /2 (323 + 12422 — 1344z + 4608).

By considering the gradients and extrema of dL;(w), we can find the gradients of
4" ou(z) Then, starting from %, we have sign (d?—w‘é(x)) = sign (015 (x)), in which

dgn—1

015 () is a polynomial of degree 11. By considering the gradients and extrema of dan’n(m)

)

we can find the gradients of d+51() Then, starting from dd—w and inferring step by

step, there will be Cwil—‘:’v(””) < 0 and:

inf 015 (ZE) > 0. (274)

According to (2.74), we can obtain o5 (z) > 0. Thus, we have & 3145(” > 0 when

T € (5, wsoc> Continuing to infer step by step, finally, there will be dg“(‘r) < 0 and:

sup oy (x) >0, inf oy (z) <O0. (2.75)

2
4 22 ze(g’ A )
xe(S,w§%> 59302

According to (2.75), 3 e7,e5 > 0 such that o4 (% + 87) > 0> o, <¢’\—ic — 68). Note
2H
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that o4 () is real-valued and continuous on the compact interval [% + &7, ﬁ — 58] in R.
Then, according to Bolzano’s theorem, 3 ¥ € (% + &7, w’\s—ic — 58>, such that o4 (x(4)) =
2H

0. Moreover, because o4 () strictly decreases in , * is unique. Meanwhile, we have

o () >0,Voe (g, g +€7) and 014 (z) <0,V z € (% — €3, ﬁ%) Therefore, 3 a
unique z# € (%, ﬁ%), such that o4 (x(4)) = 0. Solving 014 (x) = 0 when z € (%, #%)

gives 1Y) = &5 (~ 1.59).

Therefore, we have t3s_pp < tog when ¢ € ( 577 /E\_j> and tfs pp = tog when

A2 5x?
(NS [5—3 T).
Then, the order of relevant critical values is in Table 2.13. Combining the results in

Parts (I) through (VI), we can obtain Lemma 2.1.

Interval of ¢ Order of Critical Values

2 _ _
( S 2*3) 0<tf}USNPP<t2H<tMX < tWixmoy <tom <tus
)\2 )\2 sw
2 532 -
[A 52 ) 0 < toy <t3% pp <tux < tom < tus
[%, ) 0<t‘;}USNPP<tMX <tog <tms

Table 2.13: Order of Critical Values (Lemma 2.1)

2.9.1.2 Proof of Proposition 9

Proof. The comparison between t3s pp and t3;¢_pp is the key to the proof.

Let A2 = z1), in which x € (0 ’\o> Then, we have:

sw — T _ 6 (—J] i 8) I16 (l‘) v
HS~PP = PHS~PP ™ (L0 0 16) (—x + 12) (322 — 56z + 288)

in which —z +8 > 0, (—z + 16) (—x + 12) (32* — 562 + 288) > 0 and:

o16 () = G+ G — G,
G = 322 — 222 > 0,
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(s = (32 — 562 + 288) vV—z + 16 > 0,

s = (—2 +12) \/2 (=32 + 12422 — 1344z + 4608) > 0.

Moreover, we have:

G—G >0

& (G)° = ()" = o (=2 +8) (32° — 6427 + 2242 + 1152) > 0. (2.76)

According to (2.76), we can obtain 016 () > 0. Therefore, we have 35 _pp > thgpp-
Then, the order of relevant critical values is in Table 2.14. Combining the results in

Proposition 2.8 and Lemma 2.1, we can obtain Proposition 2.9.

Interval of Order of Critical Values

)\2
(A2 a2 T sw Sw ro— I
[\2 2 _ _
2—2,—&1?111> 0<tTe pp <ton <% pp <tux <toy <tus

2 2 -
~ BT %) 0 <ter < tys.pp <tis.pp <tux <tom <tpms
o -
%,Jroo) 0< g pp <t pp < tux < tom < tus

Table 2.14: Order of Critical Values (Proposition 2.9)

2.9.2 Solutions of First-Best Socially Optimal Network Structure

First, the solution of the hub-and-spoke network is:

Fro = F¥ = X (3v—t) (30y4) ",
:IL;;S = ?’_}ks — (12¢U - )\2t) (3@[—[5’)_1,

T =260 (v—1) + \t] (3®ys) ",

in which ® g = 419 — \2.
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Second, the solution of the point-to-point network is:

%k —1
Fpp = A®pp,

QZ*P = 8¢Uq)ppa

in which 7 € {1,2,3} and ®pp = 8¢ — A2

Third, the solution of the mixed network is:

Flix = Firy = M60 (v — 1) = A2 (30 — )] By,

Fite = A [2¢ (—v+5t) — X (3v + t)] @3/,
1« 2 4 -1
Mx =Qux = [24¢ v —2X* (10v + 3t) + A t} D/ v

W =8Y [2¢) (v + 1) — 3N0] Dy,

Qi =2 (20— N?) [4¢ (v — 2t) + N°t] D3/,

in which ®,;x = 2492 — 26\%¢ + 3\,

Finally, the solution of the 2-hub network is:

Fyfy = M6 (3v — 4t) — X* (5v — 4t)] @5,
Fyy = Fyip = [200 (v + 4t) — 50°%0] 5,
i =4 [12¢%0 — 6X* ¢ (v + t) + '] o,
o= Q3% =2[160% (v+t) — 2X%Y (8u + 3t) + A't] D7,

sn =5 =4(2¢ — N°) [4¢ (v — 2t) + N*t] Dy,

in which ®yp = 48¢? — 42)\%¢) + 5%
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2.10 Appendix D: Extension and Critical Values
The solution of the 3-hub network is:
= A (20 —t) (2¢3m) ",

g3 = [8¢ (v +1) = N*t] (2030) ",

G = [8 (v = 2) + Nt] (2051)

in which ¢ € {1,2,3} and ¢35 = 12¢) — N2

Moreover, Tables 2.15 through 2.17 give the critical values in this chapter.

