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Keywords: Ride-hailing services (e.g., Uber and DiDi) have significantly transformed airport ground trans-
Ride-hailing companies portation, thereby impacting airport revenues. In the past, airports primarily relied on parking
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and car rental services to generate stable non-aeronautical revenue. However, as a growing
number of passengers have shifted to ride-hailing, these revenue streams have shown a marked
decline. In response to this pressure, airports must reconsider their ground transportation pricing
strategies. One approach is to directly impose charges on ride-hailing companies to compensate
for revenue losses, though such a strategy may suppress related travel demand. Another approach
involves making strategic investments to enhance ride-hailing operational efficiency and subse-
quently imposing reasonable access fees, thereby achieving revenue growth. To systematically
evaluate the impacts of different strategies on airport revenues and social welfare, this study
develops a two-stage game-theoretic model involving the airport and the ride-hailing company
(RHC). The model is used to identify the airport’s optimal strategies and to propose corresponding
government regulatory policies. The results indicate that when the cost of improving ride-hailing
operational efficiency is relatively low, the airport can achieve a "win-win-win" situation for the
airport, the RHC, and passengers by enhancing ride-hailing operational efficiency while charging
fees. Conversely, when the cost of operational efficiency improvement is high, the airport tends to
adopt direct charging strategies to secure revenue streams. In this case, although airport profit-
ability is maintained, overall social welfare may decline. If the government aims to maximize
social welfare, fiscal subsidies may be necessary to incentivize airports to adopt the strategy of
efficiency improvement combined with reasonable charges.

1. Introduction

The COVID-19 pandemic has brought numerous insights to the aviation industry, one of the most significant being the need to
improve airport revenue management (Choi, 2021; Wandelt and Wang, 2024). As aviation operations continue to evolve, factors such
as government pressure to reduce financial support for airports and unexpected exogenous shocks have made non-aeronautical rev-
enue increasingly critical as a funding source for airports (Huai et al., 2025; Kidokoro and Zhang, 2022; Czerny and Zhang, 2020).
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Compared to traditional aeronautical revenue streams, non-aeronautical revenues are typically more diversified and have higher profit
margins (Karanki and Zhang, 2025; Zhang and Zhang, 2010). Before the pandemic, many major airports in Asia and the Middle East
with high international passenger volumes derived over 50 % of their total income from non-aeronautical sources (ACI, 2022). These
revenues primarily originate from retail concessions, duty-free, parking services, real estate income, food and beverage, among others
(Zhang and Zhang, 1997; Czerny et al., 2016; Kidokoro and Zhang, 2018; Zheng et al., 2025). Among these sources, parking revenues
stand out for their importance and stability. As shown in Fig. 1, comparing data from 2019 and 2023, while many non-aeronautical
revenue streams, such as retail concessions, experienced significant declines, parking revenue remained stable and even became the
largest source of non-aeronautical revenue. This stability provided a reliable buffer for airports during the economic downturn.

However, the rise of ride-hailing companies (RHCs), such as Uber and DiDi, is reshaping airport ground transportation and
impacting non-aeronautical revenues for airports (Wadud, 2020). Due to the convenience and affordability of ride-hailing services
(Contreras and Paz, 2018), they have rapidly become the preferred mode of transportation for many passengers. This shift has led to a
decline in the number of passengers driving to airports and utilizing airport parking facilities. For example, a customer survey con-
ducted at San Francisco International Airport (SFO) from 2014 to 2017 revealed that the percentage of air travelers using ride-hailing
services to reach the airport increased from 4 % to 23 %, while transactions at public parking facilities decreased by 13 %. This trend
has placed downward pressure on airport parking revenues. Mandle and Box (2017) surveyed 58 airports and found that nearly half of
the large hub airports reported a decrease in parking revenues. However, the impact of ride-hailing services extends beyond revenue
considerations, posing new challenges to the operation and management of airport ground transportation. First, due to the absence of
dedicated infrastructure for ride-hailing vehicles, such vehicles often share parking facilities and passenger pick-up/drop-off areas
with traditional travel modes. This increases the risk of congestion and reduces overall operational efficiency. Without effective
guidance and regulation, the irregularity and spontaneous nature of ride-hailing activities can also lead to traffic disorder. Moreover,
while ride-hailing services offer ride-sharing options, in practice they frequently contribute to a shift from shared mobility to private
travel, further intensifying traffic pressure at airports (Wang and Yang, 2019).

To address the impact of ride-hailing services' rapid growth on airport sustainable revenue, airports need to reconsider their ground
transportation pricing and management strategies. On one hand, some airports focus on traditional ground transportation modes,
adopting strategies such as increasing parking and car rental prices. On the other hand, many airports have actively embraced these
emerging modes and begun to levy charges directly on RHCs. These fee structures typically include annual permit fees, per-trip fees,
activation fees and minimum annual guarantees. For example, at Los Angeles International Airport (LAX), RHCs are required to pay an
annual permit fee of $4,000. Additionally, they are charged $5 for each pick-up and drop-off trip, with an extra peak-hour surcharge of
approximately $2 per trip during high-demand periods. Furthermore, beyond charging ride-hailing services, some airports actively
enhance ride-hailing operational efficiency by establishing designated pick-up/drop-off zones and centralized waiting areas, and
introducing intelligent traffic guidance systems. Directly increasing charges for various ground transportation modes can achieve low
investment and short-term revenue growth effects, but may potentially suppress related travel demand. While airports' proactive
efforts to improve ride-hailing operational efficiency and implement charging require certain upfront investments, they may poten-
tially achieve sustainable revenue growth. This raises a critical question: when the massive influx of ride-hailing services leads to
declining parking and rental revenue, should airports compensate for losses by directly increasing parking fees and access charges, or
should they pursue sustainable revenue growth by enhancing ride-hailing operational efficiency? What are the impacts of different
charging strategies on the welfare of different stakeholders? What policy implications do these effects have for airport administrators
and regulators?

To answer the above questions, this study develops a two-stage game-theoretic model to analyze the impact of different airport
charging strategies on the airport ground transportation market. We assume that an arriving passenger has three travel options: (1)
using a private car or rental car previously parked at the airport; (2) leaving the airport by ride-hailing services; or (3) choosing
external low-cost public transportation. For the airport, private cars and rental cars generate parking fees or concession revenues; ride-
hailing services produce access fee income; while public transportation contributes no direct revenue. We examine two alternative
airport charging strategies: (1) directly imposing charges on ride-hailing services; and (2) investing to improve ride-hailing operational
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efficiency while simultaneously charging access fees. By comparing the impacts of these two strategies on passengers’ travel choices,
we evaluate how each strategy affects the welfare of different stakeholders. The results show that direct charging of RHCs can increase
airport profits, but at the expense of reducing both the profits of RHCs and passengers’ surplus, ultimately lowering overall social
welfare. In contrast, when the cost of operational efficiency improvement is relatively low, the strategy of charging while improving
operational efficiency not only raises the airport’s profit but also increases the profit of RHC and consumer surplus. Furthermore, we
examine the optimal strategies of a profit-maximizing airport and a social welfare-maximizing government under different conditions,
and find that the two objectives may not always align. These findings yield important policy implications regarding the design of
airport ground transportation pricing and regulatory frameworks.

The contributions of this paper are multi-fold. Methodologically, this paper develops a two-stage game-theoretic model to examine
the impact of airports charging RHCs. Previous literature has primarily relied on surveys or empirical data to explore the impact of
RHCs entering airports, with limited attention given to the strategic interactions between airports and RHCs, as well as how these
interactions affect passengers and social welfare. By constructing this theoretical model, we are able to conduct an in-depth analysis of
the game between airports and RHCs, investigate their pricing strategies, and examine the impact on various stakeholders. Practically,
our analysis yields clear policy implications that are valuable for both airports and the government. First, regarding airport operational
strategies, we reveal the critical role of the cost of improving ride-hailing operational efficiency in decision-making. When the cost of
operational efficiency improvement is relatively low, airports have incentives to substantially improve ride-hailing service operational
efficiency and achieve profit maximization through charging; conversely, when the cost of operational efficiency improvement is high,
airports are more likely to rely on direct charging to increase revenue rather than investing excessively in efficiency improvement.
Second, from a governmental perspective, when the cost of operational efficiency improvement is relatively low, the government
requirements for airports to enhance ride-hailing service efficiency to a certain level can significantly improve social welfare; when the
cost of operational efficiency improvement is high, appropriate fiscal subsidies can serve as an effective instrument to encourage
airports to improve ride-hailing service operational efficiency. It is noteworthy that the analytical framework and conclusions of this
paper are not only applicable to the specific context of airport-RHC interactions but can also be extended to broader strategic in-
teractions between infrastructure operators and mobility platforms (such as high-speed rail stations and RHCs). This extension en-
hances the real-world applicability of our research, providing a reference for designing effective infrastructure and pricing policies for
transportation hubs.

The rest of this paper is organized as follows. Section 2 reviews relevant literature. In Section 3, we establish a game-theoretical
model for the analytical investigations. Section 4 presents our analytical results and the discussions. The policy implications for
various stakeholders are presented in Section 5. The last section concludes this study.

2. Literature review

This study mainly focuses on the impact of different airport pricing strategies on airport ground transportation. Three main strands
of literature are directly relevant to this study. The first strand discusses the impacts of RHCs’ entry into airports. The second analyzes
the impacts of airport charges, and the last strand focuses on the monopolistic quality supply at the airport.

2.1. The impact of RHCs on airports

A substantial body of research indicates that RHCs have significantly impacted existing transportation services while also intro-
ducing broader societal and environmental implications. Some studies examined the substitution and complementary effects of ride-
hailing services on other modes of transportation (Zhang and Zhang, 2018; Babar and Burtch, 2020). Another body of literature
investigated the impact of RHCs on the environment and traffic congestion (Yu et al., 2017; Li et al., 2016; Erhardt et al., 2019). Our
paper, however, focuses more specifically on the impact of ride-hailing services on airports. Existing literature focused on mode
replacement (Davol, 2017; Hermawan and Regan, 2017; Dong and Ryerson, 2020), parking demand (Henao, 2018; Wadud, 2020), and
congestion issues (Mandle and Box, 2017; Zuniga-Garcia and Machemehl, 2021). Based on extensive ride-hailing data from U.S.
airports, Hermawan and Regan (2017) found that ride-hailing services replace the use of shared modes, such as buses, shared vans, and
shuttles. Dong and Ryerson (2020) argued that the entry of RHCs into airports has reduced the number of passengers using taxis and
private vehicles. Furthermore, Wadud (2020) examined the impact of the entry of RHCs on airport parking transactions and found a
statistically significant reduction in the number of cars parked at airports. RHCs also contribute to congestion in airport ground
transportation. Zuniga-Garcia and Machemehl (2021) conducted a natural experiment using the unexpected service disruption of
RHCs in Austin, Texas, in 2016 to analyze their impact on airport access. They found that when major RHCs resumed operations in the
city, the speed within airport access roads decreased. Similarly, Mandle and Box (2017) surveyed the 100 largest airports in the U.S.,
revealing that 46 % of airports reported increased roadway congestion due to RHC operations. Moreover, research on the impact of
RHCs on airport revenue remains limited. Mandle and Box (2016, 2017) indicated that the entry of RHCs into airports has significantly
reduced demand for airport parking and car rentals, thereby affecting airport revenue. However, airports have implemented coun-
termeasures, such as charging RHC fees and increasing parking rates. While 98 % of airports permit charging fees to RHCs, airports
generally perceive this revenue as insufficient to offset the revenue losses experienced by most airports (Zuniga-Garcia and
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Machemehl, 2021). In contrast, Leiner and Adler (2020) argued that the additional revenue generated from charging RHCs could
offset, or even surpass, the reductions in parking and car rental income, thereby leading to an overall increase in airport profit. Despite
these findings, it remains unclear whether the overall impact of RHCs’ entry into the airport ground transportation market is positive
or negative. Meanwhile, previous studies have rarely examined the strategic interactions between airports and RHCs, nor have they
focused on the implications for passengers and social welfare.

