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Abstract. We consider a Regional Air Mobility (RAM) Service Network Design and Pricing
(RAM-SNDP) problem, in which an operator offering RAM services determines the service
network, aircraft fleet size, and service pricing. While these decisions aim to attract travelers,
the incorporation of the new RAM service may inadvertently cannibalize demand for the
operator's existing expressway taxi services, or travelers may switch to competing modes
such as trains or private cars. To solve the RAM-SNDP problem, we propose a bilevel
programming model. At the upper level, the operator makes strategic decisions for two types
of RAM services, namely regular air travel ride-sharing and priority dedicated service, by
maximizing revenue subject to a budget constraint. At the lower level, passengers choose
the travel alternative that minimizes their generalized cost among all available options. We
reformulate the problem into an equivalent single-level mixed-integer linear program. To
solve it efficiently, we derive exact best response sets for passengers, introduce variable
reduction techniques, and develop valid inequalities. We test our solution approach on
instances of different sizes and build a case study using real-world data from New York taxi
operations. The results show that incorporating passenger mode choice yields significant
benefits. Finally, we conduct a sensitivity analysis to examine how key model parameters
affect the outcomes.
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pricing, travel mode choice.

Acknowledgements. This work was supported by grants from the Research Grants Council,
the Hong Kong Government (Grant No. PolyU15223425, F-PolyU501/25).

Results and views expressed in this publication are the sole responsibility of the authors and do not necessarily
reflect those of CIRRELT.

Les résultats et opinions contenus dans cette publication ne refletent pas nécessairement la position du
CIRRELT et n'engagent pas sa responsabilité.

* Corresponding author: kam.kh.ng@polyu.edu.hk

Dépobt Iégal — Bibliothéque et Archives nationales du Québec
Bibliothéque et Archives Canada, 2026

© Jin, Arslan, Ng, Zhang, Wu and CIRRELT, 2026



Integrated Service Network Design and Pricing of Regional Air Mobility with Passenger Travel Mode Choice

1. Introduction

Regional Air Mobility (RAM) is emerging as a transformative paradigm for intercity and metropoli-
tan transportation (Justin et al. 2022). This new mode of travel is largely enabled by advancements
in electric Vertical Takeoff and Landing (eVTOL) aircraft, which offer the potential for fast, fre-
quent, and scalable air services over short- to medium-haul distances, such as connections between
districts within major metropolitan regions or between neighboring cities (Sun et al. 2018, Straub-
inger et al. 2021, Wang et al. 2022, Jin et al. 2024). As a result, RAM has rapidly gained growing
commercial interest. For instance, Uber has announced plans to operate all-electric air taxis directly
within its app, with the first commercial launch expected in Dubai in 2026 (Uber Newsroom 2026).
Recently, Joby Aviation, in partnership with the Port Authority and Blade Air Mobility, success-
fully completed the first point-to-point eVTOL demonstration flights in New York City, connecting
JFK Airport to Manhattan heliports in under ten minutes (Joby 2026).

Introducing this new mode of transportation requires substantial capital investment. High
upfront costs are incurred for building vertiports, deploying eVTOL fleets, and developing new
aerial routes. Specifically, vertiports play a critical role in the RAM system, serving as the infras-
tructure for eVTOL takeoffs and landings, passenger boarding and alighting, as well as eVTOL
maintenance and charging (Jin et al. 2024, Li et al. 2025). At the same time, aerial routes need
to be carefully designed to ensure safety and efficiency (Weng et al. 2026). This infrastructure is
essential for an efficient RAM system.

For a multimodal operator such as Uber, launching such a service can have complex implica-
tions for its existing expressway taxi offerings, especially when facing competition from opt-out
alternatives. The addition of RAM may either cannibalize the operator’s traditional business or
create a win-win situation, depending on how passenger travel behavior adjusts to the new travel
mode. Specifically, an attractive RAM design and pricing strategies can draw passengers away
from the opt-out option, generating additional revenue. Conversely, some passengers who would
have used the expressway taxi may instead switch to the opt-out alternative, leading to revenue
loss. Additionally, real-world platforms such as Uber (UberX vs. Uber Black) and Didi (Express
vs. Premier) already demonstrate the viability of tiered service offerings. Applying this concept to
RAM, we consider both regular and priority service levels. These two types differ in operational
modes: priority service offers dedicated eVTOL aircraft without ride-sharing to ensure a premium
experience, whereas regular service operates on a ride-sharing basis. In this paper, we study how
a multimodal operator designs an efficient RAM service system to maximize revenue under a bud-
get constraint while responding to passengers who minimize their generalized cost when choosing
among travel modes.

We contribute to the current research on RAM service system design from multiple aspects:
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e We formulate the RAM Service Network Design and Pricing (RAM-SNDP) problem from the
perspective of a multimodal operator.

e We model the RAM-SNDP problem as a bilevel program, where the leader represents the
operator’s integrated decision-making across vertiport location, aerial route opening, eVTOL fleet
deployment, and pricing for both priority and regular RAM services to maximize total revenue.
The follower problem captures passengers’ mode choices, each minimizing their generalized cost
independently.

e Methodologically, we employ duality theory to transform the bilevel formulation into an equiv-
alent mixed-integer linear programming model. We also derive explicit expressions for passengers’
best responses across different mode choice alternatives and develop solution acceleration tech-
niques, including mode-specific variable reduction techniques and several families of valid inequal-
ities.

e We conduct extensive experiments to evaluate the efficiency of our solution procedure. Using a
real-world dataset based on New York taxi operations, we investigate the benefits of the proposed
bilevel program and examine how system revenue and passenger choice are influenced by key factors
such as expressway price, inconvenience cost, and passenger valuation of time.

The remainder of this paper is organized as follows. Section 2 reviews the existing literature. The
problem is formulated as a bilevel program in Section 3, and the solution methodology is developed
in Section 4. An extensive numerical study is presented in Section 5, followed by concluding remarks

and future research directions in Section 6.

2. Literature Review

As defined by the Federal Aviation Administration, the RAM constitutes a pivotal component of
Advanced Air Mobility, providing passenger and cargo transportation services within metropolitan
and regional networks. Transitioning from conceptual frameworks to a functional and efficient RAM
system entails system design and operational planning. This section reviews the literature relevant
to the integrated design and pricing of RAM services. Section 2.1 examines the vertiport location
and RAM service network design problem, and Section 2.2 summarizes models of passenger mode
choice in the field of transportation. Finally, Section 2.3 reviews the integrated location and pricing

problem.

2.1. Vertiport Location Problem and RAM Service Network Design
The vertiport serves as the essential ground infrastructure for takeoff, landing, and passenger
transfer in the RAM system. Consequently, the Vertiport Location Problem (VLP) has emerged as

a critical and active research stream within RAM service network design. Existing research can be
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broadly categorized into two complementary approaches. One strand of literature focuses on data-
driven location analysis using clustering or p-median algorithms (Lim and Hwang 2019, Rajendran
and Zack 2019, Willey and Salmon. 2021). Another stream employs mathematical optimization
techniques to solve the VLP. For instance, Chen et al. (2022) proposed a vertiport selection model
that explicitly incorporates airspace and geographical restrictions by excluding prohibited grid cells
from candidate hub locations, and developed a grid-based variable neighborhood search heuristic
to solve the resulting optimization problem.

The vertiport location is not merely a point on a map but a pivotal decision that constrains or
enables subsequent network and operational planning (Jin et al. 2024). This characteristic shares
key similarities with the interdependencies observed in the integrated planning of electric vehicle
infrastructure, logistics hub networks, and bike-sharing station systems (Celebi et al. 2018, Baloch
and Gzara 2020, Chen and Liu 2023). In these domains, facility location cannot be decoupled from
decisions regarding fleet deployment, pricing, and service operations. This fact has motivated a
growing body of research aimed at integrating strategic facility location decisions with tactical and
operational aspects of RAM service network design. For example, Wang et al. (2022) optimizes
the locations and capacities of vertiports in urban air mobility systems, explicitly capturing the
interdependencies between strategic vertiport deployment and tactical operations under demand
uncertainty. Similarly, Jin et al. (2024) proposed an integrated model that concurrently addresses
vertiport scale, eVTOL fleet sizing, and vehicle repositioning operations. The model developed in
this paper is situated within this integrated paradigm. It addresses a problem closely related to,
yet extending beyond, the classic VLP by comprehensively considering the strategic placement
of vertiports, the establishment of the air network, the deployment of the eVTOL fleet, service

pricing, and passenger mode choice.

