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In the context of the SESAR (Single European Sky Air traffic management Research) Joint Undertaking, the role that the air
navigation service provider (ANSP) could play has been reconsidered. ANSP manages traffic and deals with potential conflict
situations and external events, which have led to the reorganization of the air traffic. The modification of traffic inevitably leads to
delays for airlines, which is costly. In this study, we suggest that ANSP could provide a costly delay reduction service to airlines.
Indeed, if ANSP has several solutions for traffic conflict resolution or reorganization, there is room for a choice between these
solutions using additional criteria. Our study thus proposes an original model in which we determine the optimal design of a delay
reduction contract signed between welfare- or profit-maximizing ANSPs and a monopoly airline. We give some comparative

statics, in particular, the evaluation of the impact of a modification in safety standards on the contract.

1. Introduction

Aviation in Europe is expected to experience rapid growth
and more delays in the future. According to STATFOR [1],
in the most likely scenario, there will be 14.4 million flights
in Europe in 2035; 50% more than in 2012. Moreover, air
traffic growth will be limited by the available airport ca-
pacity. When the capacity limits are reached, congestion at
airports will rapidly increase, leading to even more delays. In
addition, in Europe, 15% of the flights are currently delayed
due to ATM (Air Traffic management) reasons. To improve
and meet the development of the EU air transport sector, in
2004, the European Union and EUROCONTROL founded
the SESAR (Single European Sky Air traffic management
Research) Joint Undertaking, in which meeting future safety
needs and reducing delays are important targets (see [2];
European [3], 2015; [4]). In the context of SESAR, various
propositions to reduce delays have been made, such as in-
creasing the quality of air transport services. These

propositions are mainly technical; however, a delay reduc-
tion service has also been considered. This service corre-
sponds to an evolution in the role of the air navigation
service provider (ANSP), which was initially established to
be in charge of air traffic management. Under the delay
reduction service, when facing potential delays, an airline
will contact ANSP to find a solution to limit or to reduce
delays well in advance. After receiving an airline’s request,
ANSP will determine several solutions that satisfy all reg-
ulation constraints. Then, by costly calculation, evaluation,
and coordination, ANSP will select the solution to most
effectively reduce delays in line with airlines’ demands and
then implement it. In the short term, the service can be
provided free of charge due to the generous funding of
SESAR. In the long term, however, ANSP will face financial
constraints. Thus, a contract (hereafter, a “delay reduction
contract”) should be signed between ANSP and the airlines,
in order to make the service sustainable. This study aims to
study the optimal design of the delay reduction contract (in
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the USA, the Next Generation Air Transportation System is
the counterpart of the SESAR program. This program also
focuses on the improvement of the performance of ATM. As
such, our results can be easily considered).

A delay reduction contract will be set between ANSP and
a monopoly airline. This will consist of a degree of reduction
in delays to be incurred as a result of the conflict situation to
which ANSP commits with a transfer payment made by the
airline. We assume that the incentives and motivations of the
airline to sign such a contract are unknown by ANSP. This
assumption allows us to consider the fact that airlines may
vary in their willingness to pay for the same degree of re-
duction. Indeed, some airlines may greatly value being on
time or experiencing as little delay as possible. Incentives
from the demand side (reputation and quality of service) and
the supply side (network effect and cost of fuel) may explain
why airlines particularly value as little delay as possible. We
consider that this information is private and that the design
of the optimal contract is an adverse selection problem,
which results in the well-known trade-oft between efficiency
and rent extraction.

We analytically derive optimal contracts, considering
both the welfare- and profit-maximizing ANSPs. Indeed, we
consider that a certain part of the cost of choosing which
solution to adopt when delays are to occur has to be taken
either by the society (welfare maximization) or by a private
firm (profit maximization, only for the delay reduction
service). Our results are consistent with the principal-agent
literature: under incomplete information, the high-type
airline (i.e., a high value of delay reduction) receives an
information rent in order to avoid them taking the contract
designed for the low-type airline. More interestingly, when
the passenger surplus is taken into account, the airline can
even be subsidized to participate in the delay reduction
service in order to achieve higher welfare.

Furthermore, we conduct comparative static analysis to
study the effect of the relevant exogenous parameters on
optimal contracts, such as safety standards and flight fre-
quency. This analysis allows us to understand how the delay
reduction benefits and the cost of producing the delay re-
duction service interact. Finally, we use numerical examples
to study when a welfare-maximizing ANSP has to use public
funds to provide the delay reduction service. The trade-off
will be dependent on the impact of the delay reduction on
the passenger surplus. Indeed, if passengers greatly value the
delay reduction, then it becomes welfare improving to foster
the service of delay reduction.

1.1. Related Literature. Our study contributes to the liter-
ature on air traffic management in two principal ways. The
ATM literature centered on delays mainly focuses on the
reduction in global delays in the air transport system. The
proposed changes primarily consist of improving the
methods, which solve conflicts (new algorithms and speed of
computation) or allocate the slots for takeoft and landing
(see [5]), and can be found in the operational research
literature. However, global efficiency is sought, and several
solutions may lead to the same result in terms of global
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delays. We propose to complete this analysis by allowing for
the possibility of selecting particular solutions among those
available, in which some airlines could choose the maximum
amount by which they will be delayed. Then, we also model
the ANSP as a strategic agent and propose to assess the
performance of the ATM system while introducing the
opportunity to propose a delay reduction service. From this
perspective, our study is related to Blondiau et al. [6], in
which the relationship between the ANSP and the regulator
is modeled. Instead, we consider that ANSP has no personal
agenda and faces asymmetric information regarding the
airlines. The performance of the ANSP in controlling air
traffic has been assessed several times. Economists gen-
erally focus on the benchmarking of cost efficiency, as in
Bilotkach et al. [7] with EUROCONTROL data from 2002
to 2011, or with the study by Button and Neiva [8], which
focuses on the reform of the functional airspace blocks. The
performance is, however, measured ex-post, and no eco-
nomic model explaining where gains or losses can be found
is supported by these studies. We propose a simple model
to formalize the interaction between ANSP and an airline,
thus contributing to formalize how performance could be
achieved when making use of the relationship between the
stakeholders.

