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A B S T R A C T

Emerging modes of advanced air mobility are potential alternatives to current ground transport. This study
proposes a service network design approach for the air metro, a pre-scheduled service with fixed routes that
accommodate passengers for intra- or inter-city trips. The scenarios of human-driven and autonomous air
metro are then compared, where the former has a labour cost for pilots and the latter has a higher capital
costs such as vehicle and automation costs. Then, a rolling horizon optimisation approach is proposed, where
the temporal length of a single rolling horizon is an early confirmation period plus a safety margin. The rolling
horizon introduces decision and marginal arcs with different fleet, passenger, and pilot network capabilities.
The optimised outputs on critical arcs are determined and fixed, while the marginal arcs can be continuously
adjusted in the subsequent rolling horizons. Numerical studies are undertaken across all variables in the context
of the Greater Metropolitan Area of Sydney, Australia. Results suggest that the human-driven air metro would
be economically preferable until the utilisation cost of an autonomous aircraft can reduce by 60%. Furthermore,
confirming the actual passenger demand at least 45 min in advance is recommended, and a single rolling
horizon should be longer than 150 min.
. Introduction

The emerging concept of advanced air mobility (AAM) has recently
een proposed as potential inter- or intra-city passenger transport
ervices with vertical take-off and landing (VTOL) aircraft.1 AAM com-
lements public transport, functions cooperatively with rail, metro, and
us stations, and alleviates urban traffic congestion. It offers disruptive
nnovation not only to the air transport, but also to the urban mobility
arket [2]. The market value of advanced modes of air transport
roviders in the U.S. alone is forecast by some analysts to be in excess
f $283b within 20 years; at first the services are likely to be costly,
ut since the ride-sharing model amortises vehicle costs over a large
umber of paid-trips, the high cost is unlikely to prove prohibitive
o launching the service [3]. It is estimated that approx. 98% of the
emand of its market are trips greater than 30 min in travel time
erved by ground transport [4]. Reiche et al. [5] estimated the potential
emand for the emerging modes in the U.S. to be 0.1% of all trips. Due
o AAM’s enormous market potential, multiple commercial companies

∗ Corresponding author at: Intelligent Transportation Thrust, The Hong Kong University of Science and Technology (Guangzhou), Guangzhou, China.
E-mail address: rzhao820@connect.hkust-gz.edu.cn (R. Zhao).

1 Air metro and air taxis are developed beyond the urban landscape, serving suburbs and rural area and the term ‘‘urban’’ falls short of encompassing the
oncepts of the advanced air mobility [1]. We use ‘‘advanced air mobility’’ to represent similar concepts such as ‘‘urban air mobility’’.

are making efforts to assess advanced air services, such as Uber [6],
Porsche [7], Airbus [8], etc.

As part of NASA’s analysis of the potential for AAM, several op-
tions were proposed, including last-mile delivery, air metro, air taxi,
etc. [5,9,10]. Air metro is defined as a public transport alternative for
thin-haul commuters [11], with fixed schedules prior to flight depar-
ture. Hasan [9] suggested that the air metro would enjoy a profitable
first year in 2028 where there would be 130 m passenger trips annually
(assuming a market exists) and the break-even cost is expected to be
approx. $6.2b. Moreover, air metro has a lower density for vertiports
than the air taxis, which is about 100–300 vertiports per metropolitan
statistical area in high traffic areas.

Prior to committing investment, service network design problem
(SNDP) are often studied to analyse the main types of costs, and
to determine the range of optimal dispatch patterns to establish a
design for a potential service network [e.g., 12]. This provides useful
information for decision making and analytically constructed scenario
planning tools. In order to understand and simulate the viability of a
ttps://doi.org/10.1016/j.dajour.2023.100312
eceived 14 November 2022; Received in revised form 19 May 2023; Accepted 30
vailable online 4 September 2023
772-6622/© 2023 The Author(s). Published by Elsevier Inc. This is an open acces
http://creativecommons.org/licenses/by/4.0/).
August 2023

s article under the CC BY license

https://doi.org/10.1016/j.dajour.2023.100312
https://www.elsevier.com/locate/dajour
http://www.elsevier.com/locate/dajour
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dajour.2023.100312&domain=pdf
mailto:rzhao820@connect.hkust-gz.edu.cn
https://doi.org/10.1016/j.dajour.2023.100312
http://creativecommons.org/licenses/by/4.0/


R. Zhao, T.T.R. Koo, W. Liu et al. Decision Analytics Journal 8 (2023) 100312
novel service network, it is necessary to consider the tactical decision.
This involves the objective of reducing, or balancing, service provider’s
costs and passengers’ journey times.