a 1690 (482 —48X2+13)%)
MX ™ 384¢3—336A2¢p2+112X%)—5)\6

2 Ay (3841p3 336292 + 11204 —5)%)
MX = 3072¢*—192022¢3+4967%)2 —40\64)F- A8

(38443 +1072221p2 —192X*9p—9N0 v

3 _

tMX = 102003 175202128 A5 £ 300

o (8092 +24X2p—9\* v

MX — 84 (2610 —3A2)

5o 3v(16¢2424229—7A%)

MX = 7 24092 —24X2¢p— )\t

6 (7680w4—576>\2¢3+1584/\4¢2—412>\6w+15,\8+¢MX,/A?‘MX>U
tux = (344847 —2592N2¢)5 1 360M 2 —32A0P 1 AF)

. [64w2+12)\2¢+3>\4—\/3(3072w4+5376)\2w3—1552/\41112+168)\6¢+3/\3)] v
tx = 8 (200—3X2)

5 (64¢2—32/\2¢+3)\4—\/9216w4+3072)\2w3—2240/\4¢2+96)\61/1+9>\8)v
tux = — 163(109—22)

a 8¢pv( 76813 —528\21p2+112X4—3)6)
2H ™ 12288v1—7680A2¢3 41648112 —120\06¢)+373

(768¢° —2544X24p2+360A11) 42510 v

2

tog = 18 (640212872 —50T)

B 4v(249%+20A2p—57%)

2H = 3849732723\

4o (4892 —120A24p425)* Jv

oOH = 10242 5\

5 (17921[13+1616)\21/)27128)\41/175)\67\/AgH)v
bog = 320 (6102 1287230

A3, = 53084164 — 368640A2¢)% — 59136 A%0)% 4 3302407043 — 458567812 4 12807104 + 2512

6 (224w2+80,\2¢717,\47\/ 829441)% —46080A21)3+136322%1)2 71440)\6¢’+49)\8)v
tom = 4(6492 %)

Table 2.15: Critical Values of Comparative Statics



CHAPTER 2. AIRLINE NETWORKS 122

_ _ 6 8Y—A?)1/(16¢—A2)1
tHsPP = Toy—2 [2¢ -4 1)6¢—A2

& = /3 (8¢ + 179) + \/6 (—4(1 + 179 + 7605, /Scliim)

(1= 3/190657 — 1351966530 + %/190657 + 135v/1966530

1 _ 12X24)v
HS~PP = (169p—X2)(12¢)—)\2)

. (40u-+22 /64042112224 + 1327 ) v
thsomx = 3(200—X\?)

a o 24yw(129422)

HS~2H — 960¢2—156X2¢+TA%

2 36492 —4X2y—30%)

HS~2H — 96043 —42072¢2 151 \11h—270

/3 . 6022w (49—A?)

HS~2H — 230413 —100822¢)2+120A%4)—5)6

4 [3(36864w4 —6656A2¢° —144X44p2— 120709 +15)%) —p s o \/6(1200@&24—136)\21/;—21)\4)] v
tsmon = 25804812 —906242243+1099223)2—696164)+23 28

5 (11841/;2-1—100)\2111—7)\4—\/418816w4+40192>\21¢13+5712)\4¢2—1400>\61/J+49)\8)v
thsmom = 644)(200)—\2)

Rl _ 1622 (81h—22)

PP~2H ~ 30723 —1280A2¢2+ 1167 %1)— 310

/  20(64512¢)°—131328)2¢p* +82176 142 —21920A692+2692X%)—105A10)
MX~2H — 7 3686445 —140544X2¢% +837122%¢)3 —16256A01)2+ 1456 \5¢)—47A10

/2 B [84481/)4+17664)\21[)3712928)\411)2+2176)\6w7141)\8f\/3A?V}XN2HA?V21XN2H]v
MX~2H ™ 8(41h—A2)% (24012 —24229p—\4)

A2l op = 230491 — 3840223 + 30720 1% — 640709 + 518
AL g =990720% — 975367203 + 29952042 — 294476y + 97A8

Table 2.16: Critical Values of Network Structure

- 6 9 (8¥—22)\/21)(46085 — 13443242+ 124\ 4)—3X6)
%US~PP - 2881/;2—5613\21#4—3)\4 4 (12¢ —A ) B 169)—\2

Swv(2654208w6—4681728)\2¢5+3071232/\4w4—939264>\6w3+133664>\8w2 —7168A1094 105/\12)

sw —_
tMXNQH T 42467328¢7—79331328 2216 +57028608\*1)5 —20322048\61)*+3813632A81)3 —366688A109p2+17216A12¢)— 315714

& (~ 1.51) is a solution of 632° — 2172x* + 2619223 — 13113622 + 291840x — 221184 =0

&3 (=~ 1.59) is a solution of 15z% — 53223 + 672022 — 38528z + 92160
—96 (—x + 8) /2 (=323 + 12422 — 1344z + 4608) = 0

SW _ 3 4P—=A?)/2(8¢—A2)1
Tspp = 61/%,\2 29 — ( E);w—A2

Table 2.17: Critical Values of Welfare Analysis



Chapter 3

Agricultural Land Marketization,
Inverse Relationship and Land

Productivity: Empirical Evidence from

China

3.1 Introduction

For developing countries, especially those in transition from agricultural to non-agricultural
economy, on the one hand, the transition of economy reduces the amount of agricultural
labor significantly and thus decreases the utilization rate of agricultural land. On the
other hand, the transition increases the demand of agricultural products of urban areas
and thus further aggravates the balance between supply and demand. Given the reality
that the domestic farmland cannot be enlarged easily, governments in many countries try
to improve the output per unit of land, or land productivity, to increase the supply of
agricultural products.