Our second main contribution to the ATM literature
concerns the way delays are modeled. Among others,
Brueckner [9, 10] models the delay cost as a nondecreasing
function of flight frequency during the peak travel period of
a day. Brueckner and Van Dender [11] collapse the peak and
oft-peak travel periods into a single travel period, in which
delays always exist. The US Federal Aviation Administration
[12] models delays as a convex function of flight frequency
and airport capacity. This delay function is estimated from
the steady-state queuing theory and has been used by
Morrison [13], Zhang and Zhang [14-16], and Basso [17].
Pels and Verhoef [18]; De Borger and Van Dender [19];
Basso and Zhang [20]; Yang and Zhang [21, 22]; and Gillen
and Mantin [23] use a linear delay function of flight fre-
quency. In this study, we model the delay function in order
to capture the causes of delays. In particular, our delay
function consists of the delays due to exceptional events
(exceptional events can be, for example, adverse weather
conditions, aircraft defects, and airport facility limitations)
and the delays induced by other flights, in which the number
of exceptional events in a slot follows a Poisson distribution.
These assumptions follow the typology of Cook and Tanner
[24]. In their study, the cost of the delays of airlines is
calculated by strategic delays (those accounted for in ad-
vance) 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 “re-
actionary” delays, in which original delays caused by one
aircraft (“primary” delays) cause “knock-on” effects to the
rest of the network (known as “secondary” or “reactionary”
delays). The delays in our model mainly correspond to
tactical delays, as in Cook and Tanner [24]. Moreover, the
delays due to exceptional events in own slots and the delays
induced by other flights in the delay function of this model
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roughly correspond to primary and reactionary delays, as
defined by Cook and Tanner [24], respectively.

Because there is an asymmetric information situation
between ANSP and the airline, we need to use incomplete
information contract theory. In the incentive theory and
regulation literature, Caillaud et al. [25] summarize two
types of the regulator’s objective function, that is, distri-
butional objectives and the cost of public funds. Baron and
Myerson [26] and Baron and Besanko [27] use the objective
function distributional objectives, while Laffont and Tirole
[28] use the objective function with the cost of public funds.
This study considers the cost of public funds when ANSP
acts as a social planner. In particular, because passengers
may benefit from the service but do not pay ANSP, it is
possible that the service is socially desirable, while the air-
line’s benefit from the service is not as high as the total cost
of providing the service. In this case, ANSP has to use public
funds to subsidize the service and thus considers the cost of
public funds in the objective function.

The rest of the study is organized as follows. Section 2
introduces the model. Section 3 derives optimal delay re-
duction contracts. Section 4 studies the adjustment of op-
timal contracts with respect to the modification of the main
exogenous parameters, such as safety (a priority of the ATM)
and frequency (a measure of the intensity of the activity
consequently producing delays). Section 5 uses numerical
examples to study when a welfare-maximizing ANSP has to
use public funds to provide the delay reduction service.
Section 6 concludes the study.

2. The Model

We consider a monopoly ANSP, a monopoly airline, pas-
sengers with a mass N, and an air transport system con-
necting two airports. Indeed, our main objective is to
determine under which conditions an airline may want to
sign a contract with ANSP, which results in shorter delays,
and if so, what form the contract should take.
Conditional on the use of the airline, following
Brueckner [29]; Brueckner and Flores-Fillol [30]; and
Flores-Fillol [31, 32], the passenger utility is as follows:

v=y-p+b+a(s)—aD(s). (1)

In equation (1), y is the passengers’ income; p is the fare;
b is the passengers’ travel benefit, which is uniformly dis-
tributed on the support [b, b]; a(s) is the passengers’ utility
gain from a safety standard s with as(s)>0; « is the pas-
sengers’ value of time; and D (s), which is a function of safety
standard s, is the expected delays per flight (in time units).

With respect to the passenger utility function, there are
several points to be noted. First, there is another type of
passenger utility function, that is, a quadratic passenger
utility, proposed by Dixit [33]. Such utility function can be
found in Richard [34]; Fu et al. [35]; Lin [36, 37]; Jiang and
Zhang [38]; D’Alfonso et al. [39]; and Wang and Wang
[40, 41]. The main purpose of this type of utility function is to
include two substitutable air transport services, reflecting
horizontal product differentiation. As there is only one type

of air transport service in this model, a linear passenger
utility function is enough to satisty the research purpose and
helps to simplify the analysis. Second, according to the
University of Westminster [42], three types of passenger
costs of delay may be considered: (i) “hard” costs (borne by
the airline, such as rebooking and compensation); (ii) “soft”
costs (borne by the airline, such as the loss of market share
due to passenger dissatisfaction); and (iii) “internalized”
costs (borne by the passenger and not passed on to the
airline, such as the potential loss of business due to the late
arrival at meetings). The passengers’ value of time in this
model mainly refers to the “internalized” costs in the
University of Westminster [42]. Third, a safety standard is
introduced to the model in order to take into account the
fact that the premier objective of ATM is to ensure a safe
flight, no matter the delays induced. Our analysis helps to
understand the choices that could be made among the
several regulations when conflict occurs, which satisfy the
safety standards. This choice could be driven by the fact that
some airlines want to buy the delay reduction service.
Moreover, the safety standard s is exogenous and can vary
within [s,5].

The specification we build of expected delays per flight is
as follows:

100 (377 FYk - BT ™!
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In equation (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 BT/f, in which f is the ex-
ceptional event arriving rate; T is the number of available
hours; and f is the flight frequency. It is assumed that flights
are evenly spaced during available hours. Consequently, the
duration of a slot is T/f. k is the number of exceptional
events, g (s) is the number of delays caused by an exceptional
event, and g’ (s)>0 captures the fact that the higher the
safety standard, the longer delays will be (see [2, 4, 43]). The
second term in the square brackets is the delays induced by
other flights, which decreases with T/ f and increases with f3
and g (s). What is more, the parameter y > 0 is the so-called
“delay externality parameter” in this study. A greater y
implies a more severe effect from other flights. In fact, the
second term can be interpreted as the delays caused by
airport congestion. The square brackets are two times be-
cause we consider two airports.

Passengers also have an outside option, for instance, to
travel by train. Conditional on the use of the outside option,
the passenger utility is v, = y + 2z, in which z is the net
benefit of the outside option.