2.2. Passenger Travel Mode Choice Modeling
Incorporating passenger travel choice is essential for developing transportation infrastructure mod-
els that are both scientifically sound and policy-relevant (Zhang et al. 2004). A well-established
stream of research utilizes discrete choice models to simulate traveler decision-making within mul-
timodal networks characterized by multiple competing attributes (Park et al. 2025, Qi et al. 2026).
Building upon this behavioral foundation, a significant body of work has embedded passenger
mode choice models within optimization frameworks for transportation system planning. This
integrated approach is exemplified in domains such as airline scheduling, public transit planning,
and railway system design, where demand-responsive models have been employed to improve service
attractiveness (Wei et al. 2020, 2022, Hartleb et al. 2023). The coupled framework ensures that

demand responds endogenously to supply-side planning variables. However, in the emerging field of
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RAM transportation, such integrated studies remain relatively scarce. One of the related literature
in this area is by Rath and Chow (2022), who formulated the vertiport location problem as a single-
allocation p-hub median model incorporating exogenous passenger travel mode choice behavior.
This research gap highlights a critical opportunity to advance toward a more holistic planning
framework. In response, this paper develops an integrated optimization model that synthesizes the
interdependent dimensions of RAM service network design under endogenous passenger choice.
While random-utility discrete choice models are widely used in transportation mode-choice anal-
ysis (Ye et al. 2017, Zhao and Feng 2025), we do not adopt an unconstrained probabilistic demand
model in this paper. The reason is that RAM services are capacity-limited, so standard choice
probabilities reflect passengers’ willingness to use a service but do not by themselves guarantee
feasible seat allocations when eVTOL capacity is scarce. For the prescriptive design-and-pricing
problem studied here, we therefore represent passenger response through a generalized-cost-based
lower-level problem with explicit availability and capacity constraints. This formulation preserves
the central behavioral trade-offs among fare, travel time, and inconvenience, while remaining com-
patible with an exact bilevel reformulation and tractable MILP solution procedures. We thus view
the deterministic generalized-cost model as a first-order benchmark for strategic RAM planning in
an emerging market with limited revealed-preference data. Extending the framework to stochastic
or random-utility choice models with richer scarcity effects is an important direction for future

research.

2.3. Integrated Network Design and Pricing Problem

In tactical level planning, service network design and pricing have traditionally been addressed
independently. In contrast, service pricing research has increasingly adopted bilevel programming
as a suitable framework for modeling hierarchical decision-making structures. Bilevel programs
mathematically formalize the Stackelberg game concept, wherein a subset of variables is constrained
to be an optimal solution of a second optimization problem, which itself is parameterized by the
remaining variables from the upper level (Bracken and McGill 1973, Arslan et al. 2018).

In the context of transportation networks, early applications of bilevel pricing models can be
traced to Labbé et al. (1998). Their work considers a setting in which a highway authority, at the
upper level, sets tolls on a subset of links to maximize revenue, while travelers, at the lower level,
choose minimal-cost paths in response to the imposed tolls and other associated costs. Building
upon this research direction, numerous studies in transportation and logistics systems operations
planning have subsequently integrated service network design and pricing into combined optimiza-
tion frameworks. For example, Brotcorne et al. (2008) formulated a joint service design and pricing
problem in the airline or telecommunication industries as a mixed-integer bilevel program and devel-

oped a novel Lagrangian relaxation algorithm capable of solving large-scale instances. Similarly, in
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the field of intermodal freight transportation, research has addressed the intertwined questions of
service network design and pricing, incorporating considerations of service quality from the per-
spective of a transport operator, and adopted bilevel programming approaches for such problems.
In the context of logistics network design, Li et al. (2023) proposed a bilevel model that captures
the strategic interaction between a biofuel producer and farmers in a dynamic decision-making
setting.

In contrast to existing studies on integrated network design and pricing, our proposed framework
provides a comprehensive model for designing a market-responsive RAM network. It endogenizes
both pricing and passenger mode choice as variables, allowing their mutual influence to shape a
dynamic market equilibrium, as pricing decisions directly influence passengers’ travel choices in the
transportation system. Overall, our work captures passenger travel choice within a bilevel RAM

network design and pricing model in this endogenous manner.

3. Problem Statement and Mathematical Model

This section describes the sequence of decisions in Section 3.1 and introduces the RAM-SNDP
problem in Section 3.2. Then, a bilevel program for the RAM-SNDP problem is presented in
Section 3.3, where the multimodal service operator acts as the leader and passengers independently

make decisions as followers.

3.1. Sequence of Decisions

Launching large-scale RAM services requires three large upfront investments: (1) vertiport con-
struction, (2) eVTOL fleet deployment, and (3) air route opening. In practice, the operator first
raises capital, which represents a fixed initial investment budget. It then uses this budget to cover
the three upfront costs, which are largely sunk costs independent of the passenger volume captured.
Investment occurs upfront, returns accrue over time, and break-even is typically reached only after
several years. Hence, we focus on a revenue maximization problem under an investment budget,
particularly during the market entry phase of the RAM service.

We now introduce the sequence of decisions in this Stackelberg game. The multimodal service
operator acts as the leader, and passengers are the followers. At the upper level, the operator makes
strategic decisions to maximize total revenue subject to an investment budget. These decisions
include vertiport location selection, aerial route activation, and eVTOL fleet deployment. The
operator also posts route prices and controls the number of available seats on each open aerial route,
subject to fleet capacity. Although the operator does not directly assign passengers to seats, it can
effectively determine which passengers ultimately use the RAM service through its pricing and seat
allocation decisions. By adjusting the posted prices for regular and priority services, the operator

influences the generalized cost faced by each passenger, thereby shaping their mode choices.

CIRRELT-2026-14 )



Integrated Service Network Design and Pricing of Regional Air Mobility with Passenger Travel Mode Choice

Where we solve the model

I L( - | 3
>

Capital is raised Operator decides Passenger decides

and budget is released  x,z,n", nRmP m¥ p,q o7, 0B 0", 00, mP,mk

Figure 1 Sequence of decisions

Once the infrastructure is in place and prices are posted, passengers arrive and make their mode
choice according to a deterministic generalized cost minimization principle at the lower level. This
lower-level representation is intended as a tractable behavioral model for a capacity-constrained
RAM system. In particular, passenger choices are restricted not only by generalized costs but
also by the service availability induced by the operator’s network, pricing, and seat-reservation
decisions. At equilibrium, the seats endogenously reserved by the leader are precisely occupied by
those passengers for whom the RAM service is the most attractive option. The operator commits to
costly upfront infrastructure decisions, anticipating that passengers will respond optimally to the
resulting service landscape. The sequence of events, along with the variables that will be introduced
in the next section, is shown in Figure 1. We formally capture this leader—follower interaction using

a bilevel framework, which we present in the following subsection.

3.2. Problem Setting
This paper investigates the RAM-SNDP problem faced by an innovative multimodal service oper-
ator that intends to offer integrated mobility services. We model the problem as a single-leader,
multiple-follower Stackelberg game. The multimodal service operator, as the leader, first makes
integrated decisions at both strategic and tactical levels. Strategic-level decisions include the design
of the RAM network, including vertiport location selection, aerial route activation, and the deploy-
ment of eVTOL aircraft to operational routes. At the tactical level, the operator determines the
pricing for both regular and priority RAM services. Passengers, as followers, subsequently make
their travel mode choices in response to these service and pricing decisions. Consequently, the pro-
posed framework holistically co-optimizes long-term infrastructure investment and pricing mecha-
nisms to deliver an efficient and market-responsive RAM service network. Regarding the decision
horizon, this paper focuses on long-term infrastructure planning at the strategic level; at the tac-
tical/operational level, we model pricing, passenger mode choice, and capacity utilization over a
representative operating period, referred to as a time block, such as a morning or evening rush-hour
period demand window.

First, we introduce the notation for the leader’s (operator’s) problem. Let V denote the set of can-

didate vertiport locations. For each candidate location k € V, the operator decides whether to build
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a vertiport. This decision is represented by a binary variable x;. Constructing a vertiport incurs an
infrastructure-related cost fj, which includes both construction and maintenance expenses. Each
operational vertiport has a capacity of g, representing the maximum number of eVTOLs that
can take off and land within a unit time block. Furthermore, for each vertiport pair (k,h), the
operator determines whether to establish an aerial route, indicated by the binary variable z;, with
an associated fixed cost c. It should be noted that the aerial routes are directed and k # h. Each
aerial route (k,h) is constrained by low-altitude airspace management capacity Qy; within a unit
time block. Furthermore, the operator determines eVTOL fleet deployment through non-negative
integer variables n}, and ny,, representing the number of eVTOL aircraft deployed on aerial route
(k,h) for priority and regular RAM services, respectively. The two service types are differentiated
by their operational characteristics: priority service provides dedicated eVTOL aircraft without
ride-sharing, offering a premium experience; regular service operates on a ride-sharing basis, with
each eVTOL equipped with b seats to accommodate multiple passengers simultaneously. Each
deployed eVTOL incurs a deployment cost, denoted by d* for priority service and d® for regular
service. Note that the deployment costs also include the operating costs of eVTOLs. The combined
costs of vertiport construction, aerial route operation, and eVTOL fleet deployment must remain
within the total available budget B. The operator also sets pricing for both service types through
continuous variables py;, and gy, representing the prices for regular and priority RAM service on
aerial route (k, h). These prices are constrained by minimum values p,, and ¢, , which realistically
represent the price floors dictated by market conditions and constraints. Finally, the binary vari-
ables 7k, . and 7y, . represent the operator’s supply-side decision to reserve capacity for passenger
s € S to regular or priority RAM service on aerial route (k,h), thereby linking passenger routing
with service operations.

The follower’s problem involves a set of passengers S, where each passenger s € S has a specific
travel demand characterized by an origin node €(s) and a destination node Z(s). Each passenger
can choose among four travel modes: the operator’s two RAM options (priority and regular service),
the operator’s expressway service, and opt-out options such as self-driving or train services. We
summarize the available travel modes and provide detailed explanations in Table 1.

Each passenger s has an individual value of time (VOT), denoted by wj, representing the time
cost. For the priority and regular RAM services, passengers take a multimodal trip: they first travel
from their origin to a departure vertiport, then take an eVTOL flight to an arrival vertiport, and
finally proceed to their destination. We introduce a route-specific travel time [, for passenger
s when using the vertiport pair (k,h). To capture the generalized cost associated with this trip,
we introduce a fixed inconvenience cost ¥ for priority service and I® for regular service for each

passenger s. For the expressway service, we consider a fixed inconvenience cost, denoted by [F.
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Table 1 Summary of available travel modes

Travel mode Description

Expressway (E) Door-to-door expressway taxi: the operator provides door-to-door service with reliable
travel time, offering a convenient alternative for passengers who value simplicity and
direct routing.