According to economic theory, the agricultural land marketization can improve the
land allocation efficiency. After the agricultural land marketization, less efficient agri-

cultural producers can rent out or sell some of their land at a price higher than their

123
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marginal production, while more efficient producers can rent in or buy some land at a
price lower than their marginal production. Finally, the agricultural land will be allocated
more efficiently through market mechanism (see Yao, 2000; Benjamin and Brandt, 2002;
Carter and Yao, 2002; Deininger and Jin, 2005, 2008; Deininger et al., 2008a; Deininger
et al., 2008b; Jin and Deininger, 2009; Barrett et al., 2010). Then, if the agricultural
land marketization can improve the land allocation efficiency, can it also improve the
average output per unit of land, or average land productivity? The conventional answer
is affirmative because the higher land allocation efficiency implies the higher average land
productivity (see, for example, Restuccia and Santaeulalia-Llopis, 2017'). However, if we
consider the inverse relationship between farm size and land productivity, the answer is
uncertain.

In many developing countries, there exists an inverse relationship between farm size
and land productivity.? That is, compared to rural households with a large farm size,
those with a small farm size have higher land productivity. This relationship has been
found in the countries of Asia (see Sen, 1962; Lau and Yotopoulos, 1971; Bardhan, 1973;
Rao and Chotigeat, 1981; Carter, 1984; Newell et al., 1997; Heltberg, 1998; Lamb, 2003),
Africa (see Collier, 1983; Barrett, 1996; Byiringiro and Reardon, 1996; Kimhi, 2006;
Carletto et al., 2013; Larson et al., 2014; Ali and Deininger, 2015), Europe (see Chayanov,
1926; Alvarez and Arias, 2004), and Latin America (see Berry and Cline, 1979; Cornia,
1985).3

After the agricultural land marketization, on the one hand, the previously unused
land can be used again, and thus the total operational farm size may increase. Given

the amount of rural households, the average operational farm size may also increase. On

'Restuccia and Santaeulalia-Llopis (2017) use household-level data from Malawi and find that a real-
location of production factors to their efficient use will result in higher average total factor productivity
(TFP) of farmers, in which the farm TFP and the output per unit of land are found to be strongly
positively correlated across farms because the allocation of land is not related to productivity so many
productive farmers are constrained by size.

2The reasons explaining the existence of inverse relationship include, among others, land market
imperfections (see Heltberg, 1998; Lamb, 2003), labor market imperfections (see Sen, 1966; Rosenzweig
and Wolpin, 1985; Frisvold, 1994), credit market imperfections (see Feder, 1985; Eswaran and Kotwal,
1986; Carter, 1988), and risk (see Wiens, 1977; Rosenzweig and Binswanger, 1993; Kevane, 1996).

3Some studies show that, in USA and Japan, farm size is positively correlated with land productivity
(see Sumner, 2014; Kawasaki, 2010).
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the other hand, rural households can obtain monetary incomes from land transactions,
which can provide a basic guarantee for their migrations to urban areas. In this way,
the amount of rural households may decrease, and the average operational farm size may
then increase. Under the inverse relationship, the increase of average operational farm
size will reduce the average land productivity.

To summarize, the agricultural land marketization affects the average land productiv-
ity not only through improving the land allocation efficiency but also through increasing
the average operational farm size.* The improvement of land allocation efficiency has
a positive effect on average land productivity. However, when there exists an inverse
relationship between farm size and land productivity, the increase of average operational
farm size has a negative effect on average land productivity. Therefore, the agricultural
land marketization does not necessarily improve the average land productivity. Only
when the positive effect of the higher land allocation efficiency dominates the negative
effect of the larger average operational farm size, the marketization will finally improve
the average land productivity.

In this chapter, we use the year 2008 as the indicator of the agricultural land mar-
ketization in China to test empirically the effect of the marketization on average land
productivity. The empirical framework is the one for the study of inverse relationship
(see Binswanger et al., 1995; Assun¢ao and Braido, 2007; Barrett et al., 2010; Carletto
et al., 2013) and the data we use is from the China Health and Nutrition Survey (CHNS)
database’®. Finally, we find that: first, there exists an inverse relationship between farm
size and land productivity in China; second, the agricultural land marketization in China
improves the land allocation efficiency and increases the average operational farm size;
third, the higher land allocation efficiency improves the average land productivity by
29.1% and the larger average operational farm size reduces the average land productivity

by 9.2%, implying that the agricultural land marketization in China finally improves the

4The agricultural land marketization affects the average land productivity also through, for example,
influencing indirectly the amount of labor input and intermediate inputs. However, in this chapter, we
focus our discussions on the direct effects of the marketization, that is, improving the land allocation
efficiency and increasing the average operational farm size.
Shttp://www.cpc.unc.edu/projects/china
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average land productivity by 19.9%.

The rest of the chapter is organized as follows. Section 3.2 introduces the agricultural
land marketization in China and proposes four hypotheses to be tested in the empirical
analysis. Section 3.3 describes the empirical framework. Section 3.4 explains the data
and the relevant descriptive statistics. Section 3.5 shows empirical results. Section 3.6

concludes.

3.2 Agricultural Land Marketization in China

In the collective periods beginning in the 1950s, the Chinese government prohibited trans-
actions in land, labor and rental markets (see Lin, 1995). Since the rural reform in 1978,
a household-based farming system, that is, the household responsibility system, was ex-
ecuted, and thus the prohibition on the transactions in labor was abandoned. However,
the transactions in land were still prohibited. The Constitution of the People’s Republic
of China (1982) stipulates that no organization or individual may appropriate, buy, sell
or lease land or otherwise engage in the transfer of land by unlawful means.®

With the rapid development of urbanization in the mid of 1980s, in order to satisfy
the demand of urban development, the Amendment to the Constitution of the People’s
Republic of China (1988) stipulates that the right to the use of land may be transferred
according to law and thus provides a legal basis for the transfer of land.” However,
this amendment to the constitution emphasizes the transfer of industrial land and city
construction land and does not provide detailed legal explanations for the transfer of
agricultural land between rural households. In this period, more and more farmers move
to urban areas in order to pursue a higher quality of life and income, making some land
in rural areas unused (see Xu and Zhang, 1993; Wu, 1993; Ma, 2008).