Hence, a passenger chooses to travel by plane when
y—p+b+a(s)—a D(s)>y+z which is equivalent to
b>p—-a(s)+a D(s) +z, that is, when the travel benefit
exceeds the ticket price minus the passengers utility from
safety, plus the impact of delays, parametrized by the
safety standard, plus the value of the outside option. The
air traffic (air passengers’ demand) then equals the
following:
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N (3)
= N
[b-p+a(s)—a D(s) Z]E_b.

We assume a separable airline cost function, composed
of the costs to operate traffic, to launch an activity (and thus
this part is fixed), and the cost of being delayed. We assume
also that airlines may differ with respect to their value of time
(we will further consider only one airline, which can be of
the high value of time type or low value of time type.
Obviously, the extensions would consider competition be-
tween airlines and how it influences the delay reduction
contract). Hence, the airline’s cost is as follows:

Cairline = 79 + 6f + ef D(S) (4)

In equation (4), 7q is the variable cost, in which 7 is the
marginal cost per seat; § f is the fixed cost, in which f stands
for the frequency of flights, that is, a given number of flights
per unit of time; ¢ is the fixed operating cost of a flight; and

p*(s):%[E+T+a(s)—z—o¢D(s)],

q" (s) =%11[E—T+a(s)—z—(xD(s)],
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0f D(s) is the supply-side delay cost, in which 0 is the
airline’s value of time. 6 may not be observed by ANSP.
However, it is common knowledge that 6 belongs to the set
® = {6,6}, in which 6,0 >0 and A6 = 60 >0. If 6 is the
airline’s private knowledge, the airline can be the one with 0
or § with probabilities y and 1 -y, respectively. These
probabilities represent ANSP prior to the type of airline (low
value of time type or high value of time type).

The airline maximizes profit by choosing the fare (in this
model, flight frequency is not an endogenous decision
variable of the airline. One reason can be the slot control in
Europe. That is, at all major European airports, takeoff and
landing slots are allocated through “grandfather rights” and
the “use it or lose it” rule. However, in the comparative static
analysis, we will study how the change in flight frequency
affects optimal contracts), that is,

l’f{l;‘}X” = pq(p) —[rq(p) +8f +6f D(s)]. (5)

Letting 7 = N/ (b-b), the optimal solution of equation
(5) is as follows:

(6)

n*(6,s) = —in{2[5—1‘+a(s)—z] —aD(s)la D(s) = 0f D(s) %q[E—Ha(s)—Z]Z - 8f.

demand side delay cost

The optimal fare increases with the private benefit of
traveling for passengers and with the marginal cost to
produce the transport service. Note that the optimal fare is
increasing with the passengers’ utility gain from a safety
standard and decreasing with the delays. Finally, the higher
the value of the outside option, the lower the optimal fare.

According to the optimal profit of the airline, delays will
play a role both in airline cost and consumer demand. With
long delays, the same quantity of transport service (that is,

Vi(s)=y-p (s)+b+a(s)—aD(s),

pst(s) = Jb

p*(s)-a(s)+a D(s)+z

[y-p"(s) +b+als)—a D(s)]n db +j

consumers travelling

supply side delay cost

the number of passengers) is to be operated at a lower price.
However, costs also increase, and consequently, it may be
less and less profitable for the airline to operate traffic. If
airlines greatly value delays, they may be interested in buying
contracts that enable a fixed and reduced exposure to delays.
We thus introduce ANSP, which will maximize the social
welfare (or its profit).

We then obtain the passenger utility and surplus as
follows:

WP (s)—a(s)+a D(s) +Z (00 db

consumers using other modes of transport

= —éq{2[5—r+a(s)—z] - D(s)}a D(s) +%;1[E+r—a(s)+z]2—§175[5+7—a(s)—z] +%ql§2—ryb(y+z)+115y.

pass enger delay impacton welfare

(7)
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ANSP makes a take-it-or-leave-it offer (a contract) to the
airline, in which contracting variables are r and t. 7 € [0, 1] is
the degree of the delay reduction service that ANSP provides
to the airline, and t is the payment transfer from the airline
to ANSP. After signing the contract, the expected delays per
flight reduce from D(s) to D(s)[1—-R(o,r)], in which
R(o,r) is the fraction of delay reduction and ¢ measures the
effectiveness of the service. It 1is assumed that

P (s,r)=p"(s)+ %(x D(s)oln(1 + 1),

Q" (s,r)=4q"(s) + %1105 D(s)oln(1 + 1),

OR(0,7)/dc >0, OR(0,7)/0r >0, and 3*R(0,r)/dr* <0, in
which the last two derivatives capture that the marginal
value of the service is positive but decreasing with the degree.
In order to obtain analytical results, it is assumed that
R(o,7) = oln(1 + r), with o € [0, 1/In 2]. The fare, air traffic,
airline profit, passenger utility, and passenger surplus will
then be as follows:

I1°(0,s,1v) = " (0,5) +lr]0c2D(s)202 [In(1+ )]+ q" (s)a D(s)aln(1+7r) + 6f D(s)oln(1+7) ,

initial profit

demand side delay reduction benefit

Vi(s,r) =v"(s) + %oc D(s)oln(1 + 1),

PS* (s,1) = ps*(s)

supply side delay reduction benefit (8)

+2 {i 1D o In(1+ NI+ (9 D(oln (1 + )} .

initial pass enger surplus

, respectively. These results show that the airline can
enjoy both demand and supply-side delay reduction benefits
and that the passengers can enjoy higher surplus, even
though the fare increases.

Finally, ANSP’s cost of providing the service (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) is as follows:

Cansp (s,1) =m(s)r. (9)

In equation (9), m (s) is the marginal cost of the service,
which increases with the safety standard, that is, m' (s)=0
(see [43]). In fact, when providing the service, the ANSP has
to spend more time on evaluation and coordination in order
to satisfy a higher safety standard, which will inevitably
result in a higher cost.

The timeline of the model is shown in Figure 1.

3. Optimal Contracts

In this section, we derive optimal contracts by considering
both the welfare- and profit-maximizing ANSPs. Note that
we focus the following discussions on interior solutions.