Regular RAM (R) Ride-sharing air taxi: passengers first travel from their origin to the departure ver-
tiport, then board an eVTOL aircraft. Passengers are responsible for both ground
access legs. Upon landing at the arrival vertiport, passengers continue their journey
to the final destination. This service follows a ride-sharing operating model, where
multiple passengers are accommodated on the same eVTOL (with a capacity of b
seats per aircraft).

Priority RAM (P) Dedicated air taxi: the overall process is the same as the regular RAM service. Passen-
gers access vertiports and enjoy exclusive use of an eVTOL aircraft without sharing
with other travelers. This premium service offers greater privacy and comfort at a
higher fare.

Opt-out (O) Alternative modes: passengers choose other transportation options not operated by
the multimodal provider, such as trains, private cars, or other transportation modes.

The expressway service has a fare of r, and a travel time of ¢,. Additionally, the disutility cost of
opt-out options is captured by uso for passenger s.
Based on the aforementioned parameters, each passenger s makes a travel mode choice according

to their individual generalized cost. To formulate this travel choice mathematically, we define a

P E
871)57

set of binary decision variables. Specifically, let vE, v and v® be binary variables that equal
one if and only if passenger s chooses the regular RAM service, priority RAM service, expressway
service, or an opt-out option, respectively. Furthermore, for passengers who select either RAM
service, the routing decision is incorporated in our optimization framework. This routing decision
is captured by the binary variables m}y, . and m., ., which indicate whether passenger s travels on
the aerial route from vertiport & to h using the regular or priority RAM service, respectively. We
also summarize each component of the generalized cost for available travel modes in Table 2. The
notations utilized in this paper are summarized in Table A.1.

In this paper, the generalized-cost formulation serves as a reduced-form representation of passen-
ger behavior that is especially suitable for the present bilevel design problem, because it captures
the key supply-side levers affected by the operator (price, route availability, and seat capacity)

without introducing the additional nonlinearities of stochastic demand specifications.

3.3. Bilevel Program for the RAM-SNDP problem
The bilevel program for the RAM-SNDP problem is formulated as follows:

(BP) maximize Z Z Zpkhmghs + Z Z Z QenMpys + Z Tt (1a)

k€Y heV ses k€Y heV ses sES
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Table 2 Summary of generalized cost components of travel modes
Travel mode Monetary fare VOT Inconvenience cost Generalized cost
Expressway (E) Ty Wit I ro +w,t, +F (for passenger s)
R
Regular RAM (R) DPkn Wolkns L (for passengefg hs—:vt}lljglkc,ﬁo—’o_sl% route (k,h))
Priority RAM (P) Trn Walkns L (for passeng;g;"C hs—;%(s)lgﬁo_gslé route (k, h))
Opt-out (O) - - u® (for passenger s)

subject to Z frxr + Z Z d*nt, + Z Z dny, + Z Z Crnzen < B, (1b)

key k€Y heV

Z2pn <y, k,hEV,

k€Y heV k€Y hey

Zkh tha kahevv

g, + N, < Qrnzin, k,h eV,

Enfk+2n§k+2nf}b+2n& < grxk, K€V,

hey hey hey hey
~R R

kahs S bnkh? k? h € V?

seS
~ P P

E Mpps < Ny, kKR EV,

SES

Pkh 2Py, %khs kR €V,

Qen = q,, Zkhy k,h eV,

T, zen €{0,1}, k,h eV,

e My € 10,1}, k,h €V, s €S,

s Moy € L7, kR €V,

Pih;qkh Z 07 ka h e V’

where vF, my, . and m}, ; are optimal solutions of the follower model s, for all s € S,

. . . R P E
minimize E E pkhmkhsqLE E QrenMyps + TsUg

keV heV

keV heV

(1T + wit Jol + 150+ 0+ uvd ) 0 walina(miy, +mi,)

keV heV

subject to  vF + 00 + o+ =1,

E E R _,R
mkhs_vs7

k€Y heVv
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Z Z mghs = ’Uf, (2d)

kEV heV

m?hs S mthy k? h € Va (26)
Mis < Mg ks hEV, (2f)
v ol 0 0B m  omp,, €{0,1}, k,heV. (2g)

The objective function of the leader’s problem (1a) is to maximize the revenue. Constraints (1b)
impose a budget limit on vertiport construction, eVTOL deployment, and aerial route opening.
Constraints (1c¢) and (1d) ensure that an aerial route can only be operational if both of its endpoint
vertiports are open. Constraints (le) enforce that the number of eVTOLs deployed on each route
does not exceed the low-altitude airspace management capacity. Constraints (1f) limit the number
of eVTOLs taking off and landing at each vertiport to its service capacity. Constraints (1g) and
(1h) guarantee that the seat supply for both regular and priority RAM services cannot exceed the
total available seat capacity. Constraints (1i) and (1j) define the minimum prices of regular and
priority RAM service. Constraints (1k)—(1n) define the variable domains of the leader’s problem.

The objective function (2a) of the follower’s problem is to minimize the generalized cost of
each passenger. Constraints (2b) ensure that each passenger selects only one travel mode. For a
passenger choosing the regular or priority RAM service, Constraints (2¢) and (2d) require that
their trip must be completed using an aerial route. Furthermore, Constraints (2¢) and Constraint
(2f) stipulate that a passenger can be reserved capacity on an aerial route only if sufficient supply
is available on it. Finally, Constraints (2g) define the variable domains of the follower’s problem.

Model (2) can be equivalently reformulated as a linear program, as described in the following

proposition.

Proposition 1 The constraint matriz of model (2) is totally unimodular. Therefore, model (2)

with relaxed integrality requirements always has an integral optimal solution.

Proof. See Appendix B. O

4. Solution Procedure

To solve the bilevel program introduced in Section 3, we first reformulate it into an equivalent
single-level program using the strong duality theorem in Section 4.1. We then derive the exact
best-response sets of passengers in Section 4.2. To improve computational efficiency, we tighten the
Big-M coefficients in our models in Section 4.3, and propose several variable reduction techniques

in Section 4.4 as well as valid inequalities in Section 4.5.
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4.1. Reformulation as a Single-Level Program

E (0] P R P
53 Usy Usy Ugy Mg,

Based on Proposition 1, the integrality constraints on the variables v
and mp,, can be relaxed. That is, these variables are allowed to be continuous and satisfy
{vE, 00 0P wB mb,  mb, >0} The upper bounds {vF,v2, v & m}, . my, <1} can be omitted
because they are implied by Constraints (2b)—(2f). Because model (2) is bounded and feasible, the
strong duality can be leveraged to represent the followers’ optimal decisions. Specifically, let .
Bsy Vsy Oxns, and Ky be dual variables associated with Constraints (2b)—(2f), respectively. Then

the dual of each model s €S is

maximize o, — g g mghs(%hs— E E fnfhsﬁkhs (3a)

eV hev kEV heV

subject to  a, <IF 47, +wit, (3b)
a, <ug, (3¢)

a =7 <17, (3d)

a, — B, <1, (3e)

Bs = Okns < prn + Wslpns, k,hEV, (3f)

Vs = Ekhs < Qe + Wslpns, k,h €V, (32)

Okns, kins >0, k,h eV, (3h)

We then reformulate the bilevel program into an equivalent single-level program as follows:

maximize Z Z Zpkhm?hs + Z Z Z Qkhmghs + Z TSUSE (4a)

kEV heV seS kEV heV seS sES

subject to  (1b) — (1n), (2b) — (2£), (3b) — (3h),

oy — Z Z 1 Onns — Z Z My sKkhs > Z Z(pkh + Wilkns )My

keV heV keV hey keV hey
+ Z Z(Qkh + Wilkns)Mps + (15 + 15 Fwet vl +udvd + 1508 +I150F, (4b)
keV heV
R,P,O ,E . R p
Vg, Vg U Vg s Mg ey Myps > 0, k,h €V, (4c)

where Constraints (1b)—(1n) are constraints of the operator model, Constraints (2b)—(2f) ensure the

primal feasibility and (3b)—(3h) guarantee the dual feasibility of the passenger model, Constraints

(4b) ensure the optimality of the passenger model, and Constraints (4c) are variable domains.
Because of the bilinear terms pp,myy, ., qunMiys, Mh Orns and My, Kins, the above bilevel model

is a mixed-integer nonlinear program. Therefore, we define auxiliary variables pins == penmby,.,
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Ekns = QunMines Okihs = M0 Ornss Trns = Mb, Krns and add the following linear constraints to the

bilevel model, for all k,h €V and s € S:

0 < prhs < Pin, (5a
0 <&khs < Qrn, (5b
DPkn — M1kh(1 — Mis) < Prns < Mlkhmghs’

kh P kh, P
Qren — My (1 —my, ) < Epne < My my, .

0 < Okns < Opns, (5e
0 < Thns < Kihs, (5f
Ons — M5 (1 =100 < opns < M3, ., (58
Kn — M3 (L —1i,) < Tins < Mg, (5h

where MFh M}t M3, and M are sufficiently large constants.