In order to reduce the waste of agricultural resources and improve the utilization effi-
ciency of agricultural land, the Law of the People’s Republic of China on Land Contract

in Rural Areas (2003) stipulates that the right to land contractual management obtained

Shttp://www.npc.gov.cn/englishnpc/Constitution/node_2830.htm
"http://www.npc.gov.cn/englishnpc/Constitution/node_2829.htm
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through household contract may, according to law, be circulated by subcontracting, leas-
ing, exchanging, transferring or other means.® For creating a better environment for the
transfer of agricultural land, the Measures for the Administration of Circulation of Rural
Land Contracted Management Right was carried out by the Ministry of Agriculture of
China in 2005.° In 2008, the Decision of the Central Committee of the Communist Party
of China on Several Big Issues on Promoting the Reform and Development of Rural Areas
decided to strengthen the development of agricultural land transfer market and improve
the transfer rate.'”

Based on the above reform process in China, we use the year 2008 as the indicator of
the agricultural land marketization. We first propose four hypotheses to be tested in the
empirical analysis.

Hypothesis 1: There exists an inverse relationship between farm size and land pro-
ductivity in China.

Hypothesis 2: The agricultural land marketization in China improves the land allo-
cation efficiency and thus the average land productivity.

Hypothesis 3: The agricultural land marketization in China increases the average
operational farm size; given the existence of the inverse relationship, the marketization
reduces the average land productivity.

Hypothesis 4: The positive effect of the higher land allocation efficiency dominates
the negative effect of the larger average operational farm size, and thus the agricultural
land marketization in China finally improves the average land productivity.

The relationship between these four hypotheses is shown in Figure 3.1. Because
the agricultural land market in China is imperfect, there is necessity to implement an
agricultural land marketization reform and discuss whether or not the marketization can
improve the average land productivity. Hypothesis 1 is another premise. Because of
the existence of inverse relationship, the effect of the agricultural land marketization on

average land productivity becomes uncertain. Hypotheses 2 and 3 are the two channels

8http://www.npc.gov.cn/englishnpc/Law/2007-12/06/content_1382125.htm
Yhttp://www.moa.gov.cn/zwllm/tzgg/bl/200501/t20050126_311817 .htm
Ohttp://www.lawinfochina.com/display.aspx?lib=lawkid=7542&CGid=


http://www.npc.gov.cn/englishnpc/Law/2007-12/06/content_1382125.htm
http://www.moa.gov.cn/zwllm/tzgg/bl/200501/t20050126_311817.htm
http://www.lawinfochina.com/display.aspx?lib=law&id=7542&CGid=
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to test the effect. Hypothesis 4 is the net effect of these two channels and the central

problem of this chapter.

Imperfect Agricultural Hypothesis 4: Positive Effect of
Land Market Marketization on Average Land Productivity
Agricultural Land Hypothesis 2: Higher
Marketization Reform Land Allocation Efficiency
Hypothesis 1: Existence of Hypothesis 3: Larger
|
Inverse Relationship Average Operational Farm Size

Figure 3.1: Relationship Between Different Hypotheses

3.3 Empirical Framework

For rural household i, consider a Cobb-Douglas agricultural production function:
Y, = TATA LI R™" expe;, (3.1)

in which Y; is the output; T is the technological level; A; is the operational farm size, that
is, the cropped area; L; is the labor input; R; is the intermediate inputs; and ¢; is an error
term which accounts for unobserved and idiosyncratic determinants of the total output.
a4, ap and apg represent the output elasticities of operational farm size, labor input and
intermediate inputs, respectively. In order to be consistent with our data, we need to
represent the total output and the intermediate inputs in monetary units. Multiplying

Y; and R; by their respective prices (namely py and pg). (3.1) becomes:

Y = tATA LI ri R exp g;, (3.2)
in which y; = pyY is the value of output, t = % is the price-adjusted technological

level and r; = prR is the value of intermediate inputs.
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Taking the natural logarithm of both sides of (3.2), we can obtain:
Iny, =Int+a,InA;, +arInL; + aglnr; + ¢, (3.3)
which is equivalent to:

ln%zlnt+(aA—l)lnAH—aLlnLi—FaRlnrH—si. (3.4)

)

Based on (3.4) and the framework for the study of inverse relationship (see Binswanger
et al., 1995; Assuncao and Braido, 2007; Barrett et al., 2010; Carletto et al., 2013), the
empirical model is:

Yi

1= Cons + BIn A; + v,CVis + &4, (3.5)

In
in which z—i is the output value per unit of land, that is, land productivity, of the house-
hold 7; C'ons is the constant, implying the price-adjusted technological level of agricultural
production; C'V}; are control variables, including other agricultural production factors,
household characteristics and land quality differences. The other agricultural production
factors include labor input (Labor) and intermediate inputs (Raising), both of which
have a positive effect on the land productivity. The household characteristics include the
household head’s age (Age), gender (Gend), education level (Edu), marriage situation
(Marriage), household size (Hsize), and dependency ratio (Dratio). An older house-
hold head implies richer agricultural production experience, which is conducive to higher
land productivity; a divorced, single or female household head may bring lower land pro-
ductivity; a household head with a higher education level implies richer knowledge of
agricultural production, which is conducive to improving land productivity by using high
and new technology; a household with a large size inclines to use internal labor, instead
of hiring external labor; and a household with a high dependency ratio needs to use more
labor input to feed dependants. Moreover, we introduce the village fixed effect to control
the land quality differences (see Bhalla and Roy, 1988; Benjamin, 1995).

We will run OLS regressions for the full sample and all subsamples. The coefficient
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of interest is 3, representing the relationship between farm size and land productivity.
Then, we can use the following method to test Hypothesis 1.

Test of Hypothesis 1: When [ is negative and statistically significant, there exists
an inverse relationship between farm size and land productivity; when 3 is non-negative
and statistically significant, the inverse relationship does not exist.