2.2. Airport charges

The second strand of literature focuses on airport charges, including aeronautical charges and non-aeronautical charges. There is a
growing body of literature that discusses aeronautical charges, focusing on aspects such as regulation (Czerny, 2006; Lu and Pagliari,
2004), cross-subsidization (Ivaldi et al., 2015; Zhang and Zhang, 1997), and revenue sharing (Fu and Zhang, 2010; Saraswati and
Hanaoka, 2014). However, there has been limited attention paid to airport charges for non-aeronautical activities. Over the past
twenty-five years, the growth rate of non-aeronautical revenue has surpassed that of aeronautical revenue, making it a major source of
income for many airports (Yokomi et al., 2017; Fasone et al., 2016). This study primarily focuses on airport charges imposed on RHCs.
Currently, airports adopt four main charging models for RHCs: fixed fees, distance- or time-based fees, peak-period fees, and dedicated
pickup zone fees (Leiner and Adler, 2020). The methods for determining these fee structures mainly include cost recovery,
market-based charging, earmarking RHCs’ revenue for specific purposes, and investing in RHCs-related infrastructure. According to
Leiner and Adler (2020), cost recovery is the prevailing RHCs fee approach at large-hub airports, while market-based is the approach
used by one-third to one-half of large-, medium-, and small-hub airports. A small percentage of airports earmark RHC revenue for
specific purposes. Furthermore, airport authorities argue that such charges provide multiple benefits, including reducing traffic
congestion, improving air quality, enhancing safety, and encouraging drivers to consider public transportation alternatives. Intui-
tively, following the implementation of these fees, airports may increase investments in infrastructure or expand staffing to improve
the quality of ground transportation services. Overall, existing literature has conducted in-depth discussions on pricing mechanisms
between airports and airlines, and some studies have also focused on the pricing of airport non-aeronautical services and their impact
on passenger behavior. However, research on emerging ground transportation services (such as ride-hailing services) remains limited.
It is worth emphasizing that while these emerging travel modes enhance passenger convenience, they also significantly impact airports'
revenue structures. Compared to previous studies that primarily focused on how to enhance airport revenue through non-aeronautical
pricing, the charging strategies for ground transportation services are more likely to have profound implications for airports' overall
revenue management and coordination among different stakeholders.

2.3. Monopolistic quality supply

Furthermore, our research is closely related to the literature on monopolistic quality supply. Early theoretical work, such as Spence
(1975) and Mussa and Rosen (1978), indicated that monopolists often have incentives to reduce product quality to strengthen their
extraction of consumer surplus. Subsequently, quality supply has also received attention in the fields of operations research, marketing
and management (Feichtinger et al., 1994; Jorgensen and Zaccour, 2004; Ouardighi and Kim, 2010). This study focuses specifically on
the quality supply problem under monopolistic conditions at airports. Since most cities or regions typically have only one major
airport, airports naturally possess considerable market power. They not only have autonomous decision-making authority over pricing
levels but can also dominate the configuration of service types and quality standards, such as the differentiated setup of regular and VIP
lounges, and various tiers of parking service options. Existing related research has largely concentrated on airport service quality
supply for airlines, which has led to discussions on congestion pricing, capacity investment, and other related issues (Oum and Zhang,
1990; Zhang and Zhang, 2003; Huai et al., 2025). In contrast, our work focuses on airport quality supply in ground transportation.
Specifically, airports determine the operational efficiency of ride-hailing services by offering a range of supportive measures, such as
designating exclusive pick-up and drop-off zones for ride-hailing cars and deploying traffic coordinators.

In addition, our work relates to the literature on platform quality supply. Some studies explored how platforms decide their quality
investment in interactions with suppliers. For instance, Tan et al. (2020) emphasized that platforms' direct quality investments can
promote bilateral user participation and form complementary relationships with platform pricing structures. Particularly relevant to
this paper is Puyang et al. (2025), which examined how platforms choose investment and pricing when platform infrastructure affects
common attributes of all differentiated products. The results showed that platform strategic choices may achieve a win-win-win sit-
uation for platform profits, supplier profits, and consumer surplus. In our study, the airport can be regarded as a platform that provides
complementary service facilities, accommodating both private travels associated with airport operations and third-party ride-hailing
services. The fees that airports charge RHCs can be viewed as the "price" for using these complementary service facilities. Within this
framework, our study focuses on airport charging strategies for third-party ride-hailing services: whether to potentially suppress their
development through direct charging, or to enhance their operational efficiency and generate revenue based on such improvements.

3. Base model setting

Currently, travel modes to airports can be categorized into five groups: Private vehicle, RHC/taxicab, rental car, comfortable
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ground transportation (e.g., shuttle bus, shared van, limousines), and economy ground transportation (e.g., metro, light rail, train)
(Leiner and Adler, 2020). Based on the different service providers, we reclassify them into three categories: private travel services
provided by airports (e.g., private car, rental car'), commercial transportation services provided by RHCs (e.g., ride-hailing services),
and public transportation services provided by the government (e.g., metro, light rail, train). Further, we consider that these three
travel modes exhibit vertical differentiation in service quality. Travel time is a key component of service quality (Bilotkach et al., 2010;
Wan et al., 2016), though other factors such as comfort, cleanliness, and overall convenience also play significant roles in the user
experience.

First, we assume that public transportation has the lowest service quality. In cities with constrained transportation resources (such
as Tokyo and Hong Kong), subway and other public transit systems offer relatively high accessibility and convenience. However,
public transportation has inherent service limitations, including fixed departure schedules, inconvenience for carrying luggage, and
limited riding comfort. Meanwhile, public transportation typically adopts relatively low fares to serve a broader passenger base, which
to some extent constrains service quality improvements. Therefore, within our study's comparative framework, we define public
transportation service quality as the lowest level. Private cars and rental cars are generally considered more direct ground trans-
portation options for airports. Major airports are typically equipped with sufficient parking facilities, allowing passengers to park
conveniently near terminals. Additionally, rental car service systems at large airports are relatively well-developed, with passengers
able to reserve vehicles in advance through online platforms. Rental service counters are usually located in arrival halls, facilitating
quick vehicle pickup upon passenger arrival. Overall, private travel modes provide a "vehicle-waiting-for-passenger" service charac-
teristic, allowing travelers to depart according to their personal schedules, thereby effectively reducing delay risks. Ride-hailing
services have developed rapidly in recent years due to their convenient booking methods and advantages, such as eliminating
parking concerns. Ride-hailing can provide more flexible travel options with door-to-door service at relatively reasonable pricing.
Given the similarities between private travel and ride-hailing services in terms of in-vehicle travel time and ride comfort, this study
simultaneously considers the horizontal differentiation between these two travel modes. Considering the preference differences among
different consumers, our work establishes two service quality ranking schemes in the subsequent analysis: S° > $® > §” and S® > P >
sP.

This study focuses on the departure mode choices of arriving air passengers and incorporates three alternative travel options within
the framework of a single origin-destination (O-D) market. To simplify the analysis, we assume that the market includes one private
travel operator (i.e., the airport), one RHC, and one public transportation operator. Additionally, it is assumed that all individuals are
capable of driving. We further assume that passengers who take ride-hailing do not carpool with other passengers. As a result, RHC
charges can be adjusted from a per-vehicle basis to a per-passenger. In order to address the vertical differentiation between private
travel, ride-hailing service and public transportation, consider the utility function of a passenger to be

U =635 - P €]
where S is the service quality of a travel mode, 0 is the passenger's valuation for service quality, and P is the travel price. We assume 6 is
uniformly distributed between 0 and 1 in all scenarios. For private travel, if passengers choose private cars, P represents the parking
fees paid by passengers; if they choose car rental, P represents the fees collected by the airport at a certain proportion from the car
rental price. In addition, we model the price of public transportation as an exogenous variable, denoted by PP. The superscript j = D,

R, Pindicates the private travel, the RHC and the public transportation. The superscripti =1, 2, 3 indicates three scenarios.

Within this utility framework, three scenarios are constructed to analyze the pricing interaction between the airport and the ride-
hailing company. In the scenario of free competition (i.e., Scenario 1), the airport does not impose any fees or restrictions on ride-
hailing services. In this scenario, the airport and the ride-hailing company engage in Bertrand competition, simultaneously deter-
mining their respective service prices (i.e., PY and P}) in order to maximize their profits. When the airport begins to charge fees (i.e.,
Scenario 2 and Scenario 3), the airport and ride-hailing company are engaged in a two-stage sequential move game: In the first stage,
the airport determines the access fee (i.e., F and F3) imposed on the RHC. In the second stage, the airport and the RHC simultaneously
determine their respective service prices (i.e., P? and PR, i = 2, 3) for users in the end market, forming a Nash game. It is worth noting
that the price of public transportation is treated as exogenous and remains relatively low, thereby ensuring the fulfillment of basic
travel demand.

3.1. Baseline model: free competition

We first consider a baseline case with free competition (i.e., Scenario 1). We initially examine the service quality ranking of the
three travel modes as follows: S” > S® > §”. The marginal consumer who is indifferent between private travel and ride-hailing services
is characterized by the incentive condition U? = UY, which gives 2% = (P? — P})/(SP — SR). Similarly, the marginal consumer who is
indifferent between ride-hailing services and public transportation is characterized by the incentive condition U¥ = U}, which gives
R = (PR — PP) /(SR — SP). To ensure the non-negativity of utility, the marginal passenger who is indifferent between public

1 For private car travel, airports need to provide parking facilities, and in this paper, we assume that airport parking lots are operated directly by
the airport. For car rental services, although rental services are typically operated directly by rental companies, these companies must pay
concession fees or revenue shares to the airport. Based on this economic relationship, we treat the airport as the operator of car rental services.
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transportation and the outside option is characterized by U} = 0, which gives ¢;° = P /SP. Thus, passengers with 6 between ¢°F and 1
choose private travel, passengers with 6 between 6% and 2% choose ride-hailing services, passengers with 6 between ¢;° and 65
choose public transportation, while those with 6 below 9?0 opt not to travel, as shown in Fig. 2. Using similar logic, we can infer the
traffic volumes when S® > SP > SP. From this, we obtain the passenger traffic of private travel, ride-hailing service and public
transportation, as follows:

PP —pR
@ —S})_S;ifs”>sR>SP
_ ()]
1
pR_p> pP_pP
si,sé—sé,spvlst>5D>5P
pP _pR  pR_pP
ek — ok U S" >8>S
SP—SR SR_S
Q&= PR _pp ®
7ﬁ,ifs*‘>sn>sp
PR_pP pP |
w g g S>>
Q= Q)
P?_PP PP- R D P
SDfsP_ﬁ’lfS >8>S

We then use 74, % and #¢ to denote the profits of the airport, the RHC and the public transportation, respectively. The unit
operating costs of the three operators are represented by C°, CF and C”. Without loss of generality, we normalize C°, C* and C” to 0 in
the following analysis. The profit functions of the airport, the RHC and public transportation are

m = (P} -C") Q@ ®)
= (P{ - C*)* Q¢ 6
m=(P-C) @

Consumer surplus can reflect the degree of satisfaction after deducting the fare and time paid from the income brought by a
transport service. It is the difference between passenger utility and total payment. The consumer surplus in Scenario 1 is expressed as:

1 o o
/ (xSDfP’f)der/ (xSRfP‘f)der/ (xS” — PP)dx, if §° > 5% > §”
csi =4 " " ®)
1 1
(xSRfP‘f)dx+/w}w(xS ng’)der/ (xS” — PP)dx, if Sk > S” > §°
i ooP o

1
3.2. Airport charge

As introduced in the introduction, many airports have begun implementing charges on RHCs to compensate for declining parking
revenues. Given airports' monopolistic position, they can directly impose fees on RHCs. We assume that the airport charges a fee F, for
each ride-hailing car entering the airport, and define this situation as Scenario 2. Under this scenario, the traffic volumes for the three
travel modes QF, Qf, Q5and consumer surplus CS; remain identical to those in Scenario 1. The profit functions of the airport, the RHC
and public transportation are

o = (P -C)*Q} + Q'

w5 = (P§ - C)*Qf — &*F (10)
m = (P"-C")*Q; an

3.3. Airport charge with operational efficiency improvement

In this section, we examine Scenario 3, in which the airport not only charges ride-hailing services but also undertakes measures to
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Fig. 2. Market division with private car, ride-hailing service and public transportation.

enhance their operational efficiency. Consequently, the overall quality of ride-hailing services depends both on their own service level
and on the operational efficiency provided by the airport. Assuming that the airport improves operational efficiency by a parameter b,
the overall quality of ride-hailing services can be expressed as S + b. Similarly, we need to consider different quality rankings between
ride-hailing services and private travel after the enhancement of operational efficiency. Applying the logic from Section 3.1, we obtain

the passenger traffic of private travel, ride-hailing service and public transportation, as follows:
P; —P§

-3 "3 _ifSP>SR1p>8°
o SP — (SR +b) f 12
— 12
’ P3—P3  PO-P e pasps g

(S®+b) —sp SP—8¥

13_13 ls_PP ¢ @D R
— LifSP >S8R 4+b>8F
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(SR +b) —sP U

PR — PP PP
m—§7 IfSD>SR+b>SP

Q= 14)

P2 _pP PP
ﬁfsfp, ifSR+b>8">8°

The cost for the airport to improve the operational efficiency of ride-hailing services is given by 1 kb*, where k > 0 denotes the cost

coefficient. A higher value of k indicates a higher cost for the airport to improve the operational efficiency of ride-hailing services. The
profit functions of the airport, the RHC and public transportation are

" = (P C) Q)+ Qi - 5k

73 = (P — C%)*Q5 — Q*Fs (16)
nJ; — (PP _ CP)*Q}; (17)

The consumer surplus in Scenario 3 is expressed as:

2 1t should be noted that the airport’s improvement of ride-hailing operational efficiency constitutes a long-term investment in infrastructure and
management systems that cannot be frequently adjusted. Accordingly, within the short-run pricing game considered in this paper, b is treated as an
exogenous parameter representing the pre-determined level of operational efficiency.
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1 GDR
/ (st—PD)dx+/ (x(S*+b) — dx+/€ (xSP — PP)dx, if " > S +b > S”
_ )= " o
CS; = o (18)

1 D
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0§D HIBJP 950

Social welfare is expressed by the sum of consumer surplus and company profits. Therefore, social welfare for the scenario i will be
represented as follows:

SW;=nr} +nf + 7] +CS; 19

To ensure the non-negativity of passenger traffic, we have the following inequalities:

(20)

0<O <O <o <1,if S >8">S50ors®>8"+b>8"
0<o <O <o <1,if S*>8">8orSf+b>8">8"

Fares and traffic volumes in each scenario are summarized in Table 1. A glossary of variables with different notation and subscripts
can be found in Appendix A. According to the first-order conditions, the Bertrand-Nash equilibrium outputs are obtained. The equi-
librium outputs can be found in Appendix B.