The single-level program is then reformulated as follows:

(LSP1) maximize Z Z Z Prhs T Z Z Z Ekns + Z revt (6a)

k€Y heV ses kEV heV seS sES

subject to  (1b) — (1n), (2b) — (26), (3b) — (3h), (5a) — (5d), (5¢) — (5h), (4c)

a, — Z Z Okhs — Z Z Thhs = Z Z(pkhs + Wl sMps + Ekns + WelgnsMpy )

keV heV keV heVy keV heV

+ (lgE +r,+ wsts)v;E + u?v? + lfvf + lf‘vf‘. (6Db)

The program LSP1 is an equivalent mixed-integer linear program (MILP) reformulation of the

bilevel program BP.

4.2. Passenger Best Response Set

We now derive a linear programming representation of the optimal solution set for each passenger,
commonly referred to as the best response set, in order to enhance the computational efficiency of
solving the bilevel program. Since each passenger faces a finite set of feasible choices, it is possible to
explicitly enumerate the objective values corresponding to all possible decisions, thereby verifying
whether a given response is indeed optimal. Before we proceed, we first show that customer decisions
match the operator’s seat reservation decisions. Observe that, because offering inventory that is
not selected provides no benefit and consumes capacity, we can restrict attention to solutions where
all offered inventory is used. The following proposition formalizes that, without loss of generality,

the optimal solutions never admit unused capacity.
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Proposition 2 For the bilevel program, there exists an optimal solution in which i, . =ml = and
miy,, =mi,, for all k,h €V and s €S. Hence, imposing mi, . =mi, . and i, =mb, is without
loss of optimality.

Proof.  See Appendix C. O

We next present the explicit expressions for the best response of passengers.

Proposition 3 Considering passenger s € S and fived wvalues of ppn and qun, a solution

(W 09 wP wE mE mk ) is optimal for model (2) if and only if it satisfies Constraints (2b)—(2f)

s vPYs YVYs Y Vs )

and there exists W, >0 such that

U >0 o+ walin)mfh, + 0> (g + wilin)mip,, + (rs + 17 + w.t ol + ulvf + 1o + 1508,
keV hev K€V hev

U, <IF +r, 4w,

(7a)

(7b)

v, <uf, (7¢)
Uy < ppn+ Welins + 15+ ME(1—my,), kheV, (7d)
(7e)

U, < qun + Wlpns 15+ ME(1—mp,,), kheV,

where M: and Mg are sufficiently large numbers.

Proof.  See Appendix D. O
Based on Proposition 3, we can reformulate the bilevel program into an equivalent single-level
program.
maximize Z Z Zpkhmghs + Z Z Z QenMiyys + Z rovt (8a)
kEV heV seS kEV heV seS s€S
subject to (1b) — (1), (1i) — (1), (1K), (1m) — (1), (2b) — (2d), (28), (a) — (7e),
> mpy, <bng,, ke, (8b)
seS
nghs S ngh’ k? h e Va (80)
sES
U, eR, seS8. (8d)

We then linearize the bilinear terms to derive a linear single-level program by letting ppns =
penmiys . and & = qenmiy,, and by adding the linear constraints (5a)—(5d) into the model:

(LSP2)  maximize Z Z Z Pkhs T+ Z Z Z Ekns + Z rour (9a)

k€Y heV seS k€Y heV seS seS

subject to (1b) — (1f), (1i) — (1k), (1m) — (1n), (2b) — (2d), (2g), (7b) — (7e), (5a) — (5d), (8b) — (8d),

\Ils Z Z Z(pkhs + wslkhsmll}hs> + Z Z(gkhs + wslkhsmllzhs) + (7’5 + ZE + ’wsts)vg

kEV heV kEV hey
P, P
+ulv? +1EvF + 1Bl (9b)
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Remark 1 The proposed LSP2 can be readily extended to a stochastic setting. By introducing a
finite set of scenarios Q) representing demand realizations, the deterministic model can be extended
as a stochastic program. This extension naturally captures the linkage between strategic decisions
(e.g., infrastructure investment) and operational decisions (e.g., passenger mode choice) that adapt
to realized demand. We present a stochastic formulation in the Appendiz H. However, since the
stochastic extension does not alter the essential nature of the problem, we focus on the deterministic

case (i.e., a single scenario) and explore the bilevel structure of the problem in this paper for clarity.

4.3. Big-M Tightening
To enhance computational performance, we tighten the six sets of Big-M coefficients in our formu-
lation. Loosely chosen large values create a weak linear programming relaxation, which degrades

the efficiency of the solution process. Three propositions are in order.

Proposition 4 The M and M5" in Constraints (5¢) and (5d) can be selected, for k,v €V, as

kh _ : o_ IR E _ IR
M = max {mm {us Welgns — 153 + 15+ wets — welgns — 1 } ,0} , (10a)
kh __ : o _ P E B P
M;" = max {mln {us Welgns — Uy 75 + 1 + Wty — Welgps — L } ,O} . (10b)
Proof.  See Appendix E. O

Proposition 5 The M3 and M, in Constraints (5g) and (5h) can be selected, for s€ S, as
M5 = M; =u®. (11)
Proof.  See Appendix F. O

Proposition 6 The My and Mg in Constraints (7d) and (7e) can be selected, for s€ S, as
Mg =M;=min {I¥+r, + wt,,ud }. (12)
Proof. See Appendix G. O

4.4. Variable Reduction
In this subsection, we propose several variable reduction techniques to enhance the computational
efficiency of models LSP1 and LSP2. The variable reduction techniques eliminate solutions that are

operationally feasible but suboptimal from the passengers’ perspective.

Proposition 7 A passenger s € S will not choose the expressway service if the generalized cost of
expressway service, comprising the fare v, the travel time cost wit, and the inconvenience cost 12,

exceeds the utility u® of the opt-out option. That is, for each passenger s, if

o+ 15 Fwit, >, (13)

E
s

then vE =0, and the variable v® can be removed from the model.
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Proof. The proof of the Proposition 7 is straightforward. O

Proposition 8 A passenger s € S will not choose reqular RAM service if the minimum gener-
alized cost of regular RAM travel, which includes the minimum price across all the aerial routes
minkev’hevgkh, inconvenience cost I} and the minimum time cost w,ming  lyys, exceeds the disu-
tility cost of the opt-out option ul or the generalized cost of expressway service, comprising the
fare r, the travel time cost w,t,, and the inconvenience cost I¥. That is, for each passenger s, if
. R . . (@] E

Win p,, + 15 4w, kerlr/l,lhnevlkhs >min {ug, 7y + 1 +wst, }, (14)

then v® =0, and the variable v} can be removed from the model; Similarly, for each passenger s, if

min

P . . o E
keV,hengh +1; 4+ ws keI\I}{l}LIlevlkhs > min {us s+ 1+ wsts} , (15)

P
s

then v¥ =0, and the variable v¥ can be removed from the model.

Proof. The proof of the Proposition 8 is straightforward. O

Proposition 9 A passenger s € S choosing regular RAM service will not select an aerial route from

vertiport k to vertiport h if it is dominated by other alternatives. This occurs its generalized cost,

R
s’

including the route-specific minimum fare Py the inconvenience cost I¥, and the time cost wglyns)

exceeds the disutility u® of the opt-out option or exceeds the generalized cost of the expressway

service. That is, for each aerial route (k,h) and each passenger s, if
Bkh+l§+wslkh5 Zmin{ugars+l5+w<sts}7 (16)

then my,, =0, and the variable my,, can be removed from the model. Similarly, for each aerial

route (k,h) and each passenger s, if
4, +15 +wilins > min {ud, ro + 15 +w.t,}, (17)

then my,, =0, and the variable my,, can be removed from the model.

Proof. The proof of the Proposition 9 is straightforward. O

4.5. Valid Inequalities
Models LSP1 and LSP2 can be strengthened by two families of valid inequalities. The first family of

valid inequalities is derived by coupling passenger routing decisions with vertiport location choices.
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Specifically, if a node is not selected as a vertiport, then passengers cannot be scheduled to travel

via that node. This logical relationship is formalized as follows:

my, < ap, k,hEV,s€S, (18a)
mpy,, < xn, k,he€V,s€S, (18b)
Mpye < Tr, k,hEV,5ES, (18¢)
My <Th, k,hEV,sE€S. (18d)

In the second family of valid inequalities, we apply a bound tightening to strengthen the formu-
lation. Specifically, for variables pp;s and &gy, we derive and impose a valid bound and obtain the

following valid inequalities.

Pkhs nghmg}wu kv h S V7 ENS Sa (193‘)
Skns = q,, My k,hEV,sES. (19b)

5. Numerical Study

In this section, we first assess the efficiency of the solution procedures in Section 5.1 and then
conduct a case study inspired by real-world data in Section 5.2. The solutions were implemented
in Python with GUROBI 13.0.1, and experiments were performed on a computer with a Windows
operating system featuring an AMD Ryzen 9 9950X3D 16-Core Processor and 96 GB of RAM.

5.1. Computational Efficiency Evaluation
We now examine the computational performance. The experimental parameters and data settings

are first introduced, followed by the computational efficiency analysis.