Moreover, when f is negative, the greater (5 is, the less significant the inverse rela-
tionship between farm size and land productivity will be.

As agricultural land transactions in China were prohibited or stayed at a low level
during a long period, land market imperfections are one of the most important reasons
to explain the inverse relationship in China (if it exists). Thus, the agricultural land
marketization is conducive to improving the land allocation efficiency and then reducing
the degree of the inverse relationship. In this way, the change of 3 can reflect the direction
and degree of the variation of land allocation efficiency to a large extent. Denoting the
periods before and after the agricultural land marketization in 2008 by the subscripts
“before” and “after”, we can use the following method to test Hypothesis 2.

Test of Hypothesis 2: When |Bqfer| — |Bpefore| is negative and statistically signif-
icant, the land allocation efficiency improves after the agricultural land marketization,
implying the higher average land productivity.

Moreover, when |B,fier| — |Bpefore| is negative and statistically significant, the less
|Baster| — | Bbefore| 18, the higher the degree of the improvement of land allocation efficiency
will be.

Denoting the average operational farm sizes before and after the marketization by

A; pefore and A; 4 rier, Tespectively, the test of Hypothesis 3 is rather straightforward.

Test of Hypothesis 3: When A fier > Ajpefore, the average operational farm
size increases after the agricultural land marketization, implying the lower average land
productivity given that Hypothesis 1 is verified.

In order to test Hypothesis 4, we use the method of factor decomposition. Specifically,

we first estimate (3.5) by using the samples before and after the marketization. The
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estimation results then give:

Yib
In _141 efore — COTLSbefOre + Bbefore In Ai,before + ’Yk,beforeov;gi’before, (36)
i,be fore
Yiaft
In _AZ after _ Cons, ster + Bagter M Aj apter + VrsafterC Viiafter, (3.7)
i,after

in which {Conspefore, Boefores Vipefore and {Consasier, Bafter, Vh,after} are the estimation
results of coefficients before and after the marketization, respectively.

Next, (3.7) minus (3.6) equals:

In Yi,after “In Yi,before

Ai,after Ai,before
= [ﬁafteT (11’1 Ai,afteT —In Ai,before) + In Az’,before (Bafter - ﬁbefore)]

+ ('Yk,aftercvki,after - 7k,befm“ecvki,before) + (Consafter - Consbefore) . (38)
Plugging the sample means before and after the marketization into (3.8), we can obtain:

In <yi,after ) “In <yi,before )
Ai,after Ai,before

= [ﬁafte'r (11’1 Ai,afte'r —1In Ai,before) + In Ai,before (ﬁafter - 6before)}

+ (’7k,afte'r0vki,after - Vk,beforec‘/ki,before) + (Oonsafter - Consbefore> ’ (39)

in which (W) and (W) are the average land productivity before and after the

i,be fore i,after

marketization, respectively; and CVi; pe fore and C'Vy; o frer are the sample means of control

variables before and after the marketization, respectively.

The left-hand side of (3.9), In (M) —In (M) , is the growth rate of the average

Ai,afte'r Ai,before

land productivity before and after the agricultural land marketization. The right-hand

side of (3.9) is the main factors of the growth. Specifically, the term [, e, (ln A after —INA; e fore)

shows the effect of the change of average operational farm size on average land productiv-

ity. When the average operational farm size increases, that is, In A; 4 ter —In A; pe fore > 0,
and the inverse relationship exists, that is, Bqper < 0, the effect of the change of aver-

age operational farm size will be negative. Intuitively, given the degree of the inverse
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relationship after the marketization, the term S, e, (ln A after —INA; pe fore) reflects how
the change of average operational land size, due to the marketization, affects the av-
erage land productivity. The term lnm(ﬁaﬁer — Bbefore) shows the effect of the
change of land allocation efficiency on average land productivity. Because the aver-
age operational farm size is positive, that is, lﬂm > 0, when the land allocation
efficiency improves, that is, Bqtter — Brefore > 0, the effect of the change of land al-
location efficiency will be positive. Intuitively, given the average operational land size
before the marketization, the term lnm(ﬂaﬁer — Before) reflects how the change

of land allocation efficiency, due to the marketization, affects the average land produc-

tivity. Then, the term S fser (ln Aiapter — I Aj pesore) + I A; pe fore (Bagter — Boefore) is the
essential problem to be tested in this chapter. That is to say, how the agricultural
land marketization affects the average land productivity depends on the net effect of the
changes of average operational farm size and land allocation efficiency. Moreover, terms
Yk,a fterm—vk,be forem and Consgrer — Conspesore show the effects of control
variables and price-adjusted technological level, respectively.

Then, we can test Hypothesis 4 as follows.

Test of Hypothesis 4: When ﬁafter (111 Ai,after —In Ai,before)+1n Az’,before (Bafte'r - Bbefore) >

0, the agricultural land marketization improves the average land productivity.

3.4 Data and Descriptive Statistics

The data we use is from the China Health and Nutrition Survey (CHNS) database, which
is created by the Carolina Population Center at the University of North Carolina at
Chapel Hill and the National Institute for Nutrition and Health (NINH, former National
Institute of Nutrition and Food Safety) at the Chinese Center for Disease Control and
Prevention (CCDC). The CHNS database allows us to conduct a panel data analysis,
in which, however, the sample size is too limited. Therefore, we pool observations in
different years and conduct a cross-sectional data analysis. Specifically, we use a sample

of 5313 observations in five years. The sample sizes in the years 2000, 2004, 2006, 2009,
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and 2011 are 512, 1088, 1227, 1251, and 1235, respectively. The data description is in
Table 3.1.