This paper aims to design a service network for the air metro using
time-space networks (TSNs) to compare the economic feasibility of
autonomous and human driven AAM service networks by determining
the optimal fleet size and dispatch patterns. We achieve the objective
through the following steps. We firstly design service networks for
an autonomous scenario - a technologically feasible operation with
autonomous aviation and a feature that AAM developers are seriously
considering. In light of the fact that pilot availability is regulated by
work hours (start and end duty times), focusing on a human-driven
air metro scenario introduces an additional layer of pilot schedul-
ing and provides an opportunity to investigate the trade-off between
human-driven and autonomous air metros. The scheduled air metro
is operated and managed differently from on-demand air taxis. On-
demand air taxi service is provided based on the fully known demand,
while the plan of pre-scheduled air metro is made before the demand
date acquisition; that is, the demand is unknown or only partially
known. Then, the human-driven air metro is extended to incorporate
demand stochasticity, by developing a dynamic optimisation in rolling
horizon. The rolling horizon is particularly efficient when the passenger
demand for the ‘‘near future’’ is available while the demand in the
‘‘far future’’ is predicted according to the historical distribution in
each rolling horizon. Lastly, using the developed models, the paper
conducts a numerical study of an inter-city passenger network based on
Greater Metropolitan Area of Sydney (GMAS) to illustrate the modelling
approach and assess the cost feasibility of conventionally human-driven
VTOL fleets (pilot onboard) versus autonomous fleets.

This paper adds to the literature in several ways. First, to the best
of authors’ knowledge, this is the first study that specifically focuses
on air metro, instead of its counterpart in AAM systems, namely air
taxi. Second, this study jointly optimises the AAM fleet scheduling and
pilot scheduling, enabling an analysis of human driven v.s. autonomous
scenarios. Third, considering the unique operational features of air
metro (e.g., the operation can be centrally controlled), a proper rolling
horizon approach is proposed.

The rest of this paper is organised as follows. Section 2 reviews
the existing studies related to the modelling approach of AAM service
network. Section 3 explicates the TSNs and formulates the optimi-
sation model for the air metro service network in autonomous and
human driven scenarios. Following this, the rolling horizon modelling
approach is introduced. Section 4 includes a case study of the GMAS.
Section 5 concludes.

2. Literature review

The close collaboration between demand modelling, network de-
sign, and physical system development is important for reliable, ef-
ficient, and safe integration of AAM [13]. AAM provides potential
travel time savings. As is well known in travel demand studies, there
is a trade-off between travel time savings and air fare willingness.
Previous studies mainly focus on the impact of ground autonomous
vehicles on the value of time (VOT) [e.g., 14], acceptability for auton-
omy [e.g., 15], preferences on mode choice [e.g., 16]. These results
are particularly relevant to AAM demand and pricing [17]. Through a
survey of passengers’ adoption of flying cars, Eker et al. [18] revealed
that various socio-demographic characteristics, individual-specific be-
havioural, driving attributes, and attitudinal perspectives affect the
willingness to pay for and use flying cars. Moreover, in the autonomous
AAM context, the level of autonomy markedly affects the market at-
tractiveness [19]. Assuming fully autonomous air vehicles, Al Haddad
et al. [20] identified and quantified the factors that affect the adoption
and use of AAM. These included perceived safety, perceived benefits,
as well as general willingness to accept new technology.

At a strategic and supply level, an AAM network is established
by considering the design and placement of vertiports. Schweiger and
2

Preis [21] conducted a systematic review finding that there are 49
publications covering the topics related to AAM ground infrastructure
and airspace operation including design, location, capacity, etc. Shao
et al. [22] proposed an adaptive control system for the terminal area
of the multi-vertiport system, including the design of the operating en-
vironment and the integrated scheduling model. Strategic-level studies
have influenced the development of AAM service network studies. The
vertiport location placement problem has received the most attention
at strategic level [23–28]. For example, Sinha and Rajendran [26] pro-
posed a unique two-phase procedure that integrates the multi-criteria
warm start technique with an iterative 𝑘-means clustering algorithm,
to optimise the vertiport location. In all, the operations of vertiports
require an analysis of the land use, regional demand, availability of
space, local economic factors, commute time, and service coverage
range [29].

AAM service network are also studied at a tactical level. Roy
et al. [30] modelled the on-demand air taxi service through a multi-
commodity network flow approach. The results provided the optimal
fleet size and identified the factors that have significant impact on
operating cost and profitability. Rajendran [31] developed a hybrid
simulation goal programming algorithm that comprehensively incorpo-
rates the problems at different levels, including the fleet size, passenger
time cost, and real-time dispatch patterns. [32] proposed models and
algorithms to schedule the air taxi fleet to meet the expected arrival
time at vertiports, while attempting to optimise routing and battery
recharging tasks. The emerging modes of AAM are also studied in the
context of air ambulance [e.g., 33] and airport shuttle [e.g., 34]. How-
ever, modelling approaches have not attracted sufficient development
at all aspects of the tactical decisions. Willey and Salmon [25] modelled
the vertical placement problem as a single-allocation 𝑝-hub median
location problem that incorporates aspects important to the operation
of transport networks to make the vertiports suitable for use by air
metro system. Tactical air metro service network studies based on the
strategic vertiport location decisions are still required.