4. Analytical results and discussions

In this section, we first compare the equilibrium results under the three scenarios to examine the impact of airport charging for ride-
hailing services on market equilibrium outcomes (see Section 4.1). Based on the comparison results from Section 4.1, in Section 4.2, we
summarize the optimal response strategies for the airport and government regarding ride-hailing entry into airport ground trans-
portation. Finally, in Section 4.3, we use numerical simulations to further discuss the impact of airport improving ride-hailing
operational efficiency in Scenario 3.

4.1. Comparison of equilibrium outcomes

We use the superscript * to represent the equilibrium solutions under three scenarios. By comparing the market equilibrium so-
lutions under different scenarios, we can derive the following lemmas and propositions. The comparison results under various sce-
narios are summarized in Table 2. The proofs of all lemmas and propositions are collated in Appendix C.

Lemma 1. Compared to the free competition baseline, airport charges in Scenario 2 increase the prices of both private travel and ride-hailing
services, while reducing their respective traffic volumes (i.e., P3" > PY", P§" > P¥', Q" < Q¥", Q5" < Q). Moreover, airport charges in
Scenario 2 increase the traffic volumes of public transportation (i.e., @5 > Q}").

Lemma 1 shows that the airport's charges on the RHC not only increase the price of ride-hailing services but also raise the price of
private travel. An increase in the price of ride-hailing services is expected, as the airport's charges impose additional costs on the RHC.
Facing higher costs, the RHC will pass part of the total cost increase through to a higher price for passengers. As the price of ride-hailing
services has risen, airports have also taken the opportunity to increase the price of private travel in order to secure higher revenues.
This is consistent with the reality that many airports have increased parking rates to make up for the loss of airport revenues since the
RHC entered the airports (Bergal, 2017). Due to the increase in prices of both private travel and ride-hailing services while their quality
remains unchanged, the demand for both modes decreases. Additionally, public transportation traffic volumes increase. This is
because, with the price and service quality of public transportation remaining unchanged, its relative cost-effectiveness increases as
the counterpart’s price rises, thereby attracting more travelers. This finding aligns with the conclusions of Dong and Ryerson, 2020.

Proposition 1. Compared to the free competition baseline, airport charges in Scenario 2 increase the profits of both airport and

Table 1
Prices and traffic volumes in each scenario.
Scenarios Prices Traffic volumes
sP > sk > P SR>8P> P
Scenario 1 PP Q =1- (P} - Pf)/(s” - §5) Q = (Pf —P)/(S" — ")~ (P} — P")/(s” - 57)
P} Q‘f:(P?fP‘f/(S”*SR)*(P‘FP")/(SR*S") Qt =1-(Pf - P))/(s" - 87)
P’ Q) = (P} - P")/(SR — 8P) — PP/sP Q) = (P? —PP)/(S” — S7) — PP/sP
Scenario 2 P Q3 =1- (P} — P§)/(s” - §F) Q= (P5 - P3)/(S* —8°) - (P3 - PP)/(s" - )
P} Q = (P} — P)/(S? —5%) — (P§ — P")/(s" — ") Q =1- (P} - P3)/(s" - 8P)
P @ = (P8 = PP)/(" — &) = PP/s” @ = (P2 — PP)/(s” — 8°) — PP/s”
sP>sf+b>sP Sf+b>8P>8"
Scenario 3 P3 Q} =1- (P —P§)/(s" - 8% —b) Q5 = (P§ — P3)/(8" +b—8°)— (P§ — P)/(s" - 5°)
P§ Qf = (P3 - P)/(8” — S® —b) — (P§ — P")/(S* +b - 5") Qf =1 (P§ —P§)/(S® +b —sP)
PP Q = (P§ —P")/(S® +b —S") - PP/SP Q = (P} —P")/(SP — sP) — PP/sP
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Table 2
Equilibrium results comparison.
Scenario 2 vs. Scenario 1 Scenario 3 vs. Scenario 1 Scenario 3 vs. Scenario 2
private ride-hailing public private ride-hailing public private ride-hailing public
travel services transportation travel services transportation travel services transportation
sP > sh> 8P
AP >0 >0 =0 >0 >0 =0 >00r<0 >0 =0
AQ <0 <0 >0 <0 >0o0r<0 >0 >00r<0 >0o0r<0 >0
An >0 <0 >0 >0o0r<0 >0o0r<0 >0 >00r<0 >0o0r <0 >0
ACS <0 >0o0r<0 >0o0r<0
ASW <0 >0o0r<0 >0o0r<0
SR>8P> ¢
AP >0 >0 = >0 >0 = >0 >0 =
AQ <0 <0 >0 <0 <0 >0 <0 <0 >0
Arm >0 <0 >0 >0o0r<0 >0o0r<0 >0 >00r<0 >0 >0
ACS <0 >0o0r<0 >0
ASW <0 >0o0r<0 >0o0r<0

public transportation, but decrease the profit of RHC (i.e., 73 > 4", 25" < zf", 25" > 2%"). Moreover, the airport charges in Scenario 2
also decrease consumer surplus and social welfare (i.e., CS, < CS], SW, < SW)).

Proposition 1 indicates that when the airport charges increase the profits of the airport and public transportation, but reduce the
profit of RHC and consumer surplus, ultimately leading to a decline in social welfare. The increase in airport profit stems from two
factors. One factor is that the airport gains an additional revenue stream by charging fees to the RHC (i.e., Q§ *F, > 0). Another factor
is that the airport raises the price of private travel, the increase in the price of private travel is higher than the decline in traffic
volumes, resulting in increased revenue (i.e., P *QY" > PP"*QY"). However, airport charges reduce the profit of RHC. The RHC is
required to pay fees to the airport, which increases its cost, and leads to a reduction in RHC profitability. Additionally, the increased
public transit ridership generates higher profits for the public transportation operator.

Airport charges are also detrimental to consumers. As stated in Lemma 1, airport charges increase the prices of both private travel
and ride-hailing services, leading to higher travel costs for passengers and a reduction in consumer surplus. Overall, in Scenario 2, only
the airport and public transportation benefit, while both the RHC and passengers suffer significant losses due to the airport charges.
Furthermore, the magnitude of these losses exceeds the benefits gained by the airport and public transportation, ultimately resulting in
a decline in social welfare.

Lemma 2. Compared to the free competition baseline, airport charges in Scenario 3 increase the prices of both private travel and
ride-hailing services (i.e., PY" > PY*, P¥" > PR"), while reducing the traffic volumes of private travel (i.e., Q3" < Qf"). The impact on
ride-hailing demand remains uncertain. When P > SR > sP and b is large enough, airport charges increase the traffic volumes of ride-
hailing; when SR > P > SP, airport charges decrease the traffic volumes of ride-hailing (Q% > QF or Q¥ < Q). Moreover, airport
charges in Scenario 3 improve the traffic volumes of public transportation (i.e., @} > Q).

Lemma 2 shows that the equilibrium outcomes in Scenario 3 are similar to those in Scenario 2, except for ride-hailing demand.
Airport charges lead to higher ride-hailing prices, which naturally reduces demand. However, when S? > $® > SP and b is sufficiently
large, the improvement in the operational efficiency of ride-hailing services outweighs the increase in their price, thereby enhancing
the cost-effectiveness of ride-hailing services and leading to an increase in demand.

Proposition 2. Compared to the free competition baseline, the impact of airport charges in Scenario 3 is uncertain. When k is relatively small,
airport charges increase the airport's profit (i.e., #4" > n4"). When b is relatively large, airport charges also increase the RHC's profit (i.e., n%
> #%"), while public transportation profits always increase (i.e., 7, > nt"). Moreover, when b is sufficiently large, airport charges also lead to
increased consumer surplus (i.e., CS; > CS;); when b is large and k is small, airport charges result in improved social welfare (i.e., SWy
> SW)).

Proposition 2 demonstrates that the impact of airports improving ride-hailing operational efficiency while implementing charges
depends on parameters k and b. For airports, although enhancing ride-hailing operational efficiency may reduce private travel revenue,
the additional revenue from charging RHC can offset this loss (P{"*Q}" > PA™*Q4", Q¥ *F; > PA"*Q4{" — P4"*Q4"). When the cost
coefficient k of improving ride-hailing operational efficiency is relatively small, the additional revenue from charging is sufficient to
cover the cost increase, ultimately achieving airport profit enhancement. This finding aligns with the empirical observations reported
by Leiner and Adler (2020), who noted that the introduction of RHC led to a slight reduction in parking revenue. However, the
additional income from fees imposed on RHC could offset or even exceed the reduction in parking revenue, resulting in an overall
increase in the airport’s profit. For the RHC, when the operational efficiency improvement b is relatively large, the RHC is able to
significantly increase prices. Even when traffic volume changes remain uncertain, the substantial price increases ensure profit growth.
Simultaneously, increased public transportation ridership also contributes to profit enhancement.

Furthermore, airport charging combined with operational efficiency improvement has dual effects on consumer surplus. On one
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hand, airport charges drive up prices for both private travel and ride-hailing services, increasing passenger travel costs and reducing
consumer surplus. On the other hand, airports' improvement of ride-hailing operational efficiency provides passengers with superior
travel experiences, contributing to increased consumer surplus. When operational efficiency improvement b is sufficiently large, the
increase in consumer surplus exceeds the decrease, ultimately achieving net growth in consumer surplus. Overall, when operational
efficiency improvement b is substantial and cost coefficient k is relatively small, the strategy of airports improving ride-hailing
operational efficiency while implementing charges can simultaneously achieve profit growth for the airport, RHC, and public trans-
portation operator, while also enhancing consumer surplus, thereby promoting overall social welfare improvement.

Lemma 3. Compared to Scenario 2, when S > SR8 > S and b is relatively small, private travel in Scenario 3 exhibits a lower price and higher
demand (i.e., PY" < PY", QY" > QY"). Ride-hailing prices in Scenario 3 are consistently higher, with lower demand when b is small (i.e., P}~
> PR Q¥ < QX"). When SR> 8P > SP, both private travel and ride-hailing services in Scenario 3 have higher prices and lower traffic volumes
Ge, PY >P¥, Q¥ <Q§, PY" >PY, @Y < QY).

Lemma 3 compares the equilibrium prices and traffic volumes in Scenarios 2 and 3. When SP > SR > SP, the relative magnitudes
between Scenarios 2 and 3 are influenced by operational efficiency improvement b. When b is small, the quality gap between private
travel and ride-hailing services narrows, leading to price reductions for high-quality private travel while prices for low-quality ride-
hailing services increase. This aligns with classical theory: when product quality converges, consumer substitutability between the two
products intensifies, making demand more sensitive to relative prices. Consequently, high-quality products lose some of their pricing
power and must reduce prices to maintain demand; low-quality products, benefiting from improved cost performance, can moderately
increase prices without losing excessive demand. When SR > SP > SP, operational efficiency improvement b only widens the quality gap
between the two travel modes. The enhanced quality of ride-hailing services leads to higher product prices, while private travel can
also capitalize on this opportunity to raise prices. These price increases result in reduced traffic volumes for both travel modes.

Proposition 3. Compared to Scenario 2, for the airport, when k is relatively small, the airport profit in Scenario 3 is higher (i.e., 73" > 74").
For the RHC’s profit, when S° > SR > SP and b is relatively large, the RHC 's profit is higher in Scenario 3. When S® > SP > SF, the RHC's profit is
consistently higher in Scenario 3 (i.e., % > n%"). As for consumer surplus, when SP > SR > SP and b is relatively large, consumer surplus is
higher in Scenario 3; when SR > SP > S, consumer surplus is consistently higher in Scenario 3 (i.e., CS; > CS,). Regarding social welfare, when
k is relatively small, social welfare is higher in Scenario 3 (i.e., SWy > SW,).