Moreover, Tables 3.2 through 3.9 provide the summary statistics of different samples.
According to Table 3.2, for the sample 2000-2011, the average household size (Hsize) is
2.776; the average dependency ratio (Dratio) is 0.282; and the household head’s mar-
riage rate (Marriage) is 99.1%, implying that a typical household consists of a married
couple and a dependant. For the household head, male (Gend) accounts for 91%; the
average age (Age) is 52.289 years old; and the average education level (Edu) is 6.532
years, implying that household heads are mainly male and relatively old, with relatively
low education level. The average operational farm size (A) is 6.524 mu'!, implying a
small scale of agricultural production. According to Tables 3.3 and 3.4, comparing the
sample means before and after the agricultural land marketization (samples 2000-2006
and 2009-2011, respectively), we can find that the average land productivity (%) after
the marketization is 1643.396 yuan/mu'?, which is 204.366 yuan/mu higher than the one
before the marketization. Moreover, there is no significant change in labor input (Labor),
while there is a significant growth of intermediate inputs (Raising). In particular, after
the marketization, the average operational farm size is 7.162 mu, which is 1.198 mu higher

than the one before the marketization.

3.5 Empirical Results

3.5.1 Existence of Inverse Relationship

According to the estimation results of full sample (sample 2000-2011) and samples 2000,
2004, 2006, 2009, and 2011 in Table 3.10, the operational farm size is negatively correlated
with the land productivity, statistically significant at 1% level, implying the existence
of an inverse relationship between farm size and land productivity in China, verifying

Hypothesis 1.13

1One mu equals 1/15th of a hectare.

12 At the time of surveys, approximately 6.5-8.2 Chinese yuan can be exchanged for each 1 US dollar.

13Some studies also find the existence of an inverse relationship in China (see Benjamin and Brandt,
2002; Chen et al., 2011; Li et al., 2013).
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Specifically, for the full sample, the coefficient of operational farm size (In A) is -0.587,
statistically significant at 1% level, implying the inverse relationship. The coefficients of
labor input (In Labor) and intermediate inputs (In Raising) are 0.112 and 0.360, respec-
tively, both statistically significant at 1% level, implying the positive effects of these two
production factors on land productivity. For the control variables of household charac-
teristics, the coefficients of the household head’s age (Age) and household size (Hsize)
are 0.003 and -0.033, respectively, both statistically significant at 1% level. However,
the coefficients of the household head’s gender (Gend), education level (Fdu), marriage
situation (Marriage), and dependency ratio (Dratio) are not statistically significant at
10% level. Therefore, these household characteristics do not significantly affect the land
productivity.

Furthermore, for the samples 2000, 2004, 2006, 2009, and 2011, the coefficients of
operational farm size are -0.549, -0.689, -0.671, -0.556, and -0.453, respectively, all statis-
tically significant at 1% level, implying the existence of the inverse relationship.

As we have seen, the average operational farm size increases after the agricultural land
marketization. Therefore, given the existence of the inverse relationship, the larger aver-
age operational farm size reduces the average land productivity, verifying then Hypothesis

3.

3.5.2 Higher Land Allocation Efficiency

For the samples 2000, 2004, 2006, 2009, and 2011, we depict the coefficients of operational
farm size (In A) in Figure 3.2. We can find then that the coefficient of operational farm
size, or the land allocation efficiency, decreases a lot from 2000 to 2006 and stays at a
low level around 2004 and 2006. However, after the agricultural land marketization in
China in 2008, there is a significant improvement of land allocation efficiency, verifying
Hypothesis 2.

Moreover, the estimation results of samples before and after the agricultural land
marketization in Table 3.11 also show an improvement of land allocation efficiency, veri-

fying again Hypothesis 2. Specifically, the coefficients of operational farm size of samples



CHAPTER 3. AGRICULTURAL LAND MARKETIZATION 135

2000 2004 2006 2009 2011
—e— Estimation of
—05 | -0.453
-0.549
—0.6 | -0.556
—0.7 | 0.689 -0.671

Figure 3.2: Coefficients of Operational Farm Size (In A)
Source: Authors’ calculations based on CHNS 2000, 2004, 2006, 2009, and 2011

2000-2006 and 2009-2011 are -0.666 and -0.503, respectively, both statistically significant
at 1% level. The difference between these two coefficients is 0.163, which is also statisti-
cally significant at 1% level, implying that the marketization improves the land allocation

efficiency.

3.5.3 Positive Effect of Marketization on Productivity

In order to evaluate the net effect of the agricultural land marketization on average
land productivity according to (3.9), we use the sample means in Tables 3.3 and 3.4
and the estimation results in Table 3.11. According to the calculation results of factor
decomposition in Table 3.12, the marketization improves the land allocation efficiency by
0.163 units and thus improves the average land productivity by 29.1%. The marketization
also increases the average operational farm size by 18.3% and thus reduces the average
land productivity by 9.2%. Therefore, the net effect is that the marketization improves
the average land productivity by 19.9%. These results thus verify Hypothesis 4, that is,
the positive effect of the higher land allocation efficiency dominates the negative effect of
the larger average operational farm size, and thus the agricultural land marketization in
China finally improves the average land productivity.

In fact, the reason why the agricultural land marketization in China can affect the
average land productivity negatively is that the inverse relationship between farm size
and land productivity still exists after the marketization. On the one hand, in the short

run, the agricultural land marketization may not eliminate the land market imperfections
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thoroughly. On the other hand, besides land market imperfections, there exist also other
factors resulting in the inverse relationship, for example, credit market imperfections,
that the agricultural land marketization cannot eliminate. Therefore, as long as the
agricultural land marketization reform continues to deepen and other relevant reforms are
carried out, the inverse relationship would probably disappear, and then the agricultural

land marketization would not affect the average land productivity negatively.

3.6 Conclusion

Based on the perspective of the inverse relationship between farm size and land pro-
ductivity, this chapter proposes that, besides improving the land allocation efficiency,
the agricultural land marketization can also affect the average land productivity through
increasing the average operational farm size.

By using the agricultural land marketization reform in China in 2008 as the indicator
of marketization and the CHNS database, this chapter empirically finds that: first, there
exists an inverse relationship between farm size and land productivity in China; second,
the agricultural land marketization in China improves the land allocation efficiency and
increases the average operational farm size; and third, the higher land allocation efficiency
improves the average land productivity by 29.1% and the larger average operational farm
size reduces the average land productivity by 9.2%, implying that the agricultural land
marketization in China finally improves the average land productivity by 19.9%.