5.1.1. Parameter and Data Setting

To evaluate the performance of the proposed solution methodology, we conduct numerical exper-
iments based on the high-traffic Hong Kong—Shenzhen corridor in China. We consider a transporta-
tion network consisting of 129 population centers represented by nodes, distributed across Hong
Kong and Shenzhen. Among these nodes, 13 population centers are candidate vertiport locations
(seven in Hong Kong and six in Shenzhen). We consider intercity round-trip demand between Hong
Kong and Shenzhen. Specifically, each passenger is associated with a unique origin—destination
(OD) pair generated randomly from the 129 population centers, with the origin located in one
city and the destination in the other. We test the model with passenger sets of varying sizes: |S| €
{50, 500, 1000, 2000, 6000, 10000, 20000,50000}. For each passenger scale, we generate five instances,
resulting in a total of 40 instances for the experimental study. We introduce the parameter settings

as follows:
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e The total investment budget is US$40,000,000. The unit opening cost of a vertiport is set to
$1,000,000 (Delaware Aeronautics 2024). The operational cost of an aerial route is $5000. The
unit deployment cost for the four-seat eVTOL aircraft utilized for regular and priority service is
respectively set to $338,000 and $371,800 per aircraft (Richard 2024).

e The expressway price r, is set to $0.8 per kilometer multiplied by the ground distance between
the origin and destination for the passenger s. The ground distance is assumed to be 1.2 times the
Euclidean distance between two points (Bekli et al. 2021). The minimum prices for the regular and
priority RAM services are set to 0.8 and 0.7 times their respective maximum prices.

e Regarding passengers’ VOT, we classify travelers into two categories. For personal travel, VOT
is randomly generated from $31.0 to $46.5 per hour; for business travel, VOT is randomly generated
from $50.6 to $75.8 per hour (Federal Aviation Administration 2016).

e The travel time of the RAM service consists of four components: first-mile and last-mile travel
time, air leg time, and transfer time. The air leg time is calculated by dividing the Euclidean
distance by the cruising speed of the eVTOLs, which is set to 200 km/h (André and Hajek 2019).
The first-mile and last-mile travel times are determined by dividing the ground distance from the
passenger’s origin to the departure vertiport and from the arrival vertiport to the destination,
respectively, by the ground vehicle speed of 80 km/h. The transfer time at vertiports is set to
10 minutes. Similarly, the travel time of the expressway service t, is calculated by dividing the
origin—destination ground distance of passenger s by the ground vehicle speed, also set at 80 km/h.

e The inconvenience costs for expressway and RAM services are randomly generated within the

range of $10 to $30, with the condition that (¥ > I® > [”. The disutility cost of the opt-out option
o

S

u? is generated from $50 to $70 for personal travel passengers and from $70 to $100 for business
travel passengers.

e The capacity-related parameters are set as follows. For vertiport operational capacity, the
total capacity per vertiport is set to 60 (Zahn et al. 2023). Meanwhile, the airspace management

capacity is set to 20 eVTOL aircraft (Jin et al. 2024).

5.1.2. Effectiveness and Efficiency of Solution Procedures

We now compare the computational efficiency of the proposed models LSP1 and LSP2 as well
as the enhancement methodologies (variable reduction techniques and valid inequalities). Table 3
reports the performance of LSP1 and LSP2. All experiments were conducted with a time limit
of 7200 seconds. The reported metrics include the objective value (Obj), the time when the last
incumbent solution was found (Inc.Time), the LP relaxation gap (LP-R), the CPU time (Time),
and the optimality gap (Gap). Specifically, LP-R is defined as % x 100, and Gap is defined
as % x 100, where Z; ., Z};5, and Z; 5 denote the optimal objective value of the LP
relaxation, the upper bound, and the lower bound, respectively.
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The results in Table 3 show that the LSP2 yields moderate improvements over LSP1. For small
instances with up to 500 passengers, both models solve to optimality within a short time. However,
as instance size increases, the computational advantages of LSP2 become more pronounced. Across
all instances, the average solution time decreases from 5579.0 seconds for LSP1 to 5329.7 seconds
for LSP2, while the average optimality gap decreases from 12.90% to 12.68%.

Table 4 reports the computational performance after applying the enhancement techniques to
LSP2. The incorporation of variable reduction techniques in LSP2+VR yields substantial performance
gains. The average solution time decreases from 5329.7 seconds for LSP2 to 4837.6 seconds for
LSP2+VR, while the average optimality gap drops from 12.68% to 0.25%. More importantly, LSP2+VR
demonstrates the capability to solve large-scale instances with up to 50,000 passengers, a task that
LSP2 cannot accomplish. Further improvements are achieved by incorporating valid inequalities
into the formulation (LSP2+VR+VI). Across all instances, LSP2+VR+VI consistently outperforms the
other variants. The average CPU time and the average Inc.Time are further reduced, and the
LP-R decreases to 8.71%, representing a substantial tightening of the formulation compared to
the 16.93% observed for LSP2+VR. Notably, LSP2+VR+VI also yields the highest average objective
function value. The decrease in LP-R for larger instances should be interpreted cautiously because
LP-R is a relative measure. As |S| grows while the budget and capacity parameters remain fixed,
the integer objective increases with market size, whereas the LP’s fractional advantage is still
limited by the same investment and capacity constraints. Thus, the relative gap may decrease even
if the formulation is not inherently tighter. In addition, larger passenger pools create a demand-
aggregation effect: attractive routes and service patterns have enough similar passengers to fill
integer aircraft and seat capacities efficiently, so the integer solution more closely approximates the
LP relaxation. Overall, our enhancement methodologies can boost performance in terms of both

efficiency and effectiveness.
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5.2. New York Case Study

5.2.1. Dataset

In this section, we conduct a case study inspired by the New York taxi trip dataset to demonstrate
the utility of the proposed model. The dataset is from the NYC Taxi & Limousine Commission
(2019). OD pairs are extracted for the morning rush hours (6:00 AM to 10:00 AM) from the New
York taxi dataset. Following Wang et al. (2022), we remove OD pairs with a distance of less than
18 kilometers, as RAM is unlikely to be competitive over such short distances. We also exclude OD
pairs that appear fewer than ten times in the dataset. Unless otherwise stated, all other parameters

remain consistent with those defined in the above setting.

5.2.2. Value of incorporating endogenous passenger mode choice

First, we aim to validate the value of incorporating endogenous passenger travel mode choice.
This analysis constructs ten New York taxi trip datasets, covering the period from July to November
2025, with data aggregated at half-month intervals. Specifically, we first compute the objective
value of the proposed bilevel program. We then evaluate the objective value of the high-point
relaxation (HPR) of the bilevel program, which is obtained by removing the objective function of
the customers while keeping their constraints. This represents centralized planning. In other words,
the HPR represents exogenous demand data instead of endogenous demand as in the bilevel model.
This section helps us quantify the benefits of the bilevel modeling approach. Once we obtain the
optimal solution of the HPR, we fix this solution (x, z,n",n?), and re-optimize within the bilevel
model to compute the corresponding objective value. We refer to this final evaluation as an ez post
analysis. We report the objective values obtained from the bilevel program, HPR, and the ez post

analysis in Table 5.

Table 5 Value of incorporating endogenous passenger mode choice

Dataset |S|  Bilevel program ($) HPR ($) Ez post analysis ($) Benefit (%)

July 1-15 2,636 24,5574 57,168.6 20,348.5 17.1
July 16-31 2,973 27,000.6 60,958.3 22,852.6 15.4
August 1-15 2,742 25,085.0 57,310.3 20,985.6 16.3
August 16-31 3,239 29,495.3 65,393.9 25,179.5 14.6
September 1-15 3,154 28,351.5 63,516.5 24,577.1 13.3
September 16-30 3,255 29,597.1 64,447.4 25,014.2 15.5
October 1-15 3,214 29,185.3 65,670.6 24,579.7 15.8
October 16-31 3,567 32,170.6 68,762.5 28,261.5 12.2
November 1-15 3,171 29,184.0 62,947.0 25,132.7 13.9
November 16-30 2,844 25,236.7 59,405.4 21,1214 16.3

Average 3,080 27,986.4 62,558.1 23,805.3 15.0
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The HPR yields the highest objective value among all three reported values, as it represents an
optimistic, yet unrealistic, scenario in which passenger mode choices are fully controlled by the
operator. In this idealized setting, the operator can freely assign passengers to the most revenue-
generating services without considering individual preferences, thereby achieving an upper bound
on potential revenues. However, this outcome is not attainable in practice, since passengers are
self-interested and will choose the alternative that minimizes their own generalized cost. The HPR
thus provides a useful benchmark but serves as an “unconstrained best case” that overlooks the
fundamental tension between operator objectives and passenger behavior.

Additionally, it can be observed that the objective value derived from the ex post analysis is,
on average, 15% lower than that obtained from the bilevel model. This gap highlights the benefit
of our bilevel program. Although the HPR solution appears favorable to the operator, it does not
account for the fact that passengers will not comply with assignments that are not in their best
interest. Ignoring passenger travel mode choice in decision-making leads to substantial profit losses
in the ex post analysis. By embedding this choice mechanism directly into the planning stage,
the bilevel model produces outcomes that are both more robust and more reflective of real-world

market dynamics.

5.2.3. Sensitivity analysis

We conduct sensitivity analysis by solving model LSP2 with enhancement techniques within a
two-hour time limit. The analysis utilized data extracted from the first two weeks of each month
from July to November 2025 from the New York Taxi Dataset (NYC Taxi & Limousine Commission
2019).

(1) The impact of the expressway service price

The price of expressway taxi services is characterized by volatility. Therefore, we investigate the
impact of the price by increasing the unit price per kilometer from $0.6 to $1.8 and analyze the
resulting changes in revenue and passenger mode choice, which is illustrated in Figure 2.