Proposition 3 examines the impact of airports enhancing ride-hailing operational efficiency under airport charging scenarios by
comparing profits of all parties, consumer surplus, and social welfare between Scenarios 2 and 3. For the airport, regardless of quality
ranking, as long as the cost coefficient k of improving ride-hailing operational efficiency is relatively small, the profit obtained from
improving ride-hailing operational efficiency while charging exceeds the profit from charging alone. This occurs because in Scenario 3,
the airport improves ride-hailing operational efficiency, enabling higher charges for ride-hailing services compared to the simple
charging in Scenario 2. As demonstrated in Lemma 3, in most cases, the private travel price is also higher in Scenario 3, contributing to
increased private travel profits. Therefore, as long as the cost coefficient k does not exceed a specific threshold, the airport can achieve
greater profit in Scenario 3. For the RHC, when SP > SR > P, the RHC’s profit depends on the operational efficiency improvement b.
When b is sufficiently large, the RHC's pricing power strengthens, and revenue growth is sufficient to offset the additional costs caused
by airport charges. When S > sP > sP, further improvement of ride-hailing operational efficiency in Scenario 3 leads to substantial
price increases. Even with reduced traffic volumes, this can generate revenue growth and subsequently drive profit increases.

The conditions for consumer surplus improvement in Scenario 3 are similar to those for RHC’s profit enhancement. When S” > SR >
SP, only when b is sufficiently large can it offset the decline in the cost-effectiveness of ride-hailing services caused by price increases,
thereby achieving an increase in consumer surplus. When S® > SP > SP, ride-hailing operational efficiency improvement enables
travelers to enjoy a higher-quality travel experience, resulting in consumer surplus growth. Regarding social welfare, it primarily
depends on the cost coefficient k of operational efficiency improvement. Airport charging helps increase airport profit, while simul-
taneously enhancing ride-hailing operational efficiency contributes to improving both RHC’s profits and consumer surplus. As long as
the cost coefficient k is relatively small, it will inevitably lead to increased social welfare.

4.2. Optimal strategies for the airport and government

By comparing the profits of all parties, consumer surplus, and social welfare under the three scenarios above, we summarize the
optimal strategies for the profit-maximizing airport and the welfare-maximizing government.

Proposition 4. When k is relatively small, the airport's optimal strategy is to charge and improve ride-hailing operational efficiency; when k is
relatively large, the airport's optimal strategy is to charge directly.

Proposition 4 demonstrates that the cost coefficient k is a critical factor influencing airport decision-making. When k is relatively
small, the airport can charge higher fees by improving ride-hailing operational efficiency without concern for substantial cost in-
creases; therefore, the airport substantially improves ride-hailing operational efficiency while charging fees, and the resulting revenue
can compensate for the decline in parking income, thereby increasing airport profits. When k is relatively large, improving ride-hailing
operational efficiency increases costs, while the revenue obtained from charging ride-hailing services is insufficient to offset the cost
increase, leading to a profit decline; therefore, the optimal strategy for the airport is to leverage its monopolistic position to directly
charge the RHC.

10
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Next, we introduce a government that pursues social welfare maximization. We adopt a second-best approach, where the gov-
ernment chooses whether to allow the airport to charge alone or to charge while improving ride-hailing operational efficiency, with the
airport and the RHC determining charging prices and travel prices. In reality, the airport and the RHC are typically subject to strict
government regulation, but due to their monopolistic positions, they also possess considerable pricing autonomy. Therefore, compared
to the first-best analytical approach where the government determines all operational variables, the second-best analytical approach
allows the airport and the RHC to autonomously determine prices, providing a more realistic framework. By comparing social welfare
under the three scenarios, we obtain Proposition 5.

Proposition 5. When k is relatively small and b is relatively large, allowing the airport to charge fees while requiring it to improve ride-hailing
operational efficiency represents the optimal social decision; when k is relatively large, prohibiting airport charges is the optimal social decision.

Proposition 5 summarizes the socially optimal decision regarding the airport charging for ride-hailing services. When the cost
coefficient k is relatively small, allowing the airport to charge fees while enhancing ride-hailing operational efficiency can increase the
airport’s profits. At the same time, when the operational efficiency improvement b is relatively large, both the profits of RHC and
consumer surplus also increase, thereby creating a win-win-win outcome. In contrast, when the cost coefficient k is relatively large, the
airport tends to impose fees directly on the RHC without improving operational efficiency, which inevitably reduces social welfare.
Therefore, from the government’s perspective, prohibiting the airport from charging fees constitutes the preferable strategy.

Comparing Propositions 4 and 5, we find that the optimal strategy of the airport may not align with that of the government. When
the cost coefficient k is relatively large, the airport tends to directly charge the RHC; however, the government prefers to prevent such
practices, as they would inevitably lead to a reduction in social welfare. In such cases, the government may consider providing
financial support to the airport. Many such cases exist in reality. For example, with government financial support, the ground
transportation center at Beijing Daxing International Airport specifically established ride-hailing pick-up and drop-off areas on two
underground levels, separating them from other private cars and taxi areas, thereby alleviating road congestion and making ride-
hailing services more orderly and convenient.

In summary, for airports with relatively low traffic volumes, the cost of improving ride-hailing operational efficiency may be
relatively small. The airport may only need to convert part of its parking areas or internal roads into dedicated ride-hailing pick-up and
drop-off zones, utilize smart devices to improve passenger-vehicle matching efficiency, and strengthen traffic management personnel.
In this case, the airport's optimal decision is to improve ride-hailing operational efficiency while charging for it, with government
regulation of the degree of operational efficiency improvement, thereby achieving simultaneous improvement of the airport’s profit
and social welfare. For airports with relatively high traffic volumes that require massive investments to construct large-scale ground
transportation hubs to improve ride-hailing operational efficiency, the government should provide certain financial support to reduce
airport investment costs, transforming the airport's optimal strategy from direct charging to improving ride-hailing operational effi-
ciency while charging.

4.3. Numerical study

Since the ride-hailing operational efficiency improvement b plays a crucial role in the competition among the three travel modes,
we employ numerical simulation to further understand its impact on equilibrium outcomes. We begin by considering the travel time
from the city center to the airport, and assign typical values for each mode. Specifically, we set the travel time of private cars at 40
minutes. Since using ride-hailing services at airports typically involves certain waiting, congestion, and transfer times, we average
these additional times at 20 minutes. Given that ride-hailing vehicles and private cars have similar driving speeds, the in-vehicle travel
time can also be set at 40 minutes, resulting in a total ride-hailing travel time of 60 minutes. By contrast, public transport generally
requires significantly longer travel time, which we set at 120 minutes. In our model, we use the inverse of travel time as the indicator of
service quality for each travel mode. After normalization, we obtain the following values: S° = 3, S® = 2, and S* = 1. A larger value
indicates a higher level of service quality. Furthermore, considering the inherent advantages of ride-hailing services (e.g., passengers
do not need to drive and can rest during the trip), their service quality may in some cases surpass that of private travel. Accordingly, we
also examine the scenario where S® = 3, S? = 2, and S¥ = 1. In addition, we set the price of public transportation as PP = 0.05, with cost
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Fig. 3a. Changes in price with b when S” > % > §°.
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coefficient k = 0.01 or 0.05. It is noted that the selected values of parameters for the numerical simulations guarantee that all the
non-negative constraints.

We first examine the impact of operational efficiency improvement b on prices and traffic volumes. As shown in Figs. 3a and 3b,
under both service quality rankings, parameter b has essentially consistent effects on private travel and ride-hailing prices. As b in-
creases, the price of private travel rises slightly, while the price of ride-hailing service increases significantly, particularly when ride-
hailing service quality exceeds that of private travel. This result indicates that a substantial improvement in the operational efficiency
of ride-hailing would lead to a relatively rapid increase in their pricing, thereby creating potential benefits for both the airport and the
RHC.

The traffic volumes change shown in Figs. 4a and 4b provides some counterintuitive findings. Under both service quality rankings,
the improvement of ride-hailing operational efficiency leads to decreased traffic volumes for both private travel and ride-hailing, while
public transportation demand increases. For private travel, due to the operational efficiency improvement of its competitor, its relative
quality declines, coupled with price increases, demand inevitably decreases. For ride-hailing services, the magnitude of price increase
exceeds the extent of operational efficiency improvement, resulting in a decline in cost-effectiveness and consequently reduced traffic
volumes. As a result, an increasing number of consumers turn to public transportation, and the traffic volumes of public transportation
continue to rise as b increases. Furthermore, Fig. 4a shows that when ride-hailing operational efficiency improvement surpasses the
level of private travel, its market share will also exceed that of private travel.

Figs. 5a and 5b reveal the impact of operational efficiency improvement b and cost efficiency k on various operators' profits. When
SP > SR > P and k is relatively small, the profits of the airport and the RHC decrease in, but when the ride-hailing operational effi-
ciency exceeds private travel’s quality, profits subsequently increase. When k is relatively large, the profit of the airport consistently
decreases in b. This indicates that k is crucial for the airport’s decision-making. When S® > SP > SF, the airport’s profit first increases
and then decreases as b grows, and as k increases, the peak continuously shifts toward the lower-left. This suggests that, for a profit-
maximizing airport, there exists an optimal level of operational efficiency improvement b. In addition, the profit of the RHC
continuously increases in b. Under both service quality rankings, the profit of public transportation exhibits a slight increase in b.

Figs. 6a and 6b further analyze the impact of operational efficiency improvement b and cost efficiency k on consumer surplus and
social welfare. Under both service quality rankings, consumer surplus increases with b. This is intuitive, as ride-hailing operational
efficiency improvements enable consumers to enjoy better travel experiences. Social welfare changes are more complex. When SP > %
> SP and k is relatively small, the social welfare decreases in, but when the ride-hailing service quality exceeds private travel’s quality,
profits subsequently increase. When k is relatively large, the social welfare consistently decreases in b. When SR > §P > SP, the social
welfare first increases and then decreases as b grows, and as k increases, the peak continuously shifts toward the lower-left. Overall, the
effect of improving operational efficiency b on social welfare is similar to its effect on airport profit.

5. Policy implications

Based on our analytical results in Section 4, we can infer the policy and management implications for various stakeholders. From
the airport’s perspective, both charging strategies—charging alone and charging while improving ride-hailing operational effi-
ciency—can increase the airport’s profit. However, considering the cost of improving ride-hailing operational efficiency, the airport
should choose different strategies under different circumstances. Specifically, when the cost of improving operational efficiency is
relatively large, the airport tends to implement direct charging; when the cost of improving operational efficiency is relatively small,
the airport tends to enhance ride-hailing operational efficiency and charge fees. Additionally, the airport should exercise caution when
improving ride-hailing operational efficiency. When S” > S® > S” and cost efficiency k is relatively small, the airport can improve ride-
hailing operational efficiency as much as possible to obtain greater profit. When S > SP > SP, there exists an optimal operational
efficiency level to achieve profit maximization, and the airport must prevent problems of both insufficient quality provision and
excessive quality provision.

Given that the airport may adopt different pricing strategies under varying circumstances, the government should formulate
corresponding policy instruments accordingly. Specifically, when the cost of improving operational efficiency is relatively small, the

_pf;

b
1 2 3 4 5

Fig. 3b. Changes in price with b when SR > SP > sP.
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government should permit airport charging fees, while setting upper limits on charges and supervising operational efficiency
improvement to reach a certain level. Such regulation enables the airport’s pricing strategy to increase not only its own profit but also
that of RHCs, thereby enhancing overall social welfare. When the cost of improving operational efficiency is relatively large, direct
charge fees from RHC by the airport will inevitably have adverse effects on RHC, consumers, and social welfare. In this case, the
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government can provide subsidies to airports to reduce the cost of improving ride-hailing operational efficiency, thereby encouraging
airports to adopt a combined strategy of charging fees while enhancing operational efficiency. For instance, if efficiency improvement
relies on fundamental infrastructure investments, such as expanding designated pick-up areas for ride-hailing, the required investment
cost may be substantial; therefore, the government could provide fiscal support to alleviate part of the financial burden on airports.
Additionally, the government must also prioritize regulatory oversight of operational efficiency improvement. Specifically, the gov-
ernment can mandate that the airport implement service-level agreements (SLAs) or similar mechanisms to link pricing levels to the
quality of services offered. For example, the airport and RHC could establish service quality agreements that specify concrete per-
formance targets, such as the waiting times for ride-hailing vehicles entering and exiting the airport or the proximity of pick-up/drop-
off areas to the terminal.

6. Conclusion

Parking and car rental revenues are critical to airport revenue. However, ride-hailing services have significantly transformed
airport ground transportation, particularly by reducing parking and car rental transactions, which affects airport revenue. To balance
profitability, the airport has implemented various charging strategies targeting RHCs. These strategies may impact the welfare of
stakeholders, thereby influencing overall social welfare. Consequently, it is essential to examine how different airport charging
strategies impact the interests of the airport, RHC, and passengers, as well as how the government should formulate policies to enhance
social welfare.