This paper attempts to develop a service network design at a tactical
level (assuming the strategic level decisions such as vertiport place-
ments have already been made) for a scheduled air metro service in the
context of Sydney, Australia. Specifically, the following three modelling
gaps are to be addressed in this paper. First, when studying the dispatch
pattern of AAM service, pilot scheduling has not been considered as
an endogenous factor in the models of existing studies. Thus, pilot
scheduling requires a dimension in the joint optimisation with fleet
scheduling. Second, although autonomous aviation is expected to be
achieved in not-too-distant future, and some studies have already im-
plicitly assumed fully autonomous aircraft in AAM, there has not been
a study for the comparison of operating cost between human driven
and autonomous AAM service. Third, the concept of rolling horizon
optimisation has not been widely utilised in the topic of AAM. In
most existing rolling horizon optimisation studies relating to transport
systems, the focus is on bus operation, where once dispatched from
the origin, a vehicle’s schedule remains unchanged [e.g., 35]. The only
application of rolling horizon optimisation on AAM is a VTOL arrival
scheduling study [36]. Focusing on the tactical level decisions of AAM,
this study will address the above gaps in the service network design of
air metro.

3. Problem description & formulation

This study optimises the dispatch patterns at a tactical level, where
all the strategic decisions are given; that is, vertiports are assumed to be
already established and available with fixed positions before the fleet
size is determined.

3.1. Static formulation for unknown demand scenario

In this section, we firstly model the proposed service as an ILP,

under the assumptions that the passenger demand is deterministic.
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Fig. 1. An example for the FLT-TSN.
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.1.1. Problem description
There are different types of TSNs available for multi-commodity

odels. For example, the TSNs developed by Lo et al. [37] considered
he aggregate passenger groups and did not require a searching process
f potential feasible itineraries, while the TSNs for itinerary-based
odels [e.g., 38,39] requires searching feasible itineraries and is more

uitable for dial-a-ride problem or on-demand air taxis. Thus, we refer
o the TSNs developed by Lo et al. [37] to establish the modelling
ramework.

Let ( ,) denote the general network graph that simulates the
ntire planning horizon, where  is the set of nodes and  is the
et of arcs. To model the movement of passengers, pilots, and fleets,
e use directed graphs that specifies the time and space dimensions,

eferred as a fleet flow time-space network (FLT-TSN), a collection
f passenger flow time-space networks (PAX-TSNs) and a collection
f pilot flow time-space networks (PLT-TSNs), respectively. Arcs are
sed to specify the VTOL fleet flow, passenger flow and pilot flow
ovements in the corresponding TSNs. Passenger groups are coined

ccording to their OD pairs, their arrival time at origin vertiport, and
heir tolerable latest arrival time at the destination. Accordingly, we
efine each passenger group as a time-dependent origin–destination
air (TDODP). The arrival time constraints at the destination vertiports
re incorporated into the tailored PAX-TSNs of the TDODPs. During
he period of service, we assume that the VTOLs do not maintain fixed
epots.

leet flow
A planning period only requires one FLT-TSN. Commonly, a time

tep is relatively small compared with other time parameters (e.g.,
ravel time between two nodes, waiting time of passenger at a ver-
iport), it is considered to be the unit of time parameters. Thus, all
ime-related parameters become the integral multiples of the time step.

trip arc (𝑖, 𝑗) ∈ 𝑓 represents a trip of an air metro, associated with
n non-negative operating cost. The operating cost on non-trip arcs can
e negligible. Fig. 1 shows a FLT-TSN installed with 𝑛 vertiports as an
xample. In this example, a time-step of 15 min is adopted, and thus the
rip times between the nodes are estimated to be multiples of 15 min
e.g., 15, 30, 45 min).
3

ilot flow
For pilot operations, a duty is a duration within a working day of

pilot and consists of a sequence of consecutive flights, connections
transition time between flight legs) and deadheads. We assume that
he pilots also do not have fixed depots during the duty period. Pilot
lows are segregated into different networks, which can also vary
n size. For each arc, a non-negative integer variable represents the
ilot movement. The PLT-TSNs have the similar shape to FLT-TSNs
n Fig. 1, where most nodes and arcs from the general graph ( ,)
re applicable to each PLT-TSN, as long as the duty time window are
atisfied. Hence, fleet flow, passenger flow and pilot flow constitute the
hree dimensions of TSNs in this study: a FLT-TSN, a set of PAX-TSNs,
nd a set of PLT-TSNs.

assenger flow
A PAX-TSN is associated with a specific passenger group, specifically

ailored according to the TDODP. Thus, each PAX-TSN can vary in size,
nd only a portion of the nodes and arcs from the general network
raph are applicable to each PAX-TSN, depending on the arrival time
indow and the feasibility of the trip. Once some passengers enter the
etwork, they must be transported by the service, otherwise, the service
s penalised.

Fig. 2 shows examples of PAX-TSNs. The exogenous demand for
TDODP occurs once. As specified by the corresponding nodes, an

blique arc indicates a trip leg between two vertiports; while on ver-
ical arc, the flows represent the number of passengers waiting at the
ertiport. For the example in Fig. 2(a), passengers have a maximum
cceptable journey time of 45 min. The destination is the vertiport 𝑏.
hus, all nodes belonging to column 𝑏 are the destination.