In fact, if land market imperfections are only an minor reason for the existence of the
inverse relationship, the inverse relationship may still be quite strong after the agricultural
land marketization. As a result, the positive effect of the higher land allocation efficiency
may be dominated by the negative effect of the larger average operational farm size,
implying that the agricultural land marketization may finally reduce the average land
productivity. Then, a direction of future research is to explore how the inverse relationship
between farm size and land productivity affects the relationship between agricultural land

marketization and average land productivity in other developing countries.
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3.7 Appendix

Table 3.1: Data Description

Variables Description

Dependent Variable

4 is the land productivity. This paper uses the output value per unit area to

e

represent the land productivity. The unit is yuan/mu. Considering the effects
of price levels in different years, we use the agricultural production price
index in China Statistical Yearbook (2011 price=100) to adjust.

Independent Variable

A A is the farm size operated by a household. The unit is mu.

Control Variables

Labor Labor is the total working time of a household in a year. The unit is
month /household.
Raising Raising is the intermediate inputs, such as seeds, chemical fertilizers,

pesticide, and rents of machines. The unit is yuan.

Age Age is the household head’s age. The unit is year.
Gend Gend is the household head’s gender. “1” denotes male and “0” denotes female.
Edu FEdu is the education household head’s education level. Primary school, junior

high school, senior high school, secondary specialized school, undergraduate,
postgraduate or above correspond to 6, 9, 12, 14, 16, and 19 years of
education, respectively. The unit is year.

Marriage  Marriage is the household head’s marriage situation. “1” denotes married
and “0” denotes unmarried.

Hsize Hsize is the size of a household. The unit is person.

Dratio Dratio is the ratio of the number of people under 16 or above 60 years old to

the total number of people in a household.
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Table 3.2: Descriptive Statistics of Sample 2000-2011 (Number of Obs. =5313)
Source: Authors’ calculations based on CHNS 2000, 2004, 2006, 2009, and 2011

Variables Mean Std. Dev.  Min. Max.

4 1534.654  1629.477  1.970  75544.700
A 6.524 9.971 1 200
Labor 20.598 11.341 1 79
Raising 1362.925 1672.807 10.209 20816.900
Age 52.289 11.194 18.920 88.180
Gend 0.910 0.286 0 1
Edu 6.532 3.971 0 16
Marriage 0.991 0.097 0 1
Hsize 2.776 1.088 1 9
Dratio 0.282 0.335 0 1

Table 3.3: Descriptive Statistics of Sample 2000-2006 (Number of Obs. =2827)
Source: Authors’ calculations based on CHNS 2000, 2004, and 2006

Variables Mean Std. Dev.  Min. Max.

4 1439.030  1754.537  1.970  75544.700
A 5.964 7.689 1 90
Labor 20.929 11.456 1 79
Raising 1092.652  1427.561  10.209 20816.900
Age 50.534 10.987 18.920 88.180
Gend 0.915 0.279 0 1
Edu 6.640 3.916 0 16
Marriage 0.987 0.114 0 1
Hsize 2.876 1.112 1 9
Dratio 0.254 0.303 0 1

Table 3.4: Descriptive Statistics of Sample 2009-2011 (Number of Obs. =2486)
Source: Authors’ calculations based on CHNS 2009 and 2011
Variables Mean Std. Dev.  Min. Max.

4 1643.396  1467.225  45.455 35000
A 7.162 12.022 1 200
Labor 20.222 11.199 1 76
Raising 1670.270  1867.218 20 9999
Age 54.285 11.094 22.030 88.180
Gend 0.905 0.293 0 1
Edu 6.409 4.030 0 16
Marriage 0.995 0.072 0 1
Hsize 2.663 1.050 1 7
Dratio 0.314 0.365 0 1
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Table 3.5: Descriptive Statistics of Sample 2000 (Number of Obs. =512)
Source: Authors’ calculations based on CHNS 2000

Variables Mean Std. Dev.  Min. Max.
& 1060.061  888.813  29.800 13564.900
A 5.047 5.791 1 75
Labor 14.562 8.255 2 60
Raising 841.860 830.484  40.066 6868.390
Age 47.022 10.108 21.280 88.180
Gend 0.914 0.281 0 1
Edu 6.887 3.782 0 16
Marriage 0.980 0.139 0 1
Hsize 3.322 1.119 2 7
Dratio 0.224 0.218 0 1

Table 3.6: Descriptive Statistics of Sample 2004 (Number of Obs. =1088)
Source: Authors’ calculations based on CHNS 2004

Variables Mean Std. Dev.  Min. Max.
4 1362.206  865.082 1.970  8756.260
A 5.392 6.638 1 75
Labor 23.720 11.769 2 72
Raising 973.057  1122.650 10.209 10188.700
Age 50.639 10.995 18.920 88.180
Gend 0.921 0.270 0 1
Edu 6.778 3.703 0 16
Marriage 0.980 0.141 0 1
Hsize 2.851 1.109 1 9
Dratio 0.259 0.303 0 1

Table 3.7: Descriptive Statistics of Sample 2006 (Number of Obs. =1227)
Source: Authors’ calculations based on CHNS 2006

Variables Mean Std. Dev.  Min. Max.