This study systematically analyzes the impact of airport charging strategies on the welfare of different stakeholders (i.e., airport,
RHC, public transportation, and passengers). First of all, we examine the effects of strategies adopted by profit-maximizing airports on
various stakeholders in the market. The findings show that the airport charging fees alone will increase prices for all travel modes while
increasing the profit of airport, harming the interests of RHCs and consumers, and ultimately leading to a decline in social welfare. The
impact of the strategy, where the airport charges fees and improves ride-hailing operational efficiency, is more nuanced. For the
airport, when the cost of improving operational efficiency is relatively small, the optimal strategy is to charge ride-hailing services
while enhancing their operational efficiency; when the cost of improving operational efficiency is relatively large, the optimal strategy
is direct charging. It is noteworthy that when the cost of operational efficiency improvement is relatively small and operational ef-
ficiency improvement is relatively large, the strategy of airport charging combined with ride-hailing operational efficiency
improvement can achieve a win-win-win situation for the airport, RHC, and consumers, thereby improving social welfare.

Furthermore, we analyze the regulatory policies of the government aiming to maximize social welfare under various circumstances.
When the cost of improving operational efficiency is relatively small, the government should allow airports to charge while requiring
the airport to improve ride-hailing operational efficiency above a certain level, which can protect the interests of RHCs and consumers.
When the cost of improving operational efficiency is relatively large, the government can prohibit airports from implementing pure
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charging strategies that harm social welfare. In this case, to improve social welfare, the government can provide financial support to
airports to reduce their costs, encouraging airports to adopt the strategy of charging while improving ride-hailing operational
efficiency.

This paper has several limitations, which are also potential avenues for future studies. First, the current model does not distinguish
between RHCs and traditional taxis, nor does it account for emerging transportation modes such as shared mobility and autonomous
vehicles. Incorporating these additional travel modes could make the model more comprehensive and provide passengers with a
broader range of travel choices. Secondly, our model only considers static scenarios and does not address dynamic pricing issues. In
future research, we can further explore differentiated pricing strategies implemented by airports during peak and off-peak periods,
thereby better reflecting real-world demand fluctuations. In addition, the model developed in this study does not account for
congestion effects. The majority of measures taken by airports to improve ride-hailing operational efficiency are about alleviating
traffic congestion in the pick-up zone, such as capacity expansion. To tackle these issues, a more detailed modeling effort supported by
empirical evidence is needed in the future. Lastly, our model has not yet taken into account the potential additional travel demand that
may arise from the entry of ride-hailing services into airports. Such a factor could stimulate an expansion of overall travel volume and,
in turn, influence the equilibrium outcomes. Despite these limitations, this paper contributes to the literature on RHC entry into
airports, analyzes the impact of airport fees on RHC, the airport, and passengers, and provides guidance for airports and governments
in charging policy design.
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Appendix A Tables
Table Al

Table Al
Summary of notations.

Notation Meaning

Q, R, Q The traffic volumes of private travel, ride-hailing and public transportation
PP, PR, PP The prices of private travel, ride-hailing and public transportation

0 The passenger’s valuation for service quality

F; Per-passenger fees charged by the airport to RHC

b The operational efficiency improvements provided by the airport to the RHC
k The cost coefficient for the airport to improve ride-hailing service quality

U The collective utility of a representative passenger in the OD market

sP, SR sP The service quality of private travel, ride-hailing, and public transportation
cP, cR c? The unit operating costs of the airport, RHC, and public transportation (assumption: C® = C® = ¢? = 0)
ok, b The profits of the airport, RHC, and public transportation

CS; The total consumer surplus

SW; The total social welfare

Appendix B Model and Solutions

B.1. Equilibrium in Scenario 1: S° > SF > s?

. (8P —S*)(P" 4 28° —287)
P = 4SP — SR —38P (B1)

(SP — S®) (2PP + Sk — 87)
450 — SR — 387

. (®2)

15
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. PP+2sP—28”
&  4SP — SR —3SP
o — (8P —SP)(2PF + SR — 8P)
1 (48P — SR — 38P) (SR — SP)
SP—SR) (2PP+SR—sP
@ - L P
1 SR _ GP SP

(PP + 257 — 257)* (SP — SF)
(3P + 5% — 45)°

1

. (8P —SP)(SP — %) (2P — §° 4 87)”
' (S® — 5P) (37 + S® — 45)*

SP—sR) (2PP+SR—s”
F_p e P
L SR _ SP SP

—2PP(SP — S¥) (8P — S* — 787) (S* — §7)SP+
(5% — 87)8" (457" + 877 (58" — §°) — 2887 (95" + 8°) + S"S” (S* + 115") ) +
PP (4877 (45" — 387) + 87 (8% + 5S°S" — 25") + 8 (115" — 85¥* — 115°5") )

CS; = 2
2(S® — SP)SP (SR + 3P — 4SP)
8PF (S” — S%) (S” — §) (S — §7)S”+
(8%~ 87)s" (128" + S*S” (38" + 87) — §7°(S" + 195") — 28”(8°* + 515" — 45"%) )
o PP(487 (48" - 387) + 87(5 + 58"S” — 2577 48 (115 — 8" ~ 115°5") )
SW; =

2(SR — SP)SP (SR + 3SP — 48P)*
SPSRSP_gR*sP_gPsP> | sRsP?
Let 0 < P < 4SPSR—_SR% 25D SP_SRGP

B.2. Equilibrium in Scenario 1: Sf > P > §?

(SR — SP) (PP + 28R — 25F)

so that the non-negativity condition holds.

A= 4SR —SP —38P
o (Sk —SP)(2P" + 8P — 8F)
v 4SR —SD —38P
. PP+2SR_28P
A =i sy
QD* _ (SR _ SP> (ZPP +SD _ SP)
1 (48R — 8P —3SP)(SP - SP)
SR—8P) (2PP+SP—sP
@ - e P
1 SD _ §P SP

e (PP 28"~ 25%)* (Sk — sP)
' (357 + 8P — 48%)°

(SR8 (s* —8") (2P + 87~ &)
' (8P —87) (SP + 387 — 48F)*

16

(B3)

(B4

(BS)

(B6)

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)
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(8R—8P) (2P"+sP—sF)

”{’ =P = 7§D7issp TSP (B18)
—2PP(S* — SP) (88 — S” — 787) (S” — SP)S"+
(SP —sF)s” (43"3 +S7% (58P — SP) — 2578 (9SP + SF) + SPSP (S + 1lsP)) +
C PP(45™(48° — 387) + 87(87" + 578" — 25") + 57 (115" — 85" — 115°5"))
cs; = (B19)
' 2(SP — SP)SP(SP + 35P — 487)°
8P (S* — SP) (S — §) (s — §°)S"+
(8° —8)8" (125" + $"S" (38° + 87) — S*(S” + 198") — 2% (57 +- 878" — 45" )
o P(45™(as” - 3S7) + 87 (87 + 557" — 25") + 57 (1157 — 85”* - 115°5"))
SW; = (B20)
! 2(SP — P)SP(SP + 35 — 4s7)?
Let 0 < PP < % so that the non-negativity condition holds.
B.3. Equilibrium in Scenario 2: S° > SF > s?
. 1(p o P°(108° —S* —9sP)
P ’5(5 B T T (B2
o PP (1257 - 5% + 4578 + 95”7 — 25° (" +-1187) )
e Y (B22)
2 (8P + S® — 987) (P — 57)
.1 PP(28P + SR — 35P)
== (1 B23
& 2( +(ssnwe4;:91’)(51)451’)) (B23)
i PP (2SP R _ agP
Qo - (28 + Sk — 387) ®24)

(8SP + SR — 9SP) (SR — SP)

P (457% (48" — 387) — 8" (5" — 148" + 95" ) + 28” (5™ — 168"” + 115™*) )
—((8S” +S* — 98”) (S” — §°) (S* — S")S?)

& = 25P(SP — SP) (SP — SR) (98P — 8SP — SK) (B25)

(B26)

. PP?(28P + SR — 387)°
ﬂ’z‘"—‘11<2PP+stP+ (25°+ )

(8P + Sk — 95P) (8P — 87) (Sk — &7)
. PP’(SP—SR) (2P + SR — 387)°

5 = . (B27)
(8SP + SR — 9SP)”(SP — SP) (SR — SP)

PP(—((8S” + S® — 98”) (S” — §°) (S* — S")S*) +
. P (457% (48" — 387) — 87 ($"* — 148%" + 95" ) + 25° (5 — 168"8" + 115" ))
2 = 28 (SP — SP) (SP — SR) (98P — 8SP — SK) (B28)

(88 + 8% — 05") (8" — 5")" (57 + 278" — 35" +
2P (8° — §7)S" (5" — 5°) (2085"" + 345" + S** — 4508"S" — 365"S" + 2435 ) +
PP (165°% (1688 — 1587) + 8”2 (64SR2 — 860SRS? + 74SSP2) +
48P (SR3 — 29SR%8P | 2208RsP? 1898P3> +s (SR3 +37SR°SP — 297SRsP? + 2435P3))

CS, = 5 (B29)
8(8SP + SR — 9SP)”(SP — SP) (SR — SP)SP
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6P (25" + S* - 357)

3sP
T g + SR — 98P

+8° — (P (168" (165" — 158") + S (645™ — 8605"S” -+ 7485"")

) +48P (SR3 — 298*%S + 229875"* — 1895”3) +8 <5R3 + 378R%sP — 2978RSP 4+ 2435"3) )
SWj =

8(8SP + Sk — 9SP)*(SP — SP) (SF — SP)SP

8SP?SRsP L sPSR2gP_gsP2sP? 15D gRsP?_gR2gP2 1 175D sPS 1 105RsP® _ggP?
Let 0 < P’ < 16SP2SR 425D SR% —125D%SP — 325D RSP —SRZSP 4 22SPSP2 1 14SRSP2 _9gP3
B.4. Equilibrium in Scenario 2: St > P > §°
o _ 1287 — SP? 4 PP(8SR + 8P — 9S”) + 4SPSP + 987* — 287 (SP + 1187)
o 2(8SR + SP — 98P

P - 1 (P,, (10S® — 8P — 9sP) (SP _sP)>

2 8SR 1 P — o8”
. 2SR 48P _3sP
&% = 8SR + SP — 9SP
Q _L(B o8 P
2 T 2\8SK 18P —9SF 'SP —SF
o — (10SR — SP — 9SP) (SP — SP)SP — PP(8SR + S — 9SF) (28 — SP)
: 28P(SP — SP) (98P — 8SR — SP)
(8% —SP)(28% + 8P —387)°
(8% + 5P — 957)*
.1 (287 + 87 —357)*  pr?
I <2PP+ 8SR + 8P —9sP ' §P P
(108" 5" 95") (S” — §")S” — P*(85" + §” — 95") (25" — "))
2 2P (SP — SP) (98P — 8Sk — SP)
165%° 4 55°° — 355P%P 4 275PS"* 4 24357° 1
1| PRasp —3sr)  45%(98” +435°) 4 85* (35”2 —78PSF — 54sP2) 2PP (2657 + 57 — 2757)
CS, = 8 (8P —sP)sP (8SR +8P — 95P)2 B 8SR + SP —9osP
1125%° — §P% 1 45%% (275 — 475%) +
aw: _ 1| 2P(108* — 5 — 957) PP?(4SP —3SP)  8SRSP(3SP — 2587) — 175P%SP 4 815PSP? 4 818°
278 8SR 1 SP —9osP (SP —sP)sP * (8Sk + 5P — 95}’)2

RcDcP _eD2cP R P2 D P2 p3
Let O < PP < 10SRsPSP—sP”sP_105RsP® _gsPsP? 105
16SRSP+25P% —8SRSP —195PSP+9SP2

B.5. Equilibrium in Scenario 3: S > SR + b > ¥

so that the non-negativity condition holds.

P"(10SP — SR — 9SP) + (8SP + SR — 987 (SP — §7) — b(P* — P + SF)

Py -
: 2(b+8SP + Sk — 957)
2b(4S + S* — 58) (S” — S7) — 2bP” (S” + ¥ — 287) + (85 + S — 97 (S” — §)
(8% = 8) —b?(P" — 8" + §) + P (1287 — 5 4 45" 4 95" — 25 (s* +- 115") )
3T 2(b + 8P + S% — 95P) (P — 5P)
Q- PP(28P + S® — 357) + (8SP + SR — 9SF) (S° — S°) + b(P” + S° — §°)

2(b + 8SP + Sk — 98P) (SP — SP)
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so that the non-negativity condition holds.