Table 1 specifies the nomenclature and abbreviations used in the
odel.

.1.2. Autonomous air metro formulation
In this section, we examine modelling approach for the autonomous

ir metro scenario, where the service is provided by autonomous
TOLs. Hence, the labour cost of pilots is not taken into consideration
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Fig. 2. Examples for PAX-TSNs.
Table 1
Nomenclature.

Symbol Definition

Indices & sets

 Set of the TDODPs
𝑏 The 𝑏th PAX-TSN, corresponding to a TDODP, a member of 
 Set of pilot duty period within a working day
𝑒 The 𝑒th PLT-TSN, a member of 
𝑏 ,𝑒 ,𝑓 Set of nodes at the middle of the planning period in the 𝑏th PAX-TSN, the 𝑒th PLT-TSN, and the FLT-TSN, respectively
𝑓 Set of nodes at the end of the planning period in the FLT-TSN
𝑏 ,𝑒 ,𝑓 Sets of arcs in the 𝑏th PAX-TSN, the 𝑒th PLT-TSN, and the FLT-TSN, respectively
𝑏 ,𝑒 ,𝑓 Set of arcs beginning at the start nodes in the 𝑏th PAX-TSN, the 𝑒th PLT-TSN, and the FLT-TSN, respectively
(𝑖) Set of arcs ending at node 𝑖
(𝑖) Set of arcs starting at node 𝑖
𝑒 ,𝑓 Set of trip arcs in the 𝑒th PLT-TSN, the FLT-TSN, respectively

Definitional parameters

𝐵𝑏 Exogenous passenger demand for the 𝑏th PAX-TSN
𝐶 Capacity of a VTOL
𝑉 Capacity of vertiports, i.e, the maximum number of VTOLs landing at a vertiport at the same time-step
𝐸 Pilot salary for the planning horizon
𝐹 Fleet size
𝐽 Utilisation cost of a VTOL for serving the planning time period
𝑅𝑖𝑗 Operating cost for a VTOL’s trip on arc (𝑖, 𝑗)
𝑇𝑖𝑗 Monetary travel time between nodes 𝑖 and 𝑗
𝑃 Penalty for a unsatisfied passenger

Decision variables

𝑤𝑏
𝑖𝑗 Integer variable that indicates the number of passengers of the 𝑏th TDODP on arc (𝑖, 𝑗)

𝑥𝑒𝑖𝑗 Integer variable that indicates the number of pilots on arc (𝑖, 𝑗) of the 𝑒th PLT-TSN
𝑦𝑖𝑗 Integer variable that indicates the number of VTOLs on arc (𝑖, 𝑗)
𝑧𝑏 Number of unsatisfied passengers for the 𝑏th PAX-TSN
and the pilot scheduling is exempted. The deterministic passenger de-
mand is obtained according to historical average. Then, an optimisation
model for the autonomous air metro, i.e., (P0), is

min
𝐰,𝐲,𝐳

∑

𝑏∈
(
∑

𝑖𝑗∈𝑏

𝑤𝑏
𝑖𝑗𝑇𝑖𝑗 + 𝑧𝑏𝑃 ) +

∑

𝑖𝑗∈𝑓

𝑦𝑖𝑗𝑅𝑖𝑗 +
∑

𝑖𝑗∈𝑓

𝑦𝑖𝑗𝐽 (1)

subject to
∑

𝑖𝑗∈𝑏

𝑤𝑏
𝑖𝑗 = 𝐵𝑏 − 𝑧𝑏 ∀𝑏 ∈  (2)

∑

𝑤𝑏
𝑖𝑗 −

∑

𝑤𝑏
𝑘𝑖 = 0 ∀𝑏 ∈  ∀𝑖 ∈ 𝑏 (3)
𝑖𝑗∈(𝑖) 𝑘𝑖∈(𝑖)

4

∑

𝑏∈
𝑤𝑏

𝑖𝑗 ⩽ 𝑦𝑖𝑗𝐶 ∀𝑖𝑗 ∈ 𝑓 (4)

∑

𝑖𝑗∈(𝑖)
𝑦𝑖𝑗 −

∑

𝑘𝑖∈(𝑖)
𝑦𝑘𝑖 = 0 ∀𝑖 ∈ 𝑓 (5)

∑

𝑘𝑖∈(𝑖)
𝑦𝑘𝑖 ⩽ 𝑉 ∀𝑖 ∈ 𝑓 ∪𝑓 (6)

∑

𝑖𝑗∈𝑓

𝑦𝑖𝑗 ⩽ 𝐹 (7)

𝑤𝑏
𝑖𝑗 ∈ N ∀𝑏 ∈  ∀𝑖𝑗 ∈ 𝑏 (8)

𝑦 ∈ N ∀𝑖𝑗 ∈ 𝑓 (9)
𝑖𝑗
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Table 2
Nomenclature.