3.1. Welfare-Maximizing ANSP. The welfare-maximizing
ANSP’s objective is as follows:
max W = PS" (s,7) + 1" (0, s,7) — Cynsp (5, 7)
{(rt)} (10)

= MCansp (5:7) = t]1icc s

passenger delay reduction benefit

Here, A is the shadow cost of public funds. Note that
when the transfer ¢ is not enough to cover the total cost of
providing the service C 4 ygp (s, 7) and the social values of the
service  are  nonnegative, that s, [PS* (s,7)—
ps* ()] + [TI* (6,s,7) =" (0,5)] = Cynsp (5:7) —AIC 4nsp
(s,7) = t]1;.c(s,)=0, public funds should be used to cover the
gap between t and C,yp (s,7) but at some costs (shadow
costs of public funds).

Passengers’ value of time will be a determinant for the
existence of an air transport market, as shown in Lemma 1.

Lemma 1. Existence of the air transport market. If passengers
place a lot of importance on the event of being delayed, then
they will always choose another mode of transportation.
Hence,  the air  transport  market  exists  if
a<b-1+a(s)—z/D(s).

Proof. In Appendix B.1.

As there might exist a distinction between the benefits of
the monopoly airline and the welfare-maximizing ANSP, in
the case of welfare-maximizing ANSP, we have to distin-
guish between two scenarios, that is, the “high airline
benefit” and the “low airline benefit.” For a welfare-maxi-
mizing ANSP, the sum of the airline profit, passenger
surplus, and the cost of providing the delay reduction service
are maximized. Therefore, if the social benefit of the airline
and passengers derived from a delay reduction service is
larger than the social cost of ANSP providing the delay
reduction service, the welfare-maximizing ANSP should
always provide the delay reduction service.
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The ANSP offers
a contract

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

The contract
is executed

The airline accepts
or refuses the
contract

FiGure 1: Timeline.

In fact, both the airline and passengers benefit from the
service, but only the airline pays for the service. Hence, if the
airline’s benefit from the service is higher than ANSP’s cost
of providing the service, the transfer from the airline to
ANSP could be enough to cover ANSP’s cost. This is the case
in scenario 1 (high airline benefit). However, if the airline’s
benefit from the service is lower than ANSP’s cost of pro-
viding the service, the airline’s transfer will never be enough
to cover ANSP’s cost (note that the highest transfer equals
the airline’s benefit from the service), and therefore, ANSP
will have to use public funds to provide the delay reduction
service at some cost. This is the case in scenario 2 (low-airline
benefit). O

3.1.1. Scenario I: High-Airline Benefit. In this scenario, both
passengers and the airline benefit from the service and the
airline’s benefit are higher than ANSP’s cost of providing the
service. Hence, the delay reduction contract could be
implemented without using public funds. However, the
problem here is to quantify under incomplete information
the importance of the information rent. Let us start with a
complete information setting.

= [m (s)7"®,

I (5, s, FFB) - (6, s)],

T
1™+ 5

€ [m(s)FgB, H*(Q, &?) -7 (6 5)]

(2) Incomplete Information. Under incomplete information,
the first-best optimal degrees of the service can be feasible
and induced costs for ANSP are covered (without the need to
leverage public funds). Indeed, the benefits of delay re-
duction together with passengers and the airline are enough
to compensate the costs of providing the delay reduction
service.

ANSP maximizes the expected social welfare as follows:

{I(na;(} W = y[PS (s,7)+11°(0,s,7) - Cunsp (s, 7)]
+ (1= @[PS (5,1) +II" (6, 5,7) = Cynsp (5:7)]-

(13)

Q 53;70c2D(s)2021n<1+?> {4m(s)<1+r> 3lb-7+a(s) -z -a D(9)a D(s)o-48 f D(s)a} = 0

(1) Complete Information. Under complete information, it is
optimal for ANSP to set the transfer at least as the cost of
providing the service. Accordingly, the optimization prob-
lem of the ANSP is as follows:

nﬁsz PS* (s,7) + 1" (6, 5,7) = Cynsp (5, 7). (11)

Then, by taking the first-order condition of equation
(11), we can obtain that the first-best (FB) optimal contracts
for the airline with 0 and 6 are {(rFB I3 )} and {(rFB, tFB)}
respectively. In particular, as shown in (12), 72 and 7B are
determined by Q =0 and Q = 0, respectively. These two
implicit functions define the optimal degrees of the delay
reduction service in contracts. For both Q and Q, the op-
timal degree is determined by the intersection of a loga-
rithmic and linear function of r. According to Q =0 and
Q = 0in equation (12), because 6 > 0, we also have 78 > r8
A detailed discussion about the second-order condition of
equation (11) is in Appendix A. Discussions about other
second-order conditions in this study are similar and are,
therefore, omitted hereafter. In addition, 7= and tfB are
given as follows:

[ Q = 317a2D (s)zazln(l + FFB) —{4m(s)(l + FFB) - 311[5 —1+a(s)—z—a D(s)]a D(s)o - 4@f D(s)o} =0

(12)

For feasible separating contracts, the airline’s incentive
compatibility and participation constraints must be satisfied,
that is,

" (6,s,7) — £211°(6,5,r) — t,

I (% _) - 211" (0,s,7) - 1, (14)
1" (0,s,7) —t=n" (6, s),

I0* (6,s,r) —t=n" (6, s).

The information rent of the airline is denoted with 6 and
by @ and u, respectively, in  which
=11*(0,s,7) —n*(0,s) =t and u=I1"(0,s,r)—m

NS
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(6,s) —t. Then, we can write the airline’s incentive com-
patibility and participation constraints as follows:

uzu+A0f D(s)oln(1+r),
uzt — A0f D(s)oln(1 +7),

E;O)

(15)

u>0.

In order to solve the ANSP’s problem, first
uzu+A0f D(s)oln(1 +r) should be made, u >0 should be
binding, u>u—-A0f D(s)oln(1+7) and %u=>0 should be
omitted, and then the omitted constraints should be checked
after solving the problem. The simplified constraints become
u=A0f D(s)oln(1+r) and u =0.

In fact, the maximization of equation (13) gives the same
optimal degrees of the service as under complete infor-
mation, that is, 772 and r® determined by Q =0 and Q = 0
in equation (12). Furthermore, the second-best (SB) optimal
degrees 78 =78 and 1B = ¢ can satisfy the omitted
constraints u >t — AGf D (s)oln (1 +7) and %>0. According
tot=A0f D(s)oln(1 +r) and u = 0, the second-best op-
timal transfers are as follows:

PP =1 (6.577) -7 (0.5) - 067 D(9oln(1+7 ),

SB FB
t :H*<Q,s,[>—ﬂ*(g,s).