4 1665.286  2446.763  37.772 75544.700
A 6.852 9.045 1 90
Labor 21.110 11.289 1 79
Raising 1303.349  1791.435 20.817 20816.900
Age 51.907 11.019 24.070 85.420
Gend 0.910 0.286 0 1
Edu 6.414 4.139 0 16
Marriage 0.996 0.064 0 1
Hsize 2.711 1.062 1 7
Dratio 0.264 0.331 0 1
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Table 3.8: Descriptive Statistics of Sample 2009 (Number of Obs. =1251)

Source: Authors’ calculations based on CHNS 2009

Variables Mean Std. Dev.  Min. Max.
4 1643.996  1339.678  58.027 22050.300
A 7 10.943 1 130
Labor 19.963 11.282 1 76
Raising 1563.504  1799.716  29.286  9760.910
Age 53.786 11.246 22.830 88.180
Gend 0.900 0.300 0 1
Edu 6.368 4.030 0 16
Marriage 0.993 0.085 0 1
Hsize 2.678 1.056 1 7
Dratio 0.298 0.355 0 1

Table 3.9: Descriptive Statistics of Sample 2011 (Number of Obs. =1235)

Source: Authors’ calculations based on CHNS 2011

Variables Mean Std. Dev.  Min. Max.
4 1642.788  1586.553  45.455 35000
A 7.326 13.026 1 200
Labor 20.484 11.112 2 74
Raising 1778.420  1927.900 20 9999
Age 54.791 10.918 22.030  86.900
Gend 0.910 0.286 0 1
Edu 6.452 4.031 0 16
Marriage 0.997 0.057 0 1
Hsize 2.649 1.043 1 7
Dratio 0.329 0.375 0 1

140
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Table 3.10: Estimation Results for Existence of Inverse Relationship
Note: 1. The standard deviation is inside the parenthesis: *, **
10%, 5% and 1%; 2. Village dummies were included in regressions but not reported.

and *** denote the significant level of

Samples 2000-2011 2000 2004 2006 2009 2011
Dependent Variable: In 4%
InA -0.587*FFF  _0.549*%**  _0.689***  _0.67T1*¥** _0.556*%** -(0.453***
(0.012)  (0.044)  (0.029)  (0.024)  (0.022)  (0.026)
In Labor 0.112%%* -0.046 0.085**  0.217%%  0.061** -0.004
(0.016) (0.051) (0.042) (0.035) (0.030) (0.041)
In Raising 0.360***  0.218%**%  (0.372%FF  (.380%**  (.359%F*  (.314%**
(0.010)  (0.039)  (0.025)  (0.020)  (0.021)  (0.023)
Age 0.003*** 0.000 0.001 0.004** -0.001 0.000
(0.001) (0.003) (0.002) (0.002) (0.002) (0.002)
Gend 0.037 -0.156 0.047 0.035 0.025 0.102%*
(0.028) (0.097) (0.072) (0.058) (0.054) (0.062)
Edu -0.004 0.006 -0.001 -0.003 -0.005 -0.009%**
(0.002) (0.007) (0.006) (0.004) (0.004) (0.005)
Marriage 0.091 -0.128 0.137 -0.292 0.129 0.031
(0.079) (0.175) (0.134) (0.242) (0.174) (0.299)
Hsize -0.033%** 0.036 -0.008 -0.039%* -0.009 0.009
(0.008)  (0.026)  (0.021)  (0.019)  (0.018)  (0.022)
Dratio 0.024 0.279%* -0.032 0.016 0.076 -0.027
(0.027) (0.119) (0.067) (0.055) (0.052) (0.057)
Cons 5.240%**  5.975¥FK  4.993%KFk 5 151FKK 5267FFF 5 596%F*
(0.563) (0.417) (0.361) (0.340) (0.281) (0.406)
Number of Obs. 5313 512 1088 1227 1251 1235
R? 0.378 0.511 0.463 0.544 0.452 0.310
Adjusted R? 0.361 0.349 0.387 0.489 0.386 0.228
F-statistic 21.840 3.156 6.077 9.897 6.916 3.781
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Table 3.11: Estimation Results for Effect of Agricultural Land Marketization

Note: 1. The standard deviation is inside the parenthesis: *, **
10%, 5% and 1%; 2. The standard deviation of the difference between the coefficients before and after

and *** denote the significant level of

the agricultural land marketization is calculated by og = \/(Std.Err2000_2006)2 + (Std.Err2009_2011)2
and the test statistics is Z = Z2009=2011=F2000-2006 (see Clogg et al., 1995); 3. Village dummies were

9B

included in regressions but not reported.

Samples 2000-2006 2009-2011 Difference

Dependent Variable: In 4%

InA -0.666*** -0.503*** 0.163***
(0.017) (0.017) (0.024)

In Labor 0.167*** 0.030 -0.137%**
(0.021) (0.024) (0.032)

In Raising 0.369*** 0.331%** -0.038*
(0.014) (0.015) (0.021)

Age 0.070 0.050 -0.020
(0.094) (0.152) (0.179)

Gend 0.014 0.046 0.032
(0.040) (0.040) (0.057)

Edu 0.004*** -0.001 -0.005%**
(0.001) (0.001) (0.001)

Marriage -0.001 -0.007** -0.006
(0.003) (0.003) (0.004)

Hsize -0.046%** 0.006 0.052%**
(0.011) (0.014) (0.018)

Dratio 0.037 0.021 -0.016
(0.039) (0.038) (0.054)

Cons 5.159%** 5.534%** 0.375
(0.576) (0.230) (0.620)

Number of Obs. 2827 2486

R? 0.440 0.339

Adjusted R? 0.411 0.300

F-statistic 15.060 8.779




Table 3.12: Factor Decomposition of Improvement of Average Land Productivity
Note: In the factor decomposition, we omit the variables such that their coefficients are not statistically significant before or after the agricultural land
marketization and the variables such that the differences of their coefficients between before and after the marketization are not statistically significant. X, 3
and In denote the sample means of variables, coefficients and natural logarithm, respectively.

1 Y a er 1 Xll er 1 X ejore a er

Variables " s Past (n fe B Xoegore (fast Contribution
Before After Difference Before After Difference —In Xpe fore) —Bbefore)

In % 7.272  7.405 0.133 - - 0.133

InA 1.786  1.969 0.183 -0.666 -0.503 0.163 -0.092 0.291 0.199

In Raising  6.996  7.421 0.425 0.369  0.331 -0.038 0.141 -0.266 -0.125
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