Symbol Definition

[1,… ,𝐻] Rolling horizons
ℎ ,ℎ Sets of active nodes and active arcs in the rolling horizon ℎ, respectively
ℎ , ℎ Active PAX-TSNs and PLT-TSNs considered in the rolling horizon ℎ, respectively
ℎ PLT-TSNs share the start time with the rolling horizon ℎ
𝑏

ℎ ,
𝑒
ℎ ,

𝑓
ℎ 𝑏 ∩ℎ ,𝑒 ∩ℎ ,𝑓 ∩ℎ, respectively

𝑏
ℎ ,

𝑒
ℎ ,

𝑓
ℎ 𝑏 ∩ℎ ,𝑒 ∩ℎ ,𝑓 ∩ℎ, respectively

𝑏
ℎ ,

𝑒
ℎ ,

𝑓
ℎ 𝑏 ∩𝑏

ℎ ,
𝑒 ∩𝑒

ℎ ,
𝑓 ∩𝑓

ℎ , respectively
ℎ(𝑖),ℎ(𝑖) (𝑖) ∩ℎ ,(𝑖) ∩ℎ, respectively
̄ℎ(𝑖) Set of decided arcs ending at node 𝑖, on which the decisions are made during [1,…ℎ − 1]
𝑤̄𝑏

𝑖𝑗,ℎ Number of passengers of the 𝑏th TDODP on decided arc (𝑖, 𝑗) determined during [1,…ℎ − 1]
𝑥̄𝑒𝑖𝑗,ℎ Number of pilots on decided arc (𝑖, 𝑗) of the 𝑒th PLT-TSN determined during [1,…ℎ − 1]
𝑦̄𝑖𝑗,ℎ Number of VTOLs on decided arc (𝑖, 𝑗) determined during [1,…ℎ − 1]
𝑢𝑖𝑗,ℎ Integer variable that indicates number of newly added VTOLs into the network on active arc (𝑖, 𝑗) ∈ 𝑓

ℎ
𝑣𝑒𝑖𝑗,ℎ Integer variable that indicates number of newly added pilots into the network on active arc (𝑖, 𝑗) ∈ 𝑒

ℎ, 𝑒 ∈ ℎ

𝑤𝑏
𝑖𝑗,ℎ Integer variable that indicates the number of passengers on arc (𝑖, 𝑗) ∈ 𝑏

ℎ, 𝑏 ∈ ℎ

𝑥𝑒𝑖𝑗,ℎ Integer variable that indicates the number of pilots on arc (𝑖, 𝑗) ∈ 𝑒
ℎ, 𝑒 ∈ ℎ which have started their duty during [1,…ℎ − 1]

𝑦𝑖𝑗,ℎ Integer variable that indicates the number of VTOLs on active arc (𝑖, 𝑗) ∈ 𝑓
ℎ which have started their service during [1,…ℎ − 1]
o
n
t
s
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𝑧𝑏 ∈ N ∀𝑏 ∈  (10)

here 𝐰 = {𝑤𝑑
𝑖𝑗}, 𝐲 = {𝑦𝑖𝑗}, 𝐳 = {𝑧𝑏}.

The objective function (1) minimises the total system cost, which
ncludes both the monetary passenger journey time and operating costs.
he objective function has three terms: (i) passengers’ monetary time
ost, including waiting and in-vehicle travel time; (ii) air metro operat-
ng cost (e.g., energy cost, battery reserve cost); (iii) VTOLs’ utilisation
ost (e.g., depreciation of a capital asset). Constraint (2) inputs the ex-
genous passenger demand to each PAX-TSN. Constraint (3) ensures the
assenger flow conservation at each node. Constraint (4) restricts the
umber of passengers on each service arc to no more than its maximum
apacity 𝑦𝑖𝑗𝐶. Constraint (5) ensures the VTOL fleet flow conservation
t each node. Constraint (6) sets the number of VTOLs put into use is no
ore than the fleet size (VTOLs not been put into use could be stocked

t warehouse). Constraint (7) sets the maximum allowable in-flows of
ir metro at each vertiport (e.g., due to vertiport capacity constraint).
onstraint (8)–(9) set the number of passengers and VTOLs to be non-
egative integers. The model optimises the number of passengers in
AX-TSNs 𝐰 and the number of VTOLs in FLT-TSNs 𝐲 in the air metro
ervice network, to minimise the total system cost in Eq. (1). The model
onstitutes an ILP that is solvable by commercial solvers (e.g., Gurobi).