(B30)

(B31)

(B32)

(B33)

(B34)

(B35)

(B36)

(B37)

(B38)

(B39)

(B40)

(B41)

(B42)

(B43)
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PP(b+ 28" + SR — 387
R ( ) (B44)
(b+8SP 4 SR —9SP) (b + SRk — SP)

2b(4S” + S* — 58) (S” — S7)S” + (8S” + S* — 98”) (S” — S7) (S* — S7)S"+
b*((S” — SP)S” + P"(SP — 287)) — 2bP” (ssl’2 +28°(S* — 8SF) + 87 (787 — SR)>+
P/(s7 (5% — 148°S” + 95" — 45" (45" — 35") — 25 (5** — 165°5” + 115" )

B45
2(b 1 85 + S 95°) (S _ &%) (b + S* _ S°)SP ®B45)

Q=

2b(P**(25° + 8% — 38") + 2P (45" + S* — 58”) (" — &) + (48” + 8* ~ 55") (s ~ 8")*) +
PP (2S” + S® — 357)° — 8b%k (4S” + S* — 55°) (S” — S7) + 2P" (8S” + S — 9S")
(s° - ") (sR ) + (8S” + Sk — 98) (S” — §°)°(S® — S”) + 4b*k(S” — S”)+

B2 (PP 4 2P"(S” — §7) + (S° — 8°) (° — 32kSP (S° — §7) — 8" — 4k (s™” — 108"s" + 95") ) )

= 4(b + 85 + S® — 957 (SP — §7) (b + Sk — 57) (B46)

PP*(b — SP + S®) (b + 287 + S% — 35%)°

2 (B47)
(b4 8SP + SR — 9SP)”(SP — SP) (b + SR — SP)

PP(4PPSP? (4SR — 3SF) — 2b(4SP + SF — 557) (P — SF)SP — (8SP + S* — 95”)
(8° ~87)(S* ~ §°)8" +b* (2P"S” — P'S" — S°S” + 87) — PS5 — 145°S" + 95™)
 +2P’S(SM - 168%S” 4 118™) + 2bP" (857" + 257 (S° — 8S7) + 87 (75" — 5°))
= —2(b + 8P + Sk — 95P) (SP — ) (b + S — SP)SP) (B48)

(8P + S* — 957)*(S% — §7)S” <SD2 +25P8" — 35"2) + 2P (S — SP)SP (" — SF)
(2088”2 +34SPSF + S** — 4508PSP — 36SRS” + 24331’2) + Db (2PPSP(SP — SP)+
PP2(48° 1 87) + 8 (87 4 257" — 38" ) ) + P** (168" (168" — 158") + 5
(645Rz — 860S°S” + 7485P2) +48P <SR3 — 295R*S? 4 2208%s”* — 1895"3) +8°
(sR3 +3757%8” — 2978%sP* 4 2435"3)) +b?(— 2P(34S + 3% — 375F) (S” — S7)SP
+(168” + 35" — 195")S” (sD2 +25P87 — s”z) +PP*(64S"” 4 4P (3SR — 295F)
+§" (38" + 375"))) + b(S" (5 + 257" — 35"7) (645"" + 35 + 325” (5" - 55")
—38SRS” +9957%) — 2PP (S — §7)SP(2085P” + 68SPS® + 3SR — 484SPS”—
74S°S" + 2795 )P (2565°° + 45" (325" — 21587) + 8" (358" + 745"S"
—2975") + 4SP (35“2 — 58SRSP + 2295"2) )

3 (B49)
8(b + 8SP + Sk — 9SP) " (SP — SP) (b + Sk — SP)SP

CS,

8b*k (168 + 3S® — 195) (S” — S7)S” — 8b°kS (S” — S7) — (8S” + S* — 95)(S* — &7)
s (351’2 —28°8" — sz> + 6P (S — SP)SP(SP — S*) (165”% + 10SPS* + S** — 425PSF
~125%" 4 275") + P*(1687" (168" — 155”) -+ 5°* (645" — 8608"S” + 748" ) +

48P (s""’ — 298RSP | 2298RSF? 189SP3> + 8 (5R3 + 375R%SP _ 2978RsP? 24351’3))

+b°(6P'S" (" — S) + PP (487 + 8") + (S” — §")S" (512ks"" + 87 ( — 3 + 256k(5" - 55"))
—S" 4 8k (:asR2 — 38SRSP + 995”2) )) +b( — 6P° (SP — S7)S”(168°* + 208”8 + 357>
~528°S" — 265°S" + 395" + 57 (257" + 5" — 35" (645" + 35" 4 3287 (5" - 55")
—3887S” + 99SP2> +P” (2568’33 +48P%(32S% — 21557) + S° (35"2 +7487S — 297sP2) +
48P (35*‘2 — 58SRSP + 2295"2) )) + b?( — 6PF (108 + 358 — 138 (P — §°)S"+
PP (645D2 +48P (38R — 2987) + 87 (38F + 375”)) + (8° — 87)SP(168P* (- 3+ 32k(S® — S7))
+8k(S® — 957)* (S® — §7) + SP(19S” — 35%) + S”(128kS*” + S7 (41 + 1152kS")

_ QR P
W, S*(9 + 1280kS?)))) (B50)

—8(b+8SP + S% — 957)*(SP — SP) (b + Sk — SP)SP
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b?(PP + 8P — SP) + (85 + S® — 95°) (S” — SP) (S® — ) +2b(48"? + P’S"+
| SP(S" - 98) — P’S” — S°S" 455"+ P (8" + 5¥* — 168°S” — 25°5" + 95™)
F, =

B51
3 2(b +8SP + Sk — 9SP) (SP — SP) (351
Let 0 < PP < w so that the non-negativity condition holds.
16SRSP+25P“ _8SRSP 195D SP 98P
B.6. Equilibrium in Scenario 3: Sf + b > SP > §°
pre_ 1262 1258 — 25RS? — 5% 4 b(8P" + 24" — 25” — 228") + P (BS" + S° — 9S") — 225"S” + 4S"S" +- 95" ®52)
R —

2(8b + 8SR + SP — 9SP)

o PP(8SR + SP — 9SP) + 2b(4PF + 55 — 5SF) + (10S* — SP — 9SP) (SP — SP) (B53)
s 2(8b + 8SR + SP — 9SP)

 2b428% 4+ 8P - 3§

% "~ 8b+ 8SR +SP — 98P

(B54)

PP(8SR + 8P — 9S) + (28% + SP — 3SP) (SP — S) + 2b(4P" + P — SP)
2(8b + 8SR + SP — 9SP) (SP — SP)

Q&= (B55)

o - —PP(8SR + 8P — 9SP) (28 — S) + (108% — SP — 9S”) (SP — SP)S” — 2b(P" (8SP — 4SF) + 557 (SP — SP)) (B56)
o 2(8b + 8SR + SP — 9SP) (SP — SP)SP

. R _ D) (9, 2SR D _ qgP)2
ﬂgv.:(b+s SP)(2b+ 2% + 8 - 387) (B57)
(8b + 8SR 4 SP — 9SP)

4b(2P"* + 4P(S” — §") + (25" + 8° — 38) (S” — §") ) + P (85" + 8° — 95") — 326%K(S” - &)
—4b%(— 1+ k(8S® + 87 — 97)) (8P — SF) + 2P (85" + SP — 957) (87 — SF) + (287 + S — 357)*(S” - §)
- 4(8b + 8SR + SP — 9SP) (SP — SP)

P (B58)

o PP(P(8S" +8° — 05) (287 — §7) — (108" — S” — 95%) (8" — §7)S” + 2b(P* (85" — 45") + 55"(S" - 8°))) (B59)
s 2(8b + 8SR + SP — 9SP)SP(SP — SP)

16b°(S? — S7)S” — 2P° (s — SP)sP (2085R2 +3487SP 4 SP? — 45087S” — 365”SF + 2435*’2) +
46 (16P (4" — 35") — 104P"(S” — §7)S" + (S° — §7)" (125" + 98 + 435") ) + (8° ~ 8°)$"
(165" + 557" — 3557S" + 275°5" + 2435 + 45" (95" + 435") + 85" (35" - 75" — 545"") )
4b (4PP2 (88" + 87 — 95P) (4S” — 35") — P?(208S" + 175" — 2258") (S” — S¥)S"+
2(SP - 87)s (6st + 9S8P 4 38P? 4 43SRSP — 7SPS” — 54SP2))+PP2 (8% + 5P — 957)* (45 — 357)

CS; = 2
8(8b + 8SR + 8P — 95") (SD — SP)SP

(B60)

PP? (85" + 8P — 957)? (48P — 3S”) + 512b*k(S” — S7) S+
16b°(8k(8S® +S” — 957) — 7) (S” — S*)SP + 2P"(S” — SP)SP (s”2 — 80SR* — 287 (SP — 815F) — 815P2>+
(P —sP)sP (sD3 — 1125%° — 457%(27SP — 475") — 8SRSP(3S” — 258F) + 175P°S” — 815PSP* — 81$P3>—
4b< — 4PP?(8SR 4 S — 98”) (4SP — 3SF) + PP (80S® + 5P — 818”) (S” — §7)SP + 2(S° — S°)S”
(425RZ + 27578 4 38P% — 4757S” — 255’35”)) + 4b? (16P™ (4SP — 3SP) — 40P (SP — S7)SP 4 (SP — SF)SP
) (128kS™ + 2kS”” + 45" (- 21 + 8K(S” - 957)) — 9S(3 + 4kS") + 57 (47 + 162ks") ))

SW, = 3 (B61)
—8(8b + 8SR + 8P — 987)"(SP — S7)SF

g 8 8SR? 4 8P 4 PP(8SR + 8P — 98”) + 8b (PP 4 25% — 287) — 168°SP — 25PSP + 987
-

B62
2(8b + 8SR + SP — 9SP) (B62)

20



J. Xiao et al. Transportation Research Part B 207 (2026) 103433

D P RgDgP_gD2gP _ P2 _10SRsP2_gsP P2 ggP3
Let 0 < pP < 10bs”SP+108R%sPsP —sP7SP —10bS! 108%S"~ -8575"" +95’

hat the non-n ivi ndition holds.
16bSP +16SRSP +25P2 —8bSP —8SRSP —19SPSP4+-9SP> so that the non-negativity condition holds

Appendix C Proofs

Proof of Lemma 1.

P> 8k >8P
oo _pr L[ g PP(10S" ST 08%) 2(S° %) (P 128” —287)\
A 8P +SF—0SF 48P — SR 3% ~
I +pP(1st2 ~ St 4 48RP 4 957" — 257(8" + 1187)) e\
to2 (8SP + S® — 98P) (SP — SP) 48P — SR — 38P
.o 1 2(PP + 28P — 25P) PP(28P + Sk — 38F)
& - *E( 48P SR - 38P +(85D+SL9SP)(SL$P)> <0
PP(2sP+sR-3sP)  (sP—sP)(sP—2p-sR)
Q¥ - Q¥ = L N T3 <0

SR _ GP

o (287458 —35)((8S + 5% — 95") (P — 8") (S" — 8°) + P* (857" + 5 — 168°S" — 257" + 95%) )
Q= 0
% - 2(8SP + Sk — 9SP) (4SP — Sk — 35P) (SP — SP) (S* — &°) -

Sf>s">8
.1 (10Sk — 8P —95P) (SP —SP)  2(SR — SP)(2PP 4+ S — SF)

it _§<PP 8SR + SP — 9SP a 48R — S — 3P ) 0

. (280487 - 387) (887 4 77 4 PP(8S™ + 87— 97) — 16S"S” — 2578 + 957"
Py — P = >0

2(8SR + SP — 9SP) (4Sk — SP — 35P)

. o 8SR2 1 8P% | PP(8SK 4 8P — 987) — 16SRSP — 28PS” + 9P

@ - - +SP° + PP(8S% + ) + “0

2(8SK + P — 9SP) (4SF — SP — 3SF)

o QRkizsR+sD—3sP P"+2SR—25P<0
2 1 T 8SR4+SP—9SP  4SR —SP — 3SP

3(85™ 4 87 4 PP (8S" + S — 95) — 168"S” — 25°” + 95%)

o ~o
& -Q 2(8S% + SP — 9SP) (4S% — SP — 357)
So we have P} > P, PR > PR QY < @Y, Q¥ < Q¥ and Q) > Q0. W
Proof of Proposition 1.
P >8k> 8
R | PP?(28P + 8% — 387)? 48P —5F) (PP +28° — 28°)” o
2T 4 (8SP + SR — 98P) (SP — SP) (SR — SP) (57 + 357 — 45P)?
(s - s%) PP (257458 -35)"  (P-57)" (2PP4sR-sP)’
. . (8sP-+sR 95 (s7+38P-asP)?
m —m = <0

- 5)E -5
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- P?(25” + S" — 387) ((8S” + S" — 957) (8” — 8°) (8" — ) + PP (85”* + S — 165" - 25" + 95 ) )
2 AT 2(8SP + SR — 98P) (4SP — SR — 3SP) (SP — SP) (SR — SP) >0

—2P(SP — %) (8SP — Sk — 78) (S — SP)S + (S® — SP)SP(45P° 4 8P
(5S% — S”) — 25PS” (9SF + S7) + SRSP(S* + 11sP)) +P” (4s”2 (4S® — 357)
+SR (sR2 4 5SRSP 25”2) +8P (1 1572 — gsR* _ 11sRsP))

CS, —CS, = 2
—2(SR — SP)SP(3SP — 4SP + SR)

(88 + 8% — 95")" (8" — 87)8” (877 + 257" — 38"") + 2P (” — §")$" (5"  ¥)
(2085”2 +348PSR 4 SR* — 4508°S” — 36S7S” + 2435P2> +P"?(168”% (16S% — 1587) +
+87% (645" — 860" +7485"") + 45 (s** — 205"°S" -+ 2295"5" — 1895" )

+8P (SR3 + 375R%SP _ 2978RsP? 4 24351’3))
8(8SP + Sk — 957)*(SP — S7) (SR — SP) S

<0

1 6P" (28" + S® — 35P)
8 8SP + SR — 9SP

PP (165" (165" — 158") + 5" (64" — 8605"S” + 7485") + 45” (5%

SW, —SW; =~ (38" +S" +

20SR%SP 4 2298RSP* _ 189SP3) 48 <SR3 + 375R%SP — 2975RsP? 2435"3))
(8P + Sk — 98P)” (SP — SP) (SR — SP)SP

4(8P"(SP — SR) (SP — S7) (S® — S”)SP + (S® — S”)S” (128" + SRS” (38% + S)
—§P% (S +198") — 257 ($°% 4 SRS” — 45"%) ) — P (457 (45" - 3")
+8R (SR2 +58RsP — 2st) +8° (1 187 — 8SK* — 115“5*’)))

<0
(SR — 57)SP(3SP — 4SP + SK)?