Increasing the expressway fare raises the generalized cost of taking taxis, prompting some travel-
ers to reconsider their modal choices. For a subset of passengers, the cost gap between expressway
service and RAM narrows at relatively low price levels, making RAM comparatively more attrac-
tive. This substitution effect is reflected in the initial rise in RAM demand shown in Figure 2(c).
Simultaneously, the sharp rise in total revenue depicted in Figure 2(a) indicates that the operator
successfully captures these higher-margin RAM trips, forming the left side of the inverted U-shaped
curve. However, this positive trend does not persist indefinitely. As the expressway price contin-
ues to rise, the generalized cost of expressway taxis becomes extremely high. Many price-sensitive

travelers, rather than upgrading to RAM, turn to opt-out modes. This phenomenon is evident in
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Figure 2 The impact of the expressway service price.

the plateauing of RAM demand in Figure 2(c) and the eventual decline in total revenue in Fig-
ure 2(a). The revenue share analysis in Figure 2(b) further confirms that while RAM can absorb
some of the displaced demand, it cannot fully compensate for the loss of expressway taxi users.
Most price-sensitive passengers perceive RAM as too expensive and ultimately exit the operator.
At this point, the total revenue curve transitions to the downward slope of the inverted U-shaped
curve, with revenue decreasing as expressway service price continues to rise.

Figure 2(d) illustrates the demand trends for the two RAM services as expressway service prices
vary. As the expressway taxi price increases, the demand for both regular and priority services
first rises sharply and then stabilizes. This initial increase is primarily driven by passengers switch-
ing from the expressway to regular RAM, as indicated by the steeper rise of regular demand at
low price levels. This pattern reflects a substitution effect where cost-sensitive travelers first seek
the more affordable regular RAM option. As the expressway price continues to rise beyond the
crossover point, priority RAM demand stabilizes and eventually exceeds regular demand. The rela-

tive insensitivity of priority demand to further price increases suggests that priority passengers are
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less price-sensitive. They value the higher comfort and time savings of priority service, and once
the expressway becomes sufficiently expensive, their mode choice remains largely unchanged.

(2) The impact of the budget

We next examine the impact of the investment budget. We increase the budget and explore its
effect on total revenue and investment scale, measured by the number of vertiports and active aerial
routes (denoted as #VP and #AE, respectively). As shown in Table 6, at lower budget levels, the
infrastructure capacity is limited, as reflected by the relatively small number of vertiports and aerial
routes. Consequently, the RAM service can only accommodate a small fraction of total demand,
and the majority of passengers continue to rely on expressway taxis or opt out of the operator
altogether. This is evident in Figure 3(c), where the share of RAM demand remains low, and the
opt-out proportion is relatively high. Additionally, from Table 6, the apparent imbalance between
the million-dollar investment budget and the reported revenue reflects a difference in time scale.
The budget is an upfront capital investment, whereas the revenue is measured for a single operating
period; repeated operations over multiple periods and many days can generate cumulative revenue

sufficient to recover the investment over time

Table 6 The impact of budget on infrastructure scale

Budget (million USD) 0 10 20 30 40 50 60
Revenue (USD) 22,537.8 24,083.3 25,247.1 26,295.0 27,272.6 28,155.4 29,017.8

#VP 0 3.6 5.4 5.8 6.4 7.6 8.0

#AR 0 5.8 11.8 14.2 17.0 25.0 30.0

As the investment budget increases, capacity expansion leads to a gradual increase in both
RAM revenue share and RAM demand, as shown in Figure 3(a) and (c). Notably, the additional
RAM ridership primarily comes from passengers who would have otherwise opted out of traveling
altogether, as can be observed in Figure 3(c). Meanwhile, expressway demand remains relatively
stable.

In Figures 3(b) and (d), as the investment budget increases, both the priority RAM revenue
share and its demand distribution exceed those of the regular RAM service. This shift occurs
because the increased budget allows for the deployment of more VT'OL aircraft dedicated to RAM
services. When the budget is constrained, operators tend to favor the regular RAM service, which
accommodates ride-sharing and utilizes vehicles more efficiently, over operating individual vehicles
for the priority service. As capacity expands, the operator can increasingly accommodate the more
flexible and higher-margin priority service.

(3) The impact of the vertiport capacity
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Figure 3 The impact of the budget.

We next analyze the impact of vertiport capacity, which can be constrained by factors such
as weather conditions that affect the throughput capacity of vertiports. We vary the vertiport
capacity from 10 to 60. Figure 4(a) shows that as vertiport capacity increases, system revenue
rises modestly. This is because capacity expansion primarily releases potential demand that was
previously suppressed by capacity constraints, leading to a slight increase in the total number of
passengers served by RAM. Figure 4(b) illustrates that as vertiport capacity increases, the number
of vertiports constructed and the number of opened aerial routes both decrease. This is because
higher individual vertiport capacity reduces the number of facilities required to accommodate the
same level of demand. Notably, it can be observed that revenue share and demand distribution
do not change significantly from Figures 4(c) and (d). This indicates that the overall demand
distribution is relatively insensitive to such variations.

(4) The impact of the passenger composition

In this section, we analyze the impact of passenger composition. Passengers are categorized
into business travelers and leisure travelers, who have distinct VOT. Therefore, we increase the

percentage of leisure travelers from 20% to 80% and analyze the resulting effects. As shown in
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Figure 4 The impact of the vertiport capacity.

Figure 5(a), as the proportion of leisure travelers increases, the total revenue of the operator
decreases significantly, the revenue of the expressway service also declines substantially, while the
revenue of RAM services shows a slight decrease. The reason for this phenomenon can be observed
in Figure 5(b), where the proportion of passengers opting out increases significantly as the share
of leisure travelers rises.

At a deeper level, this phenomenon arises because different groups of passengers have different
VOT, which in turn leads to distinct behavioral patterns. Business travelers have a higher VOT,
and their travel decisions prioritize timeliness; they are more inclined to choose expressway and
RAM services first. In contrast, leisure travelers are less time-sensitive and unwilling to pay high
prices for RAM or expressway taxi services, so they tend to choose the opt-out option. This shift
in passenger composition directly leads to the decline in overall operator revenue. It is worth
noting that the decline in RAM service revenue in Figure 5(a) is significantly smaller than that
of expressway revenue, indicating that the RAM passenger group exhibits relatively high stability.
This is because passengers who choose RAM services inherently have specific service preferences,

which are difficult to fully substitute with other transportation modes. Therefore, even as a large
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Figure 5 The impact of the passenger composition.

number of passengers opt out, the core passenger base of RAM services remains relatively intact.
Overall, to maintain the profitability of the RAM system, the development site should have a
certain proportion of business travelers, rather than being located in leisure-oriented areas.

(5) The impact of the opt-out disutility cost

Next, we analyze the impact of the opt-out disutility cost by scaling it with a coefficient 7.
Specifically, the disutility cost of the opt-out option ranges from $507 to $70n for leisure travelers
and from $707 to $1007 for business travelers. We vary n from 0.5 to 2.0 and examine the resulting
effects.

As shown in Figure 6(a), as the opt-out disutility cost increases, both total operator revenue
and expressway service revenue increase significantly, while RAM service revenue also exhibits a
certain degree of growth. When the opt-out disutility cost increases, the attractiveness of external
alternatives diminishes, and passengers become more inclined to remain within the operator and
choose either RAM services or expressway services, which can be found in Figure 6(b). It is worth
noting that the impact of the opt-out disutility cost varies across different service types. The
revenue increase for expressway services is the most pronounced, indicating a higher sensitivity
to this cost. In contrast, RAM services, with their differentiated service positioning and relatively
stable passenger base, experience a more moderate revenue increase, though they still benefit from
the overall retention of passengers.

(6) The impact of the transfer time

RAM is a multimodal transportation system. Consequently, transfer time plays a critical role
in service performance. Therefore, we conduct a sensitivity analysis by varying the transfer time
from 0 to 10 minutes to evaluate its impact. From Figure 7(a), we can find that the total revenue

and the revenue from RAM services both gradually decline.
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Figure 6 The impact of the opt-out disutility cost.

Figure 7(b) reveals that the number of priority service users remains stable and largely unaffected
by changes in transfer time, while the number of regular users declines sharply. This divergence
can be attributed to differences in passenger preferences and tolerance for transfer time. Priority
users are more tolerant of longer transfer times because they continue to value the time savings
and convenience benefits that RAM provides. In contrast, regular users, being more cost-sensitive,
are less willing to accept extended transfer times. However, a small portion of regular RAM users
switch to the priority RAM service, as the remaining time savings of RAM become more valuable
to them relative to the increased transfer time. Meanwhile, other regular users find RAM no longer
affordable or attractive due to the longer transfer time and thus shift to the alternatives. Reducing
transfer time could therefore enhance RAM competitiveness by expanding its potential customer
base and strengthening its appeal to time-sensitive travelers, which in turn supports the long-term
sustainability of RAM operations.

(7) The impact of the average ground traffic speed

We now discuss the impact of average ground traffic speed. We set the transfer time of the RAM
service to five minutes. The ground speed is increased from 30 km/h to 90 km/h in increments
of 10 km/h, and the results are shown in Figure 8. As shown in Figure 8(a), when the average
ground traffic speed increases, both total operator revenue and revenue from the expressway service
increase significantly, while revenue from RAM services decreases slightly. This pattern can be
explained by Figure 8(b): as ground traffic speed increases, more passengers choose the expressway
service, fewer passengers opt out, and the number of RAM passengers remains relatively stable.
From a managerial perspective, the RAM service should not be positioned as a direct competitor
to expressway taxi in regions with high average traffic speeds. Instead, its value proposition is most
compelling in congested urban environments where ground speeds are low, and the time savings

offered by RAM are substantial.
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Figure 8 The impact of the average ground speed.