.1.3. Human driven air metro formulation
In this section, an additional dimension for pilot scheduling is added

nto the optimisation model. One needs to hire a fleet of VTOLs and
mploy pilots. Compared with the autonomous air metro model, the
bjective function for the human driven air metro, i.e., (P1), can be
evised as follows:

min
𝐰,𝐱,𝐲,𝐳

∑

𝑏∈
(
∑

𝑖𝑗∈𝑏

𝑤𝑏
𝑖𝑗𝑇𝑖𝑗 + 𝑧𝑏𝑃 ) +

∑

𝑖𝑗∈𝑓

𝑦𝑖𝑗𝑅𝑖𝑗 +
∑

𝑖𝑗∈𝑓

𝑦𝑖𝑗𝐽 +
∑

𝑒∈

∑

𝑖𝑗∈𝑒
𝑥𝑒𝑖𝑗𝐸

(11)

Constraint (4) can be revised to require that the total number of
assengers and pilots on each service arc is no more than the supplied
apacity 𝑦𝑖𝑗𝐶, as shown by following equation:

∑

𝑏∈
𝑤𝑏

𝑖𝑗 +
∑

𝑒∈
𝑥𝑒𝑖𝑗 ⩽ 𝑦𝑖𝑗𝐶 ∀𝑖𝑗 ∈ 𝑓 (12)

Constraints ensuring the feasibility of pilot movement can be added
s follows:

𝑖𝑗 ⩽
∑

𝑒∈
𝑥𝑒𝑖𝑗 ∀𝑖𝑗 ∈ 𝑓 (13)

∑

𝑖𝑗∈(𝑖)
𝑥𝑒𝑖𝑗 −

∑

𝑘𝑖∈(𝑖)
𝑥𝑒𝑘𝑖 = 0 ∀𝑒 ∈  ∀𝑖 ∈ 𝑒 (14)

𝑒
𝑖𝑗 ∈ N ∀𝑒 ∈  ∀𝑖𝑗 ∈ 𝑒 (15)
5

Constraint (13) ensures that each VTOL must have at least one pilot
n the service arcs. Constraint (14) ensures the conservation of pilot
umber at each node in PLT-TSNs. Constraint (15) sets the pilot number
o be non-negative integer. Other constraints are to be interpreted in
ame ways as those (i.e., Eqs. (2)–(3) and (5)–(9)) in (P0).

.2. Rolling horizon formulation for partially known demand scenario

In this section, a dynamic optimisation for human driven air metro
n rolling horizon is examined. The fact that the SNDP for the entire
ay’s operations is large and that passenger demand might not be
ecurrent and fully predictable means a rolling horizon model from a
ynamic perspective can be more effective and practical. In the rolling
orizon approach, the duration of the day’s operations is split into
iscrete time slice, similar to the time step concept. However, a single
olling horizon (e.g., a 2-h period) can contain several time steps (e.g., a
5-min step). The dispatch patterns in certain time steps are allocated
o a rolling horizon. At the start of each rolling horizon, dispatch
atterns in time steps belonging to this rolling horizon are determined
imultaneously by solving an ILP with a combinatorial passenger de-
and pattern. In practice, the rolling horizon optimisation is akin to

sking passengers to confirm their trips via phone apps a certain hours
efore departure (e.g., if some customers hope to take air metro that
eparts at 8 a.m., they need to confirm the trip 2 h in advance, at 6
.m.), and then the seat would be locked for the passenger. Therefore,
he actual demand in the near future is known (e.g., 2-h period); while
eyond this time interval, the demand is assumed as the predicted
alue. We define this time period (e.g., 2 h) as an early confirmation
eriod (ECP). Moreover, we assume that at the beginning of the ECP
e.g., 2 h prior to the departure), there is an accept/reject system to
uickly inform passengers whether their requests can be serviced. If the
equest is rejected, there would be penalty on AAM system total cost.
his setting is proper for the management for regional air transport
ervice [38]. A subscript ℎ is added to some notations to indicate the
rticular rolling horizons. Table 2 further specifies the revised and
ewly added notations used in the rolling horizon model.

For ease of presentation, we take the FLT-TSNs in rolling horizon as
n example to interpret the changes of network graphs. Fig. 3 shows an
xample with a 30-min period of ECP. At a rolling horizon ℎ starting at

07:15, if the ECP is set to be 30 mins, the actual passenger demand
for TDODPs whose departure time is within ECP [07:15, 07:45) is
available. A safety margin [07:45, 08:15) is then introduced to achieve
a smooth transition between multiple time steps. Thus, the length of
rolling horizon is the ECP plus a safety margin, i.e., [07:15, 08:15),
which is 60 min in total (in reality, ECP and simulated length could
be longer. We use the toy values for interpretation purposes). While a
short rolling horizon reduces the computation complexity, a long safety

margin can ensure the reliability of solutions.
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Fig. 3. An example for the FLT-TSN in the rolling horizon.
We further distinguish decided arcs, critical arcs and marginal arcs
or a FLT-TSN, where decided arcs is connection between ℎ and ℎ − 1,
ℎ − 2, etc., on which the decision variables have been decided and
cannot be changed. The critical arcs in Fig. 3 are the ones that depart at
07:15, where the flows are determined at ℎ and will not be changed in
the subsequent rolling horizons. Although fleet flows for marginal arcs
whose departure time are between [07:30, 08:15) are determined, they
can be further changed in the next rolling horizons (ℎ+ 1, ℎ+ 2, 𝑒𝑡𝑐.) to
uit the actual demand. The set of active arcs for a TSN is the union set
f critical and marginal arcs. The decided, critical, marginal and active
rcs are distinguished in the same way in PAX-TSNs and PLT-TSNs.