(16)

as long as PP>C ansp (5, 7FB). Furthermore, as shown in I
in equation (16), ANSP provides an information rent
AOf D(s)aln (1 + rf®) to the airline with 6 in order to avoid
it mimicking the other type.

If %% < C ygp (5, 7FB), ANSP may still propose separating
contracts by using public funds or propose a pooling con-
tract without using public funds. The separating contracts
are more effective than the pooling contract in terms of
efficiency, while the pooling contract saves the cost of public
funds. As the optimality between these two types of contracts
depends on parameter values, it will be an issue in practice.

3.1.2. Scenario 2: Low-Airline Benefit. In this scenario, both
passengers and the airline can benefit from the service and
the airline’s benefit is lower than 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 ANSP to
use public funds (even at shadow cost 1) to cover the part of
the costs, which cannot be covered by the airline’s transfer.
Because the analysis for 772 and rf® under complete
information is similar to that in Scenario 1, we will only
derive optimal contracts under incomplete information.

(1) Incomplete Information. Under incomplete information,
ANSP maximizes the expected social welfare as follows:

max W = u{PS" (s,7) + II" (8, 5,7) = Cpysp (5, 7) = A[Cansp (5, 7) — £]}

{@0: (rt)}

(17)

+(1- P‘){PS* (5’ Z) +11° (Q’ S5 K) = Cansp (5’ K) - A[CANSP (5’ K) - E]}>

subject to the airline’s incentive compatibility and partici-
pation constraints, as shown in Scenario 1.

Following the same procedure of derivation as in Sce-
nario 1, plugging ¢=1II"(6,s,7)—7n"(6,s)- AOf D
(s)oln(1+r) and t=11"(0,s,r) — 7" (6,s) into (11) and
taking the first-order condition of equation (11), we can

obtain the second-best optimal menu of contracts
{(?SB, fSB), (B, {SB)}, as shown in equation (12). Again, 7B
and r°B are determined by the intersection of a loga-
rithmic and linear function and satisfy the omitted
constraints. In addition, the second-order condition is
also satisfied.
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(O = (3+20)nd’D(s)’’In(1+77) —{4(1 + Hm(s)(1+77)

—(3+2A)11[E—T+a(s)—z—(x D(s)]a D(s)o

t = —17(x2D(s)202 [ln(l +?SB)]2 +{%11[E— T+a(s)—z—-a D(s)]a

+BfID ()oln(1+77) - AQF D(s)aln(l " Sf)

10 =06+ 2/\)17042D(s)2021n<1 + SKB) —{4(1 ‘ A)m(s)<1 + Sf) (18)
-3+ ZA)n[E— T+a(s)—z—a D(s)]a D(s)o
—4(1+ 10 f D(s)o+41L/\A9f D(s)a} =0,
—H
SB 1, 5 se\]P (1 -
t :me D(s)o ln<1+[> +{En[b—r+a(s)—z—aD(s)](x
SB
+Qf}D(s)olr1<1 + [).
According to equation (18), for the optimal degrees of Next, we will derive optimal contracts under

the service we can obtain 78 = 78 and r’8 <8, In par-

ticular, there is no distortion for the airline with 6, while
there is a downward distortion for the one with 6. Here, we
also have 752 > 5B, In addition, only the airline with 6 can get
a positive information rent AGf D (s)oln(1 + r8). In fact,
under incomplete information, the optimal degree for the
airline with 0 is distorted downwards to decrease the in-
formation rent of the airline with 6, which reflects the trade-
off between efficiency and rent extraction.

3.2.  Profit-Maximizing ANSP. The profit-maximizing
ANSP’s objective is to maximize the difference between the
transfer and the cost of providing the service, that is,

maxH=t-C (s, 7).
s ANSP (19)

0<asb-T1+a(s)—z/D(s).

3.2.1. Complete Information. Under complete information,
the ANSP will set the transfer as the airline’s benefit from the
service, that is, t = II* (6, s,r) — 7 (0,s). Accordingly, the
optimization problem of the ANSP is as follows:

max H = I1" (6,s,r) = " (0, 5) — C ynsp (5, 7). (20)

Then, by taking the first-order condition of equation (20),
we can obtain that the first-best optimal contracts for the airline
with 6 and 6 are {(FF B,?FB)} and {(r"8, tFB)}, respectively, as
shown in equation (21). Again, 7% and r’® are determined by
the intersection of a logarithmic and linear function, and
because > 0, we have 778 > rFB_In addition, the second-order
condition can be satisfied as follows:
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Q  =4a’D(s)’0’In(1+77) —f2m(s)(1+77)
—nlb-t+a(s)—z—a D(s)]a D(s)o - 2(§f D(s)a} =0,
[ intxzD(s)za2 [ln<1 + FFB)]2 +{%r][5 —1+a(s)—-z-—a D(s)]a
+6f}D(s)oln(1+77),
) (21)

10 f}D(s)aln(l " FZB)

3.2.2. Incomplete Information. Under incomplete informa-
tion, ANSP maximizes the expected profit as follows:

max H = u[t - Cuysp (s, 7)] + (1= ) [t —Cansp (5.7)],
{@D; (r.t)}

(22)

t = imxzD(s)zaz[ln(l + ?)]

[0} = mxzD(s)zazln<1 +F[B) —{Zm (s)<l + FKB)
~nlb-t+a(s)-z-aD(s)la D(s)o - 26 f D(s)a} =0,

+{%;7[E—T+a(s)—z—oc D(s)]a

subject to the airline’s incentive compatibility and partici-
pation constraints as shown in Scenario 1 of welfare-max-
imizing ANSP.

Then, by taking the first-order condition of equation
(22), we can obtain the second-best optimal menu of
contracts {(?SB,fSB), (KSB,ESB)}, as shown in equation (23).
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Again, 78 and r’® are determined by the intersection of a
logarithmic and linear function and can satisfy omitted

SB 1
4

5 5 SB SB
Q  =na’D(s) aln<1+£>—{2m(s)<1+g>
P,
+2 ¢ ABf D(s)or =0,
L—u
SB
t

+Qf}D(s)aln<l + SKB>

According to equation (15) and equation (17), for the
optimal degrees of the service, we can obtain 78 = 7% and
S8 < rFB_ In particular, there is no distortion for the airline
with 0, while there is a downward distortion for the one with
0. Here, we also have 7°8 > rSB. Moreover, only the airline
with 6 can get a positive information rent
AOf D(s)oln (1 +rB).