(8) The impact of the VOT

Finally, we discuss the impact of passenger VOT. We scale the VOT by a coefficient € based

on the settings in Section 5.1.1. Specifically, the VOT of the opt-out option ranges from $31.0¢ to

28

CIRRELT-2026-14




Integrated Service Network Design and Pricing of Regional Air Mobility with Passenger Travel Mode Choice

le4

6 100
_____ oo A A A A
ek A
5 BT
P 80 A
4 * =
a D W B Armmmmn =} .
%3 g - : 3 ~m- RAM service
% » e & % : A~ Expressway service
2 S 401 e -
.{ 7 I - = Opt-out
& T -+ g
—————— L . Q0
| I— - --#-- RAM service revenue 2 20 "o
--k-- Expressway service revenue
0 -+- Total revenue 0
2 3 4 5 6 7 8 2 3 4 5 6 7 8
£ €
(a) Revenue (b) Demand distribution

Figure 9 The impact of the VOT.

$46.5¢ for leisure travelers and from $50.6e to $75.8¢ for business travelers, where ¢ varies from 2
to 8. Since the opt-out utility uQ already incorporates travel time costs, scaling passenger VOT
requires correspondingly scaling u® to maintain internal consistency. Accordingly, in this sensitivity
analysis, we update u to [50e x a, 70¢ x a] for personal travel passengers and to [70e x b, 100 x b]
for business travelers, where we assume that a ~ Uniform(0.5,0.6) and b ~ Uniform(0.6,0.7).

As shown in Figure 9(a), as the VOT increases, total operator revenue as well as revenues
from both expressway and RAM services increase significantly. This phenomenon can be explained
by Figure 9(b): with a higher VOT, the number of passengers choosing the expressway service
increases substantially, the number choosing RAM services increases slightly, while the number
opting out decreases dramatically, eventually falling below the number choosing RAM services.
From a managerial perspective, several insights emerge. First, targeting regions or time windows
with a higher concentration of time-sensitive passengers (e.g., business districts during peak hours)
can substantially improve the operator’s revenue performance. When entering markets with a high
proportion of leisure travelers, the revenue potential may be limited. Second, the RAM system
should be positioned as a premium service for high-VOT passengers, as these travelers are more

likely to value its time-saving benefits and less likely to opt out.

6. Conclusion

This paper proposes a bilevel optimization framework for the Regional Air Mobility Service Network
Design and Pricing (RAM-SNDP) problem faced by a multimodal operator entering the RAM
market, considering endogenous passenger travel mode choice. The proposed model captures the
strategic interaction between the operator and passengers over a sequential decision timeline: the

operator first commits to costly upfront investments (vertiport location, aerial route activation,
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and fleet deployment) and sets service prices, while passengers then choose among regular RAM,
priority RAM, expressway taxi, and opt-out alternatives based on their generalized travel cost.

From a methodological perspective, we reformulate the bilevel program into an equivalent single-
level program using duality theory. To enhance computational tractability, we derive the best
response sets for passengers and develop several acceleration techniques, including variable reduc-
tion strategies and valid inequalities that strengthen the formulation. Computational experiments
on instances of varying scale demonstrated the effectiveness of these enhancement techniques in
improving solution efficiency. Beyond validating the proposed framework, the numerical exper-
iments based on the New York taxi trip dataset provide several managerial insights for RAM
deployment. First, accounting for endogenous passenger travel mode choice is critical, as ignor-
ing endogenous mode choice leads to a suboptimality loss of roughly 15% in realized revenue.
Second, the sensitivity analysis reveals a substitution relationship between expressway services
and RAM: moderate increases in expressway taxi prices can shift some time-sensitive travelers to
RAM, while excessive price increases may instead reduce overall operator demand. Third, RAM
demand remains relatively stable across different passenger composition sets and vertiport capaci-
ties, indicating that it mainly serves a niche market of travelers with high values of time and strong
preferences for travel reliability. Finally, development sites should include a certain proportion of
high-value-of-time business travelers, rather than being located in leisure-oriented areas.

Several directions for future research merit attention. First, the current model adopts a deter-
ministic generalized-cost representation of passenger choice. This provides a tractable benchmark
for a capacity-constrained RAM design problem, but it abstracts from unobserved taste hetero-
geneity and richer stochastic substitution patterns. Extending the lower level to stochastic or
random-utility choice formulations, potentially with scarcity-related service penalties, would pro-
vide a richer behavioral foundation. Second, the model considers a static planning horizon, but
RAM operations involve dynamic demand patterns and vehicle repositioning decisions over time.
Developing a time-expanded formulation that captures these temporal dynamics would enhance
operational realism. Finally, competition among multiple multimodal operators is an important
consideration for mature markets, suggesting the need for equilibrium models that capture strategic

interactions among multiple service operators.
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Appendix A: Notations

Table A.1 Notations

Notation Definition

Sets

S Set of passengers.

% Set of candidate vertiports.

Parameters

fr Infrastructure-related cost for constructing and maintaining vertiport k.

Ckh Unit opening cost of aerial route from vertiport & to vertiport h.

1 Inconvenience cost when passenger s travels via expressway.

® Inconvenience cost when passenger s travels via priority RAM service.

® Inconvenience cost when passenger s travels via regular RAM service.

u? Disutility cost when passenger s chooses other travel modes.

lkhs Travel time when passenger chooses RAM service via vertiport k& and vertiport h for passenger s.

ts Travel time when passenger s chooses expressway service.

d® Unit deployment cost of the eVTOL utilised to provide regular RAM service.

d’ Unit deployment cost of the eVTOL utilised to provide priority RAM service.

rs Price of expressway travel for passenger s.

b Number of seats of the eVTOL.

B Economic budget of investments.

gk Service capacity of vertiport k.

Qkn Low-altitude airspace management capacity of aerial route (k,h).

Wy VOT of passenger s.

Pen Minimum price of regular RAM service between vertiports (k, k).

a4, Minimum price of priority RAM service between vertiports (k,h).

Variables

T 1, if vertiport k is open; 0, otherwise.

Zkh 1, if aerial route between vertiport k and vertiport h is operational; 0, otherwise.

nh Number of eVTOLs deployed to aerial route between vertiport & and vertiport h for priority RAM service.

nky Number of eVTOLSs deployed to aerial route between vertiport k£ and vertiport h for RAM regular RAM
service.

Dkh The price of regular RAM service from vertiport k to vertiport h.

qkh The price of priority RAM service from vertiport k to vertiport h.

s 1, if passenger s is provided priority RAM service from vertiport k to vertiport h.

mi, 1, if passenger s is provided regular RAM service from vertiport & to vertiport h.

P 1, if passenger s chooses to travel via the expressway; 0, otherwise.

of 1, if passenger s chooses the priority RAM service; 0, otherwise.

ol 1, if passenger s chooses the regular RAM service; 0, otherwise.

v 1, if passenger s chooses opt-out modes (such as self-driving, train, etc.); 0, otherwise.

mE,, 1, if passenger s travels via aerial route (k,h) when opting for the regular RAM service; 0, otherwise.

mhns 1, if passenger s travels via aerial route (k,h) when opting for the priority RAM service; 0, otherwise.

Appendix B: Proof of Proposition 1

The coefficient matrix A of Constraints (2b)—(2f) can be represented as

1 1 1 1 O1xviqvi-1) 01 vi(vi-1)
0 0 0 -1 11><|V|(\V\71) le\vmwfl)
A— 0 0 -1 0 01><|V|(\V\71) 11x\V\(IV|71)

O (vi-1yx1 Opwivi—nx1 Owivi—nx1 Owigvi—nx1 Lvigvi—n=vigvi-1) Owigvi—1xviqvi-1)
O (vi-1yx1 Opwivi—nx1 Owivi—1x1 Owivi—1x1 Owiqvi—nyxvigvi-1) Tvigvi—nxvigvi-1)

34 CIRRELT-2026-14



Integrated Service Network Design and Pricing of Regional Air Mobility with Passenger Travel Mode Choice

where 0,,, and 1,,, denote the zero matrix and the matrix of all ones, respectively, and I, , denotes the
identity matrix.

We use the Ghouila-Houri characterization of TU matrices (see, e.g., Wolsey and Nemhauser. (1999),
Theorem 2.7). A matrix A is totally unimodular if and only if for every subset R of its rows, there exists
a partition of R into two subsets R; and Ry such that for every column £ of A, ZreRl A, — ZreRg A,, €
{=1,0,1}. Let R be an arbitrary non-empty subset of the five rows of A. Define Ry = RN {1,2,3} and
Ry, =RN{4,5}. For each column type:

e Columns of v® v? vR vP: Only rows 1-3 have non-zero entries. The sum over R; is 0 or +1; Ry

contributes 0. Thus, the differences are all in {—1,0,1}.

e Columns of my, .: Row 2 has coefficient 1, row 4 has coefficient 1. Hence dop, =1liff2€ Ryand -, =1
iff 4 € R. Their differences are all in {—1,0,1}.

e Columns of m}, : Same argument gives difference € {—1,0,1}.