The rolling horizon optimisation framework for air metro consists of
ultiple models for each rolling horizon. To mathematically formulate

he problem for a single rolling horizon ℎ, we make the following
assumptions, to make basic settings and identify the active passenger
and pilot groups in rolling horizons, i.e., ℎ, ℎ: (i) the number of
VTOLs offering service in the planning period can increase or decrease
at any rolling horizon, however, once it works, the utilisation cost for
the planning period occurs; (ii) the number of pilots can varies at any
rolling horizon, however, all the pilots that have worked are paid with
the salary for the planning horizon; (iii) if expected arrival time window
for a PAX-TSN 𝑏 is within a rolling horizon ℎ, then 𝑏 ∈ ℎ; (iv) if the
flow on any arc in a PLT-TSN 𝑒 can be determined in ℎ, then the 𝑒 ∈ ℎ.

Then, an optimisation model for the problem in each rolling horizon
ℎ, i.e., problem (P2), is

min
𝐮ℎ ,𝐯ℎ ,𝐰ℎ ,𝐱ℎ ,𝐲ℎ ,𝐳

∑

𝑏∈
(
∑

𝑖𝑗∈𝑏

𝑤𝑏
𝑖𝑗𝑇𝑖𝑗 + 𝑧𝑏𝑃 ) +

∑

𝑖𝑗∈𝑓
ℎ

(𝑢𝑖𝑗,ℎ + 𝑦𝑖𝑗,ℎ)𝑅𝑖𝑗 +
∑

𝑖𝑗∈𝑓
ℎ

𝑢𝑖𝑗,ℎ𝐽

+
∑

𝑒∈

∑

𝑖𝑗∈𝑒
ℎ

𝑣𝑒𝑖𝑗,ℎ𝐸

(16)

subject to
∑

𝑖𝑗∈𝑏
ℎ

𝑤𝑏
𝑖𝑗 = 𝐵𝑏

ℎ − 𝑧𝑏 ∀𝑏 ∈ ℎ (17)

∑

𝑤𝑏
𝑖𝑗,ℎ −

∑

𝑤𝑏
𝑘𝑖,ℎ −

∑

𝑤̄𝑏
𝑘𝑖,ℎ = 0 ∀𝑏 ∈  ∀𝑖 ∈ 𝑏

ℎ (18)

𝑖𝑗∈ℎ(𝑖) 𝑘𝑗∈ℎ(𝑖) 𝑘𝑖∈̄ℎ(𝑖)

6

∑

𝑏∈ℎ

𝑤𝑏
𝑖𝑗,ℎ +

∑

𝑒∈ℎ

𝑥𝑒𝑖𝑗,ℎ ⩽ (𝑢𝑖𝑗,ℎ + 𝑦𝑖𝑗,ℎ)𝐶 ∀𝑖𝑗 ∈ 𝑓
ℎ (19)

∑

𝑖𝑗∈ℎ(𝑖)
𝑦𝑖𝑗,ℎ −

∑

𝑘𝑖∈ℎ(𝑖)
(𝑢𝑘𝑖,ℎ + 𝑦𝑘𝑖,ℎ) −

∑

𝑘𝑖∈̄ℎ(𝑖)

𝑦̄𝑘𝑖,ℎ = 0 ∀𝑖 ∈ 𝑓
ℎ (20)

∑

𝑖𝑗∈ℎ(𝑖)
(𝑢𝑖𝑗,ℎ + 𝑦𝑖𝑗,ℎ) ⩽

∑

𝑒∈ℎ

𝑣𝑒𝑖𝑗,ℎ +
∑

𝑒∈ℎ

𝑥𝑒𝑖𝑗,ℎ ∀𝑖𝑗 ∈ 𝑓
ℎ (21)

∑

𝑖𝑗∈ℎ(𝑖)
𝑥𝑒𝑖𝑗,ℎ −

∑

𝑘𝑖∈ℎ(𝑖)
(𝑣𝑒𝑘𝑖,ℎ + 𝑥𝑒𝑘𝑖,ℎ) −

∑

𝑘𝑖∈̄ℎ(𝑖)

𝑥̄𝑒𝑘𝑖,ℎ = 0 ∀𝑒 ∈ ℎ

∀𝑖 ∈ 𝑒
ℎ

(22)

∑

𝑘𝑖∈ℎ(𝑖)
(𝑢𝑘𝑖,ℎ + 𝑦𝑘𝑖,ℎ) +

∑

𝑘𝑖∈̄ℎ(𝑖)

𝑦̄𝑘𝑖,ℎ ⩽ 𝑉 ∀𝑖 ∈ 𝑓 ∪𝑓 (23)

𝑢𝑖𝑗,ℎ, 𝑦𝑖𝑗,ℎ ∈ N ∀𝑖𝑗 ∈ 𝑓
ℎ (24)

𝑣𝑒𝑖𝑗,ℎ ∈ N ∀𝑒 ∈ ℎ ∀𝑖𝑗 ∈ 𝑒
ℎ (25)