4. Adjustments of Optimal Contracts

Because contracts should be adjusted over time according to
the evolution of relevant exogenous variables, we will study
the effects of safety standard and flight frequency on optimal
contracts. Furthermore, we will use the optimal contracts
under incomplete information in Scenario 2 of welfare-
maximizing ANSP as an example. For other optimal con-
tracts, the analysis is similar and, therefore, omitted
hereafter.

As we do not have explicit solutions for the optimal
degree of the service, we will use derivatives of implicit
functions. LOGR and LR are used to denote the logarithmic
and linear functions, respectively. In particular, for a variable
x; (I=1,2,...,L), we have 0r/ox; = —(0Q/0x;)/ (0Q/0r).
Since 0Q)/0r = slope (LOGR) — slope (LR) < 0 must hold for
any optimal degree, the sign of 0r/dx; is the same as that of

Mathematical Problems in Engineering

constraints. In addition, the second-order condition can
be satisfied as follows:

(Q = nazD(s)zazln(l + ?SB) —{2m (s)(l + ?SB)
—11[E—T+a(s) —-z—-a D(s)]a D(s)0—2§f D(s)o} =0,

P = —ya’D(s)’0’ [ln(l +7$B)]2 +{%11[E— T+a(s)—z—aD(s)]a

+6f}D (s)oln(1+7") - AGf D(s)aln(l + sf)

(23)

—11[E—T+a(s) —-z—a D(s)la D(s)o—20 f D(s)o

2
=ina2D<s)202[ln(1 +SKB>] +fynlb-+a(-z-a D)l

0Q)/0x;. That is, in order to see the effect of a variable on the
optimal degree, we need to study its effect on the implicit
function that determines the optimal degree.

4.1. Effect of Safety Standard. Undoubtedly, safety is the
highest priority in the air transport sector and the safety
standard is always increasing. Consequently, it is worth
studying how the improvement in safety standards affects
optimal degrees. We first give a definition.

Definition 1. The safety elasticity of delays and the safety
elasticity of cost are defined as, respectively,

dg(s) s
Egs g(s) ds

(24)
dm(s) s
Ems m(s) ds

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 8 (78) and &8 (r58) denote two thresholds, in
which



Mathematical Problems in Engineering

() = (3+2))na D(s)os OV (s,7)
20+ +7)m(s)  os
x/ SB (25)
SB(SB> B (3+2M)na D(s)os ay(s, f)
elr)=- .

2(1 +/\)<1 +SgB>m(s) 9

Then, we obtain Proposition 1.

0Q
Os

f

+00 (ﬁT/f)ke—(ﬁT/f)
'Z{Z (k-1)!

k=1

By using ¢, ¢, and equation (18), 9Q/0s becomes

0Q 1
0s

Next, introducing the direct effect of the improvement of
safety standard on passenger utility, that is,

=1
s

and plugging V"~ (s, 7°F)/0s into 9Q/ds, we can obtain
the first point of Proposition 1.

We can analogously obtain the second point.

According to Proposition 1, the optimal degree of the
service increases with the 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. In addition, if passengers can directly benefit from a
higher safety standard, the threshold will be negative. In
order to illustrate the first point of Proposition 1, we analyze
the effects of safety standards in equation (26). In particular,
the improvement in safety standards 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 equation (26) shows a direct and an indirect effect of
longer delays caused by an exceptional event on the degree of
the service. On the one hand, longer delays will increase the
marginal benefit of the service to society and thus give ANSP
a direct incentive to increase the degree. ¢, in the first point

100 (BT FYk e~ BT
{ a'(s) -2« |:Z PTifye ~ 7 /(i)—el)! +
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Proposition 1. For the effect of the improvement of safety
standard s on the degree of delay reduction service r:

(1) 7B increases with s if and only if €55 — €288 (78)
(2) 18 increases with s if and only if €55 — &€ 8 (1r58)

Proof. We first consider the effect of s on 7°F. According to
equation (18), we have the following:

— ={26+ 211’ D(9)o’In(1 + 7 ) = (3 + 21)na’D(s)o + (3 + 20)y[b— 7+ a(s) — z - a D(s)]ac + 4(1 + 1)0f o}

(26)

+YBT g'(s)+ (3 +2)na D(s)aar (s) = 4(1+ D)(1+ 7 )mi (s).

= (41479 ey - ) +3+ 2@ D(oar (9 -« D)1= aln(1+77) e, | | (27)

yﬁ%:| [1 - aln(l + FSB)]gI (s) }
(28)

21 {a' (s)s—a D(s) [1 - aln(l + FSB)]sgs}.

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,
therefore, give ANSP an indirect incentive to decrease the
degree. In the second term, the higher utility gain will in-
crease the air traffic, which implies a higher marginal benefit
of the service to society, and, thus, give ANSP an indirect
incentive to increase the degree. In addition, in the third
term, the higher marginal cost of the service gives ANSP a
direct incentive to decrease the degree. ¢, 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 in the degree can dominate the others.

We can analogously illustrate the second point, although
we consider another effect in terms of the information rent.
In particular, longer delays caused by an exceptional event
will increase the information rent of the airline with 6, which
is a function of r8, and, therefore, give the ANSP an indirect

incentive to decrease 5.
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Next, as we discuss the effects of the improvement of
safety standards through longer delays caused by an ex-
ceptional event, we also extend our analysis to study how the
longer expected delays per flight affect optimal degrees. Let
@B (7°8) and a8 (r5P) denote two thresholds, in which

a0 = (1+)m(s)(1+77)
* ‘D(s)\(3+2A)qa[1—aln(1+753)]’
(29)
SB
5()- a+im(1+7)
o D(S)\(3+2/\)110[1—01n<1+sf)]
Then, we obtain Proposition 2. O

Proposition 2. For the effect of the change in expected delays
per flight D (s) on the degree of delay reduction service r:

(1) 7B increases with D (s) if and only if a<a*? (¥B)
(2) rB increases with D (s) if and only if a<aSB (rSB)

Proof. In Appendix B.2.