SR> 8P >8P

o (88 + 57 4 PP (8S" + 8° — 9°) — 168" — 25" + 951’2>2
e 0
2 4(8SR 4 SP — 9SP) (SP + 38 — 4SR)”

R D _ acP)2? R _ ogP)2
ﬂgk_ﬂ?,t_(s}{_sn)<(zs +8°-38")" (P"+2S 2s)><0

(88 + 8P —98P)®  (SP + 38P — 48%)°

- 3p? (8st +SP? 4 PP(8SR + SP — 9SF) — 16SRS? — 2SRSP 4 9sP2)
g g 0
S 2(8SR + SP — 9SP) (4SR — SP — 3SP) ~

168F% 4 58P° — 35508 4+ 275PSP? 4 243877+

1| Pr(asp_3s) apr(2esrsp o a7sr) 4S™(95°+4387) +85" (?,SD2 —78P8P — 545"2)
€S, —CS, =3¢ (sP—sP)sP  8SR+SP oS (SSR+SD79SP)2

4(—2P"(S* —SP) (85" —SP —7S7) (S” — §7)SP + (S° — S7) S (48" + S** (557 — §) — 2S*SP (97 4 §7) +S°S”
(87 +1187) ) + P (45" (45 — 38) + 5 (* 4 58" — 25" + 8% (115" ~ 88" - 115°8") ) )
(SP —SP)SP(SP + 38P — 45R)

<0
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1 [2PP(108% —SP —98”) PP*(4SP —357)
8| 8SE+SP—9SF (P _SP)SP

SW, — SW, =

. 1128%° — §P° 4 48R%(278P — 47SP) + 8SRSP (3P — 2587) — 178P2SP + 818PSP + 8187°
(8% +SP — 95P)*
4(8PP(S® — SP) (SR — SP) (S — S7)S + (SP — 87)SP(12S%° + SPSP (38 + SP) — S7*(SP + 19S7) — 28R
(7% + 578" — 4s"")) — P (45" (45 — 387) + S7 (87 4 58°8” — 25™) + $° (115" - 88" ~ 11557 )
(SP — SP)SP(SP + 357 — 4SR)?

<0

So we have 74" > nf", n§" < #f’, 5" > #t", CS, < CS; and SW, < SW;. i
Proof of Lemma 2.

SP > SR> 8P

PP(10S” — S® — 9SP) + (85" + S* — 95")

o pp (8P — SP) —b(P? — 8" + ) (8-S (PP 28” - 28)
3T 2(b + 8P + 5% — 9”) 4 —sk—3%
2b(4S” + S® — 587) (SP — S¥) — 2bP"(S” + S — 28F)+
(8S” + S* —9SP) (S” — ") (S* - S") —b*(P" —S" + §7)
. +PP (125”2 — S® 4 4SRSP 4 98P — 2P (SR 4 115")) (8 — S%) (2PP + S* — §7)
O 2(b + 8P + S% — 97) (SP — 5) Ty osose 0
PP(2SP + S* — 357) + (8S” + S* — 9sF)
Q- (P — SP) +b(P° + 8° — ) _PPyas a8
: ~ 2(b+8SP+SR—9SP)(SP —SP) 4SP — Sk — 38P
Q¥ - QF =25ty (&S;:SSPR)_(:;)Z(I:;_S:)) > 0 when b exceeds a certain threshold.
2b(4SP + S* — 587 (SP — S7)S” + (8S” + S® — 9S) (P — S”) (S® — SP)SP+
B2((S” — $°)S” + PP (S — 25)) — 2bP" (85°" + 257 (5" - 88") + §°(78" ~ 5¥))
L AP(ST(5M - 14878 + 98"7) — 4877 (45% - 357) — 257 (5" — 168"” + 115" )
G -Q = 2(b + 857 + S¥ — 957) (SP — SP) (b + S® — SP)SP
(S — S*)(2P” 4 SR — SF)
PF 4 Sk 3
T Ko >
SR> >8P
3(S” — 8°) (88K + 8P + PP(8S® + S — 9S") +
o pr 2b(4P" + 4SF + P — 557) — 16SRSF — 25PSP 4 95F%) ~0
st 2(8b + 8SR + SP — 9SP) (4Sk — SP — 35P)
12b% + 128" — 25RSP — §P* 1 (8P + 24S% — 28P — 225F)
e +PP(8SR + 8P — 9S”) — 228RSF 1 45PSF 4 957 (o) r2sto2s)
¢ 2(8b + 8Sk + SP — 98P) 4SR — 5P — 38P
Q- 85%% 4 SP? 4 PP(8S® + SP — 9S”) + 2b(4P” + 4S® + S — 55”) — 16S°S” — 28PSP + 957° “o
st —2(8b + 8SR + SP — 9SP) (48R — SP — 35P)

2b+ 8P +28% — 387 (SP —S8”)(S” — 2PF — SF)

R R
i 8b+SD+85R79SP+(4SD—SR—3SP)(SR—SP)<0
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3(85"% + 7% + PP (88" + S — OS") + 2b(4P" + 45" + S — 58) — 168"S” — 257" + 95" )
2(8b -+ 8SR + SP — 9SP) (4SR — SP — 38P)

So we have P2 > P>, PX" > PR QY < Q¥, Q¥ < Q¥ or Q¥ > QF,and Q)" > Q". W
Proof of Proposition 2.

& -Q =

>0

P> 8f >8P
2b(P*(2° + 5% — 35") + 2P (45" + S* — 587) (° — &) + (48" + $* - 58") (8” — 8°)*) +
PP?(25P + S® — 357)° — 8b%k(4S” + S® — 5°) (S” — S7) + 2PP (8S” + S* — 9S?) (S” — §) (S* — §°)+
(887 + % — 9S7) (8P — S7)” (SR — S7) + 4b*k(S” — SP) + b3 (P** + 2P7(S° — §7) + (S° - §)

(87— 32Kks”(5" — 8") — 8 - 4k(s** — 108°S" + 95") )

o - =
2 4(b+8SP + Sk — 9SP) (S? — SP) (b + Sk — SP)

(SP — SR) (PP 4 287 — 287)*

>0
(357 — 48P + S7)°

when k falls below a certain threshold.

g e PP -8 8 (b 25" 4 5F - 387)°  (SP—SR)(SP —SP)(2P" + SR —§F)° o
T (b+8SP 4 SR —98P)(SP — P) (b + SR — SP) (S® — 5P) (S® + 35 — 45)*

when b exceeds a certain threshold.
(SP — SR) (2PP + SR — 8P)

PP 4SD _ SR _ 35P
Ikt o SR —gP

_pr

PP(4P"SP? (4SR — 3S7) — 2b(4SP + S¥ — 5SF) (S” — S7)SP — (8P + S* — 957) (SP — S7)
(8%~ 87)8" +b?(2P’s” — P'S" — S°S" +87%) — P'S"(5%* — 145°S" + 95" +
2P"SP (S — 168°S" + 115" + 2bP° (857" 4257 ($* — 857) + 8" (75" ~ %) ))

2(b + 8SP + Sk — 98P) (SP — SP) (b + SR — SP)SP >0

—4(—2P"(SP — S®) (8S” — S — 7S") (S® — 8") S+
(Sk—sP)sP (45’33 +8P%(58R — SP) — 25PS (9K + SF) + SRSP(S* + 11s"))+
PP? (457" (48" — 38") + 87 (5 + 55%” — 25") + 87 (115" - 85™* ~ 115°5") ))
8SP (SR — SP) (SK + 3P — 45P)?

CS, —CS; =

(8° + S* — 957)*(S* — §7)SP (SD2 +28P8" — 3s"2) + 2P (SP — SP)SP (S — S*)(208S”? 4 34SPS" + §*
~4508°S" — 368"S” + 2438"")+b7 (2P"S” (S" — S7) + P (45" + §7) + 87 (877 4 257" — 38"7) )+
PP(168" (165" — 1587) + 57 (645" — 8608"S” +7485") + 45" (S** — 205™°S” + 2295"S" — 1895"")
+8” <ng + 3757787 — 2978RsP? 4 2433P3)) +b?(— 2P (34SP + 3S® — 3757) (S° — SP)SP + (16S” + 38" — 195")
S (87 +2578" — 38™%) 4 P"* (645" + 45" (35" — 295) + 87 (35" + 375") )) + b(S” (S”° + 25" — 35"%)
(64SD2 +38%% 1 3287 (SR — 58”) — 38SRSF + 99SP2) — 2P° (S — S7)SP(2085"” + 68S”SK + 35%” — 4845PS”
~74%" + 279" ) + P** (2568”7 + 457" (325" — 215" + 8° (38" + 745"S" — 2975")

+48P (35“2 — 58SRSP 4 2293"2)))

>0
8SP (b + 8SP + Sk — 98P)*(SP — SP) (b + Sk — SP)
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when b exceeds a certain threshold.
8b*k (168" + 35" — 195”) (S” — S7)S” — 8b°kS”(S” — S) — (8S” + S® — 95”)*(S* — §7)S”
(351’2 — 28PSP — s"z) +6P"(SP — SP)SP(S” — S¥) (168°” + 10SPS® + S** — 425PSP — 125RSP+
278")+P"* (168" (165" — 158") -+ $”* (645" — 860S"S” + 7485" ) -+ 45" (S*" — 205""5"+
2295"s" — 1895")+5" (5° + 375%°s” - 2075"5" 1 2435")) + b* (6P'S" (8" — §”)+
P48+ 87) + (S° — §°)S” (512kS”” + 8”( — 3+ 256k (S" — 557)) — S + 8k (35" — 385"5"+
9957%))) + b( — 6P°(S” — S)S” (165DZ + 20SPS® + 3SR — 52578 — 26SRSP + 39sP2)+
57 (8% — 38" + 2575 ) (645°" + 35 + 3287 (5" — 55”) - 38S°S” + 995" ) + P(2565""+
45P% (3288 — 21557) + S° (38R2 + 748RSP — 2975"2) +48P (35"2 — 5857S” + 2295"2) )+
b?( — 6PF(108” + 3S% — 135) (SP — 8)S” + PP (64SD2 + 48P (3S% — 298%) + S”(3s% + 37SP)>
+(SP — §P)SP(1687%( — 3 + 32k(S® — 7)) + 8Kk (S® — 957) (S* — SP)+
1 S (19" — 35%) + °(128Kks™ + 5" (41 + 1152kS") — 5% (9 + 1280kS”) ))
g (b +8SP + Sk — 957)° (8P — §7) (b + SR — SF)
4(8PP(SP — S7) (SP — ) (S® — SP)SP + (S® — 87)S”(125P° 4 S7S” (38" + ) — SP (S + 198")
25 (S + 8%” — 45" ) — PP* (4577 (48" — 38") + §% (5% + B8RS — 25"%) + 8 (118 — 85 — 115°5" ) ) )
(SR — S7) (3SP — 4SP + SK)*

SW, — SW, =

)< 0

when b exceeds a certain threshold and k falls below a certain threshold.