With this partition, we observe that for each column of A, the difference between the sum of the elements

in Ry and Ry sets is —1, 0, or 1. Therefore, the coefficient matrix A is TU. [

The proof of Proposition 1 is completed.
Appendix C: Proof of Proposition 2
For simplicity, we let m = (rhF, k), m = (mF m?) and v = (vF, v®, v®,v°). Consider an optimal solution
of bilevel program (x,z,n", n®, p, q,m;m,v) with 1 # m, i.e., there exists some k € V,h € V,s € S such
that mf, . >mb or mb, >m?b, . Note that /i appears only in the follower availability constraints mf, <
iy, and my, <, (for all ke V,heV,s€S) and in the leader capacity constraints Y __¢ 7y, < bng,
and Y sy, <np, (for all ke V,heV), and 1 does not appear in the leader’s objective.

Tighten the leader inventory by setting b, <+ mb and ml, «+ mb, foreach k€ V ,heV,s€ S, keeping
all other leader variables and the follower decision (m,v) unchanged. Leader feasibility is preserved because
each capacity left-hand side > g7y, and Y _ 7y, , weakly decreases, while no other leader constraint
depends on m. The follower decision (m, v) remains feasible since the availability constraints become m < m
at equality; moreover, since the follower minimizes generalized cost and its feasible set can only shrink when
m is tightened, (m,v) remains optimal. Finally, the leader’s objective value is unchanged because it depends
on realized choices m (and prices/design variables), not on 7m2. Hence, we obtain another optimal solution
with M =m, as desired.

The proof of Proposition 2 is completed.
Appendix D: Proof of Proposition 3
We let U* be the optimal objective value of model (2). The optimal solution set is as

{(stv US? 'Uf’ Uf, mk:Rhs7 mkphs) (2b) — (2f), Z Z(pkh + wslkhs)mths + Z Z(Qkh + wslkhs)mghs

k€Y heV k€V heV
(s 12+ gt 0P +uQv0 +1PoP + RoR <)
We start with the case s € & and investigate the fact that there are four feasible solu-

tions for model (2). We let mi = {ml | Vk € V,Vh € V} and ml = {ml | Vk € V,Vh €
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V}. When passenger s chooses expressway service (i.e., v¥ = 1), we have the feasible solu-
R

tions as x; = {vF=1,00=0,0F =0,0F =0,m% =01, y(vj-1), MF =01, jy|(v—1)}. Similarly, if pas-

senger s chooses opt-out service (i.e., v® = 1), we have the feasible solutions as y, :=
{vF=0,02 =107 = 0,07 =0,m = 01,vi(vi-1), M = O1xpi(vi-1) }-
Additionally, if passenger s selects the priority RAM service (i.e., vT = 1), then exactly one

E]

vertiport pair (k,h) € V x V satisfies ml,. = 1, while all other elements in the association vec-
P

s

tor m! are zero. Consequently, the set of feasible solutions is characterized by xs(s,k,h) =

R:

{vEF=0, v9 =0, vF =1, vB =0, mf =e ), mE =0}, where e(, ) denotes the unit row vector of length

[V|(]V| — 1) with its only nonzero element (equal to 1) at the position corresponding to the specific pair
(k,h).

Similarly, if passenger s chooses the regular RAM service (i.e., v® = 1), the feasible solution set is given
by xa(s,k,h):={vF =0, 00 =0, vP =0, o8B =1, mf' =0, mF=e( )}

Therefore, by substituting the explicit values from x1, x2, X3, and x4 into the original objective function,
the subproblem W* reduces to selecting the minimum cost among these four mutually exclusive cases:

U= min{rs +15 +wit,, u?, Jnin (Prn + Wolins + 1), k%ieqj(qkh + Wlgns +12) }
k#£h k#£h

To reformulate this explicit minimum operation into a linear programming form, we apply the Big-M

linearization technique. This introduces auxiliary constants My and Mg that are sufficiently large. The

equivalent linear formulation is:
\I’: = min{rs + lf) —|—wsts, ’LLSO, Pkh —|—wslkhs + l? =+ M5(1 — mths), qih —|—wslkh5 + lf =+ Mg(l — ml,:hs)}.

where the terms involving My and Mg act as switches: py, + w.lgns + 15 (or qun + wilpns + 1) is active
only when its associated binary variable mL, . (or ml, ) equals 1; otherwise, the large penalty Ms (or M)
dominates, ensuring that particular choice is not selected in the minimization. The proof of Proposition 3 is

completed.
Appendix E: Proof of Proposition 4

The big-M coefficients MF" and M" denote the maximum prices for the regular and priority RAM services
for air route (k, h), respectively. If the price of a service exceeds a certain threshold, no passenger will select
it. Our goal is to identify these threshold values to establish tight bounds for M; and M,.

We begin by analyzing M". For a passenger s, the regular RAM service will not be chosen if its price is
too high compared to alternative options. Specifically:

e Compared to the opt-out travel mode, passenger s will not choose regular RAM if the price exceeds
u® — wlpns — IR

e Compared to the expressway travel mode, passenger s will not choose regular RAM if the price exceeds
re +IE +wit, —wilp, — IR
Furthermore, since prices must be non-negative, the effective price threshold for passenger s is the
minimum of the two upper bounds derived from the alternatives, truncated at zero. Thus, the

maximum acceptable price for passenger s for the regular service from vertiport & to h is P, =
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min {max {ul — w,lys — I8, 0}, max {r, +1¥ + w,t, — wl,, — I8, 0}}. Consequently, if the price is set to
the maximum value of P, across all passengers, i.e., MF" = max,cs P,, then no passenger will choose the
regular RAM service.

The proof for bounding the value of M5" follows a similar line of reasoning. This completes the proof of
Proposition 4.
Appendix F: Proof of Proposition 5

In the dual of the follower’s problem (3), the zero vector (s, Bs,7s, 0s, k<) = 0 constitutes a feasible solution,
as every constraint is satisfied when all dual variables are set to zero. The objective value equals 0 under
this solution. Considering problem (3) is a maximization problem, its optimal value is at least the value of
any feasible solution. Hence, we have o, =3, .\, ), (8, Okns + 1by Kins) > 0. From the Constraints (3c),
we have Y, o (M Okns + 10, Fkns) < o <uf.

Due to the non-negative property, we have 15, Orns + Mg, Kkns < ey ey (T Orrnrs + T s )
for any fixed (k, h). Therefore, we can obtain Mm%, O, + ML, kpns <u®. Considering mb mE,  €{0,1}, we
have 0y, <u® and fyp, < uf for each Vk,h €V and Vs € S. In the case when both mE, . and 7k, | equal one,
the 6 and k are unbounded, and there exist multiple optimal solutions. However, as we consider an optimistic
bilevel model, keeping only one of these multiple optimal solutions is sufficient, and the specific M{" and
MZ¥" values we consider here ensure the existence of at least one such optimal solution. This completes the
proof of Proposition 5.

Appendix G: Proof of Proposition 6

From Constraints (7b) and (7¢), we have ¥, <1¥ 4+ r, + w,t, and ¥, <u®. Therefore, it follows that ¥, <
P + Welgns + IR+ 1B +r, +w,t, and U, < prp + wilgns + 15 +uf. Now we consider Constraint (7d). When
mE,, =0, the constraint becomes W, < py, + wylyns + (5 + Mg, If we set Mg = min {I¥ +r, + w,t,, ul},
then the term M5 ensures that the constraint does not become overly restrictive when the binary variable is
inactive. A similar reasoning applies to Constraint (7e).

Hence, this completes the proof of Proposition 6.

Appendix H: Stochastic program
This stochastic program is based on model LSP2. We let 2 denote the scenario set and w € ). Then, S,
represents the passenger set under scenario w. Let 7, denote the occurrence probability of scenario w.

Therefore, we have the following stochastic program.

maximize Z Tw {ZZ Z Pkhs + ZZ Z Erns + Z TSUSE} (20a)

weN kEV heV scSy, keV heV seSy sES,

subject toz fezr + Z Z d®ny + Z Z d"ny, + Z Z crnien < B, (20b)
kevy keV heV keV heV keV heV
Zkh Sxka kaheva (ZOC)
Zkhgxh, k,hEV, (20d)
nth + nEh S Qkhzkh; kv he V7 (206)
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Sonp A A e+ Y g < geae, kEV, (20f)

hev hev hev hev
> mpy, <bng,, kheVweQ, (20g)
s€S.
> mp,, <np,, B heV, we, (20h)
SES,
Ty zun €{0,1}, kR €V, (201)
nyy e, €27, k,h €V, (207)
Prns Qi =0, k,h €V, (20k)
vE 402 4ol +olt =1,5€8,,weQ, (201)
ZkaRhS:vE,seSw,wEQ (20m)
kev hev
Zmehs:vf,se&,,wGQ, (20n)
keV hev
vl oP WO B m omp, €{0,1}, k,heV,s€S,,weQ, (200)
U, <P +r,+wit,,s€S,,we, (20p)
U, <u?,5€8,,we, (20q)
U, <pin + Welpns HIE+ME(1—m]), kheV,seS,,weq, (20r)
U, < qun + Welgns +15+ M(1—mj,.), k,heV,seS,,weQ, (20s)
U >0 (orns F welknsmiy) + DY (Gens + Walinampy,,) + (rs + 15 + wit JoF +ulo® +150F + 180T,
kEV heV k€EV hev
sES,,weN, (20¢)
U, eR, se8,,we (20u)
0 < prns <Prn, k,h eV, s€S,,weN, (20v)
0<&ins <qun, k,heV,seS,,we, (20w)
Pen — M (1 —mB )< prpe < MF'mB b heV,seS,,we, (20x)
Grn — M3"(L—mypy,) < &ns < M5 my,,, k,h €V, s€S,,we . (20y)
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