According to Proposition 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, longer delays affect optimal de-
grees mainly through a direct effect (higher marginal benefit
of the service to society) and an indirect effect (less traffic).
Proposition 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. Ac-
cordingly, the direct effect will be dominated by the indirect
one, and then, optimal degrees will decrease.

Moreover, as @8 (7°8)>a’E (r5B), it is possible that when
delays become longer, ANSP should adjust optimal degrees
in opposite directions. Considering also a'® (7/'8) > a8 (+FB)
under complete information in Scenario 2 of welfare-
maximizing ANSP, we have Corollary 1. |

Corollary 1. When  D(s)  becomes  longer, if
QFB (fFB) <a< aFB (FFB) (resp. QSB (KSB) <a< &SB (FSB)), Op-
timal degrees under complete (resp. incomplete) information

N *Z"" (BT/f)'e

T (ke — (BT1 £)) (1/f)
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will move in  opposite  directions.  Furthermore,

@SB (75B) — o8B (rB) > &l B (#F'B) — o B (rFB) implies that the
existence of information rent increases the possibility that
optimal degrees move in opposite directions.

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

We first introduce some notations. According to
Proposition 2, 072/0D(s)>0 if and only if ®>0 and
orSB/0D (s) > 0 if and only if W0, in which

®=4(1+0)m(s)(1+7) = (3+20)na’D(s)’0[1 - aln(1 +7°%)],

¥ =4(1 +/\)m(s)<1 +SKB) -3 +2A)qa2D(s)20[l —aln(l +Sf)]

(30)
Moreover, let T ¥ and T f denote two thresholds, in which
T
Ff T-2(1 +/1)9D(s) 6[3—(5)’
I, =T- 2(1+/\)6 )LAG () LT
=f= S U\I/ ﬂg(s)’ (31)

(BTLN e FTD (ke — (BT )(T°1 )
(k-1)! '

-3

In fact, T is a threshold such that 0D (s)/0 f >0 if and only
if y=I". Then, we obtain Proposition 3.

Proposition 3. For the effect of the change in flight frequency
f on the degree of delay reduction service r:

(1) When @ (resp. < )0, 78
l'fy?(resps)max{o, Tf}

(2) When W= (resp. < )0, r8 increases with f if and only
ify?(resps)max{o, Lf}

increases with f if and only

Proof. We first consider the effect of f on 72, According to
equation (18), we have the following:

of (k- 1)

+4(1+1)80D(s)o.

By using equation (18), equation (32) becomes

90+ 1909
(32)

=[2(3+ 211’ D (5)0’In(1+7°%) = (3 + 20)na’ D (s)o.
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“FTD (k (BT ) (1/1)
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a2 ffwTﬁ)
3f D(s) (k- 1)

Next, using ff, we can obtain the first point of Prop-
osition 3.

We can analogously obtain the second point.

According to Proposition 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. How-
ever, 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. In order to illustrate the first point of Propo-
sition 3, we should analyze the effects of flight frequency in
equation (32). In particular, the increase in flight fre-
quency 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 equation (32), the first term shows the change in delays,
and the second term shows the change in supply-side
delay reduction benefit.

The case >0 is first considered. In this case, we have
[>T ;. If the externality of delays between flights is signifi-
cant, that is, y=T, the delays induced by other flights will
dominate the delays due to exceptional events in own slot.
Accordingly, 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 equation (32)
is to increase 7° when flight frequency increases. Consid-
ering also the higher supply-side delay reduction benefit of
the airline shown in the second term in equation (32), 72
will increase with flight frequency.

However, if the externality of delays between flights is
not significant, that is, y <T, the delays induced by other
flights will be dominated by the delays due to exceptional
events in own slot. Consequently, expected delays per flight
become shorter when flight frequency increases, and then,
the net effect shown in the first term in equation (32) de-
creases to 7P when flight frequency increases. Next, if
max{O, ff}sy <T, the effect from the delays due to excep-
tional 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 equation (32). Then, 72
will still increase with flight frequency. Nevertheless, if
y < max{O T } the effect from the delays due to exceptional
events in own slot will be strong enough. Then, 7 will
decrease with flight frequency. To summarize, when ®>0,
758 will increase with flight frequency if and only if
y= max{O, T f}. Furthermore, we can analogously analyze the
case ®<0.

In fact, the analysis for the second point of Proposition 3
is similar to that above, except that we should also consider
the effect of flight frequency on the information rent of the
airline with . U

guymﬁ%gu)®+zu+AﬁDufa} (33)

5. The Use of Public Funds

For a welfare-maximizing ANSP, when the airline’s benefit is
higher than ANSP’s cost of providing the service (Scenario
1), ANSP may not have to use public funds. However, when
the airline’s benefit is lower than ANSP’s cost of providing
the service (Scenario 2), ANSP has to use public funds.
Therefore, in this section, by choosing proper parameter
values (parameter 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,
[CS* (s,7) —cs™ (s)]+ [IT* (0, s,1) — (6,5)] — Cynsp
(5,7) = ACunsp (8,7) = t]1,.c(51=0.) and function specifi-

cations, we use numerical examples to study when a welfare-
maximizing ANSP has to use public funds to provide the
delay reduction service.

In particular, in all numerical examples, we use
a(s) =1Ins/(2 In 2), g(s) =0.01 % 2°, and
m(s) = 0.06 +0.01s. As we can see, a(s) is a concave
function of s; g(s) is a convex function of s; and m(s) is a
linear function of s. Additionally, we use = 0.01, y = 120,
0=1,1=004 N=2,b=3,b=1,5s=2,7=08, T =1.5,
f=1landz=2

The airline’s net benefit is first considered from the
service:

w=1"(0,s,7) = 7" (6,5) — Cynsp (7). (34)

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 find that for each set of
parameter Vah/%es there exists a threshold/\r, such that w>0 if
and only if r<r. Therefore, as long as r > r, ANSP has to use
public funds to provide the service. For example, using o =
0.35 and ¢ = 1/In 2, we can obtain Figure 2.