SR >8P >8P
4b(2P"" 4 4P (S — §7) + (2% + 8 — 38") (8° — §°) ) + P"*(8S" + S”
—95%) — 32b°%k(S” — S°) — 4b*( — 1 + k(8S® +S° — 95%)) (S” - S)
v L 1 +2P" (88" + 57 — 95”) (S” — ") + (25" + 8" — SSP)Z (87 -5") when k falls below a certain
2T 4(sp-8m) 8b + 8SR + SP — 98P

4(SR—8P)(SF - 87) (2P +5° —8)°
(5P + 387 — 45%)°

)>0

threshold.
R R (b+SR—sP) (2b+28R4sP—357)*  (SR—sP)(PP+2sR—25")"
3 — 7 =

3 >—— > 0 when b exceeds a certain threshold.
(8b+88R+SP—98P) (sP+3sP—4sR)

. 3P"(8S%" + 57 4 PP(8S" + 8 — 05”) -+ 2b(4P° + 4" + 8 — 55") — 168" — 25°S" + 95"

0
2 2(8b + 8SR + SP — 9SP) (4SR — SP — 3SP) ”
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J. Xiao et al.
16b° (S” — §)S" — 2" (5" — §")s" (2085 + 345°S” -+ $°° — 4508"S” — 365" + 2435" ) +
4b? (16P? (4S — 3S7) — 104P” (S — S7)SP + (SP — SP)SP (128" + 9S” + 435")) + (S° - S")SP
(165 + 557" — 35577S" + 275°5"" + 2435 + 45" (95" + 435") + 85" (35" — 75" — 545" )
4b(4P" (85" + 8" — 95) (45" — 35") — P*(2088" + 178" — 2258") (S” - §")$"+
s cs 2(S° - 87)s” <6SR2 + 9SRSP 4 38P? 4 43SRSP — 7SPSP — 54SP2> )+P"* (8S® + SP — 957)* (48P — 357)
CS =

8(8b + 8SK + P — 957)*(SP — SP)SP
—2PP (SR — SP) (8SR — SP — 78P) (S — §7)SP+
(87— 87)8" (48" + 5% (587 — §) — 25%" (95” + §") + 8°S" (8" + 115") ) +
P (45"2 (4S° — 387) + S° (SD2 + 5SPSP — 2st) 48R (1 187> — 8sP? — 113DSP))

3 >0
2(SP — SP)SP(SP + 3SP — 4SF)

when b exceeds a certain threshold.
PP?(8SR + P — 957)* (48P — 3S”) + 512b*k(S° — §7)S"+
16b°( — 7 + 8Kk(8S" +S” — 957)) (S — SF)S” + 2PP(S” — SP)SP( — 80S%* + 8P — 28R (P — 815F) — 81$P2>+
(s? - s")s"( —1128%° 4+ §P° — 45%% (27SP — 475P) — 8SRSP(3SP — 258F) + 175PSP — 818PSP” — 815”3)7
4b( — 4P (8SF + S — 9S”) (4SP — 3SF) + PP (80SK + SP — 815”) (S — S7)S¥ +2(S” — S7)S”
(42st +278RSP 4 38P* — 47SRS” — 255DSP)) +4b? (16P"* (4SP — 3S”) — 40P (SP — §°)S” + (S° — 8)SF
(128KkS™ + 2K”* + 45" (— 21 + 8k(S” — 95")) — 95° (3 + 4kS") + 8" (47 + 162kS") ) )
—8(8b + 8SR + 5P — 95P)* (SP — §P)SP
8P (SR — SP) (SR — 7) (S” — 8")S"+

(8° —8)8" (125%" + 78" (38" + 87) — S*(S” + 198") — 2% (57 +- 88" — 45" )

SW, — SW, =

_p* <4SR2 (4P — 38°) + S° (SD2 1 5878 — 2st) 1SR (1 187% — 8sP* — 113DSP))

5 >0
2(SP — SP)SP(SP + 3SP — 4SF)

when b exceeds a certain threshold and k falls below a certain threshold.
So we have 74" > 7", 2§ < 2% or 25" > 2%, 25" > %", CS; > CS] or CS; < CS}, and SW; > SW; or SW; < SW;. i
Proof of Lemma 3.

P> SR> 8P

" " 7PP D _cR D | R _gcP D7P7D7RPPD R _ggP D | cR _qggP D __gP .
Py —PY = (=8P ($7-8") +(8" 5" o5 )((E;SSD+ZR)295E’§(si+?S£+EE:Rf;:") o)+ (8575 -957) (7)) > 0 when b exceeds a certain threshold.

b~ (8S” + 5% —95")*(s” — §) +b(8S" + " — 95°) (P" — " + &)
+P° (2887 + 5** + 8S° (28" - 95”) — 185" + 455" )

PY —p¥ =
2 —2(8SP + SR — 98P) (b + 8SP + Sk — 9SP) (SP — SP) >0

3

QA -Q) = G sP)abei o) > 0 when b falls below a certain threshold.

* _ 2bisPiostogs?  P(287+8"-38")

QF - Qf =253, (655057 (55 > 0 when b exceeds a certain threshold.

2bPP (8S°% + b(S° — S*) — 5 + 257(5" - 0") + 95"

S o
& - (8P 1 5% — 957 (b + 8SP + 5K — 957) (S — §7) (b + 5K — 5°)

SR >8P >8P
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- 9b(s? — s*)*
(8SR + SP — 9SP) (8b + 8SR + SP — 9SP)

>0

3 Pg =

. 3.b(16sR2 +8P% 4 4SR(SP — 9SP) + 2b(8S® + S” — 9SP) — 6SPSP + 21st)
s (8% + S — 95P) (8b + 8S% + SP — 9SP)

>0

Q= 3b(SP - SP)
% (8SR+SP—9SP)(8b+ 8SR + S — 9SP)

<0

o QR*72b+SD+ZSR—3SP PP(2SP + SR — 35P)
52 T 8b+SP+8SF—9SP  (8SP 4 SK — 9SP)(Sk — SP)

<0

& Q- 9b(SP —S7)

0
(85% + 57 — 057) (8b + 85% 1 8P — 957)

So we have PY" > PY or PY" < PY', PR > PR Q) < QY', Q" > Q¥ or Q¥ < Q%',and Q5 > Q). W
Proof of Proposition 3.

SP > SR> 8P

b(b( 2(8P — S7) + k(8S” + S® — 957)* (S — sP)z) + bk (887 + Sk — 98”) (S® — ) + PP*(88°% — S**
+28P(S® - 957) -+ 98™%) + 2b%k (S" — ) (3257 + 127" + S°* — 768"S" — 145" + 455" )

e 0
: (8SP + Sk — 9SP) (b + 8SP + SF — 95P) (Sk — SP) (b + Sk — SP) ~

5 =

when k falls below a certain threshold.

o e (bS° %) (2b+8° 1 25° 38P)°  PPP(SP — SR) (2P + Sk — 387)” N
P (8b + SP + 8k — 95P)” (8P + SR — 95P)* (SP — SP) (SR — 8P)

when b exceeds a certain threshold.

2bP"? (857 4 b(S” — S7) — ™ 4 25 (" — 957) + 95™*)
(8SP 4 SR — 9SP) (b + 8SP + SR — 9SP) (SR — SP) (b + SR — SP)

3 2 =

>0
SE>8P >8P
b(sf’2 — 8S%% — 287 (S — 9S7) + 8b%k (8SF + S — 9S”)

e e HD(= 1+ k(88" +8 —957)) (85" + 57 — 95") — 95%%)
¢ —(8SR +SP — 9SP) (8b + 8SR + SP — 9SP)

>0

when k falls below a certain threshold.

. e (B SR—SP)(2b+25% +8° —357)? (SR —SP)(28k + S — 387)*
R A 2 - 2 >0
(8b + 8SR + S — 95P) (8SE + SP — 95P)

3* ”I:; =

9bPP(SP — 8P)
(8SR + SP — 9SP) (8b + 8SR + SP — 9SP)

>0

So we have n§" > 4" or my <7y, my >ak orat <a§,andzi > . H
Proof of Proposition 4.

P> SR> 6P
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bPP( — ((8S” + 8" — 9SP)( — 9(8SP + 8% — 95°) (S” — ) (S* — 8”)* + 2P (S” — §%)
(165"2 +228PSR 4 78R — 545PSP — 36S7S” + 455"2) )) +b%(9(8SP + SR — 98)
(P — %) (S" —S°) +P° (715’35“ — 48P% 1 145%* — 635"SP — 99S°S” + 815P2))+
b(18(S” — 8°)(S* — 8°) (325" + 125°5" + 8 — 765" — 145"S” + 455" ) +
PP(285%° — 64SP° 1 12572 (198% — 3S”) — 297S*°SP+
738SRSP* — 40587° + 38P (713RZ — 204SRSP + 159SP2> )

>0
2(8SP + Sk — 9S7)* (b + 8SP + Sk — 95?) (SK — SP) (b 4 Sk — SP)

CS; —CS, =

when b exceeds a certain threshold.
6P” (28 + S* — 35)
8SP + Sk — 98P
8b*k(16S” + 3S% — 195F) (S” — S7)S” — 8b°kS” (S” — S)
— (887 + 8% — 957)*(S* - §7)SP (351’2 — 25P8P — sz) +6P"(S” — §P)
S (8P — S¥) (165”2 +108PSR 4 SR? — 425PS” — 1287S” + 275"2)
+PP(168"° (168F — 1587) + 8P (64st — 860SRS? + 74851’2) +48P
(sR3 — 208R°SP | 2295RSP* — 189SP3) +s° (sR3 + 37SR*SP — 297SRSP ¢ 2433*’3) )+
b (6P'S” (8" — 8°) + PP*(48” + 87) + (5" — §")S" (512kS” + 8- 3 + 256k(S* - 55"))
—SP + 8k (351‘2 — 38SRSP + 995*’2) )) +b( — 6P (SP — §”)SP(16S”* + 20SPSE 4 35%*—
525°S" — 268°S" + 395" ) + 8" (257" + " - 35°%) (645" + 35" + 325” (5" - 55)
~388°S" + 995" ) + P* (25687 + 457° (325" - 2158") + 8" (35" + 745°S" — 2975"%)
+48P (35"2 — 58SRSP + 2295*’2) )) +b?( — 6PF(10S” + 3SR — 138) (S” — 8)S” + PP
(645’32 + 48P (3SF — 2957) + (3SR + 375”)) + (8° — 87)SP(1687*( — 3+ 32k(S® — S7))
+8k(S® — 9SP)* (" — S7) + SP(19S” — 35%) + S”(128kS*” + §” (41 + 1152kS")
—S®(9+ 1280kSF))))
(b+8SP + S® —957)*(SP — SP) (b + Sk — SP)SP
PP (168" (168" — 158") + S (645" — 8605"S” + 7485") + 45” (5°°
205°” + 2205%5"™* — 1895") + 8 (S° + 375°°5" — 2075"5"” 4 2435 ) )
(8P + Sk — 98P)* (SP — SP) (SK — SP)SP

SW, —SW, =—(—3S" - S —

|~

++

)>0

when k falls below a certain threshold.
SF>SP > 8
b(4b? (85" + SP — 987)*+b(5125%° — 718"° 4 1928%% (SP — 9S) + 441SP2SP — 4775°S"* — 405"
~128% (1931’2 +48PP(SP — S7) — 6SPS” — 1415”2) —72P"(S”* — 108S” + 9s"2) )+(8SR + 8P — 9sF)
(3257 + 125" (57 - 95") — 9P" (5% — 105”S" + 95" — 28° (75" - 365°S" + 455"
+5°( ~ 308° — 72P(S” - §°) + 36" + 905" )))
2(8SR + SP — 957)*(8b + 8SK + SP — 957)*

CS; —CS, = >0
b(128b3k(88R +SP — 9SP)* 4 4b?( — 7 + 8K(8S® + S” — 957) ) (8S% + S” — 95”)* — (85" + S” — 9SP)
(2245% + 845" (s — 95") + 9P (S” — 108" +95™") + 68 (5°* + 12" (8" — &) — 308"S" + 1415"")
+2 (53’33 — 185P%sP + 63sPSP2 — 1625”3)) + b(8192kS®* — 72PSP? — 438P° 4 2ksP* 4 5125%°
(=7 +8Kk(S” —95")) + 1925%*( — 7 + 4k(S” — 9S)) (SP — 9SF) + 720P"SPS” + 2615P°S? — 72kSP°S?

—648PPSP* — 17378PSP* 4 972kSP*SP? + 510387 — 5832kSPSP® + 13122kSP* — 4 SR
((~ 16kS™ +144P" (s — 87) — 185" (41 + 216kS") + 57 (33 + 432kS") + 95" (377 + 1296kS") ) ))

. . >0
—2(8SR + SP — 9S7)*(8b + 8SR + SP — 9SP)

SW, — SW, =

28
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when k falls below a certain threshold.

Data availability
No data was used for the research described in the article.
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