The marginal benefit of the service to society is denoted
by MB, and the marginal cost of the service to ANSP is
denoted by MC. If MB (£)<MC, in order to make MB equal
to MC, ANSP will decrease the degree, and then, the optimal
degree will be r~ with r~ <r. When r = r~, the airline’s
benefit is higher than ANSP’s cost of providing the service,
implying w>0, and therefore, ANSP may not have to use
public funds. However, if MB(r) > MC, in order to make
MB equal to MC, ANSP will increase the degree, and then,
the optimal degree will be r* with * >#. When r = r*, the
airline’s benefit is lower than ANSP’s cost of providing the
service, implying w <0, and thus, ANSP has to use public
funds.

The next two important parameters should be consid-
ered, that is, the passengers’ value of time « and the ef-
fectiveness of the service 0. Here, we use the following values
of a and o: a=0.05a with @&e€ [0,50]NZ and
0 =0/(20 In 2) with 7 € [9,20]NZ. For each set of pa-
rameter values, we calculate 7. Then, we calculate
MB(r) — MC. If the difference is positive, ANSP has to use
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FIGURE 2: The airline’s net benefit from the service. Note: r is the degree of delay reduction service, and 7 is a threshold such that w>0 if and

only if r<7.
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FIGURE 3: The use of public funds. Note: « is the passengers’ value of time, and ¢ is the effectiveness of delay reduction service.

public funds. Otherwise, ANSP may not have to use public
funds. The results of the simulation are shown in Figure 3.

In Figure 3, we find that if ¢ is high (that is, the service is
very effective), the airline can always obtain a high benefit
from the service. Consequently, ANSP may not have to use
public funds. If o is low (that is, the service is very inef-
fective), the airline can only obtain a very limited benefit
from the service. Accordingly, ANSP has to use public funds.

Finally, if ¢ falls into an intermediate interval (that is, the
effectiveness of the service is intermediate), when the ef-
fectiveness decreases, ANSP may not have to use public
funds when the passengers’ value of time a becomes high
enough. Because the passengers’ value of time is positively
related to the total benefit of the service to society, a higher «
can compensate for the loss of benefits resulting from the
decrease in the effectiveness of the service.
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FIGURE 4: Case 1 (complete information in Scenario 1 of welfare-
maximizing ANSP).

6. Conclusions

In the context of the SESAR project, ANSP can provide a
delay reduction service to airlines. This study studies the
optimal design of a delay reduction contract signed be-
tween ANSP and a monopoly airline. In the contract
design, the main issue is to address the adverse selection
problem, which comes from the airlines’ private infor-
mation about their values of time. We analytically derive
optimal contracts by considering both the welfare- and
profit-maximizing ANSPs, 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 a comparative static
analysis to study how the changes in safety standard and
flight frequency affect optimal contracts. We also use
numerical examples to study when a welfare-maximizing
ANSP has to use public funds to provide the delay re-
duction service.

This study focuses on a monopoly airline market
structure. A natural extension is to consider the oligopoly
airline market structure and to study the strategic interac-
tions between airlines. In addition, in this study, passengers
make only a single trip and the passengers’ demand is in-
elastic; therefore, multiple trips and elastic demand are also
possible extensions.

oW,
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Appendix

A. Second-Order Condition in Complete
Information in Scenario 1 of Welfare-
Maximizing ANSP

In equation (8), the first term of Q is a logarithmic function
of 7B, and we denote it by LOGR; the second term of Qisa
linear function of 772, and we denote it by LR. Analogously,
the first term of Q 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
equation (7) according to the slope of the logarithmic and
linear functions and the intercept of the linear function on
the horizontal axis. Moreover, let I, and I, denote two
expressions indicating the signs of the intercepts, in which

I, = 4[§f D(s)o —m(s)]

+311[E—T+a(s) —z—-a D(s)]a D(s)o,
I, =4[8 f D(s)a —m(s)]

+311[E—T+a(s) —z—-a D(s)]a D(s)o.

(35)

In fact, the second-order condition of equation (7) can
be confirmed by considering the following four cases:

Case 1: 0<a<2/D(s)o~/m(s)/3n and 1,20

Case 2: 2/D(s)o/m(s)/3n<asb—1+a(s)—z/D(s)
and I,>0

Case 3: 2/D(s)o/m(s)/3n< a<b—1+a(s)—z/D(s),
I,>20 and I, <0

Case 4: 2/D(s)o/m(s)/3n<asb—1+a(s)—z/D(s)
and I, <0

Case 1 is shown in Figure 4. 0 < a<2/D (s)o~/m (s)/37 is
equivalent to 0 < 37a>D (s)*0°<4m (s) and implies that the
slope of LR (resp. LR) is greater than that of LOGR (resp.
LOGR) for any r. Moreover, 1,20 implies that the signs of
LR’s and LR’s intercepts on the horizontal axis are positive.

Note: 7 is the degree of delay reduction service; LOGR is
the logarithmic function of r; and LR is the linear function of
r.

Because 1,20 and 6> 6, we can obtain the following:

~ _rp = ! 5 {37’]062D(S)20'2 [1 - ln(l + FFB)] -3n [b-1+a(s)—z—a D(s)]a D(s)o — 4@f D(s)o}

(36)

<;2{3;10c2D(s)202 [1 - ln(l +?FB)] - 4m(s)}.
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Then, according to 0<37a’D(s)*0?<4m(s), we have
W/ a?2|;:;FB <0.

Moreover, we can analogously show 0*W/dr?|,_,s <0.

For cases 2 to 4, we can analogously analyze the
following.

?|

B. Proofs

B.1. Proof of Lemma 1

Proof. According to the passenger utility function, a pas-
senger will choose to travel by plane, instead of the outside
option, when

y—p+b+a(s)—aD(s)zy+z, (37)
or
bzp—-a(s)+a D(s)+z (38)
Given b>b and p>7, we can obtain the following:
bzbzp —a(s) + aD(s) + z=1 - a(s) + aD(s) + z, (39)
which implies
bzt —a(s) + aD(s) + z. (40)
Hence, there exists air traffic at least when

b-t+a(s)-z

D) (41)

B.2, Proof of Proposition 2
Proof. We first consider the effect of D (s) on 72. According
to equation (18), we have the following:

0Q

_ —SB
N m{m +/\)m(s)(1 +7 )

(42)
-3+ Z)L)V](XZD(S)ZG[I - aln(l + 733)]}

Rewriting the above partial derivative, we can obtain the
first point of Proposition 2.
We can analogously obtain the second point. O
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