𝑤𝑏
𝑖𝑗,ℎ ∈ N ∀𝑏 ∈ ℎ ∀𝑖𝑗 ∈ 𝑏

ℎ (26)

𝑥𝑒𝑖𝑗,ℎ ∈ N ∀𝑒 ∈ ℎ ∀𝑖𝑗 ∈ 𝑒
ℎ (27)

where 𝐮ℎ = {𝑢𝑖𝑗,ℎ}, 𝐯ℎ = {𝑣𝑒𝑖𝑗,ℎ}, 𝐰ℎ = {𝑤𝑏
𝑖𝑗,ℎ}, 𝐱ℎ = {𝑥𝑒𝑖𝑗,ℎ}, and

𝐲ℎ = {𝑦𝑖𝑗,ℎ}, 𝐳 = {𝑧𝑏}.
The objective function (16) is to minimise the total system cost

under each rolling horizon. Eq. (17) inputs the passenger demand of
each PAX-TSN, where 𝐵𝑏

ℎ is a pre-set parameter, equal to 𝐵𝑏 if 𝑏
ℎ ≠ ∅;

or equal to 0 if 𝑏
ℎ = ∅. Eq. (18) requires passenger flow conservation

considering the input flow on decided arcs. Eq. (19) requires passen-
ger flow conservation considering the flow on decided arcs. Eq. (20)
requires VTOL number conservation considering the value on decided
arcs as well as the newly added VTOLs. Eq. (21) ensures the number
of pilots on each trip arc considering the newly added VTOLs and
pilots. Similar to Eq. (20), Eq. (22) requires pilot number conservation
considering the number on decided arcs as well as the newly added

pilots into the network. Eq. (23) set the vertiport capacity considering
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Table 3
Latitude and longitude of selected vertiports.

Vertiport Site Latitude Longitude

1# Sydney central −33.87084 151.20733
2# Wollongong −34.42483 150.89311
3# Newcastle −32.92827 151.78168
4# Gosford −33.42667 151.34167
5# Woolwich −33.84029 151.17063
6# Cronulla −34.05166 151.15451

the newly added VTOLs. Eqs. (24)–(27) define the decision variables.
Note that since the total number of VTOLs or pilots for the entire
planning horizon is hard to be decided at the first rolling horizon, we
introduce 𝐮ℎ and 𝐯ℎ which allow the halfway join of VTOLs and pilots,
nd abandon the fleet size constraint in the form of Eq. (7). The actual
leet size is finally determined at the end of rolling process.

Note that although 𝐳 is optimised in (P2), the decisions for dispatch
patterns do not contain 𝐳. Thus, the values of 𝐳 do not require record
in each iteration. Then, the optimisation model (𝐏𝟐) can be rolled in
following steps to complete the rolling horizon optimisation:

• Step 0: Initialise the cumulative decision variables sets 𝐮, 𝐯,𝐰, 𝐱, 𝐲
= 𝟎;

• Step 1: Set the length of ECP and safety margin from to be
relatively small values;

• Step 2-0: Iteration of solutions 𝐮, 𝐯, 𝐰, 𝐱, 𝐲:

– Step 2-1: Start with ℎ = 0, determine the composition of
ℎ, ℎ, and run the model in (P2) for ℎ to obtain decision
variable sets 𝐮ℎ, 𝐯ℎ,𝐰ℎ, 𝐱ℎ, 𝐲ℎ. Then, update 𝐮, 𝐯, 𝐰, 𝐱, 𝐲 by
the determined decision variable sets;

– Step 2-2: If ℎ = 𝐻 , go to Step 3-0. Otherwise, ℎ = ℎ + 1;

• Step 3-0: Performance test of solutions 𝐮, 𝐯, 𝐰, 𝐱, 𝐲;

– Step 3-1: Comparing the performance with ‘‘entirely pre-
dicted demand scenario’’ where the demand for each
TDODP is unknown and ‘‘actual demand scenario’’ where
all the passenger demand are known;

– Step 3-2: If the performance is close to that for ‘‘actual
demand scenario’’, stop iteration. Otherwise increase the
length of ECP/safety margin and go to Step 2-0.

The collected decision sets 𝐮, 𝐯, 𝐰, 𝐱, 𝐲 are the final solution in a
rolling horizon approach.

4. Case study

4.1. Basic settings

In this section, a network based on GMAS is used to install the mod-
elling approach. Since there has not been any actual vertiport location
in GMAS, and the vertiport location placement is not the main concern
in this study, we manually select 6 sites as the potential position for
air metro vertiports, based on the combined consideration of terrain,
per capital income, commuting customer demand and coverage of high-
income area. Table 3 shows the sites that are selected as the potential
vertiports and the corresponding sets of approx. latitude and longitude.
Fig. 4 shows the positions of the vertiports on the map.2

In the numerical setting, we adopt the VTOL model of Joby Aviation.
The reference technical parameters [40,41] are collated and shown
in Table 4. For the utilisation cost associated with a human driven
VTOL for the planning period, i.e., one day, is the utilisation cost for
one VTOL divided by the lifespan (10 years * 365 days), set to be
$390.3/day. We refer to [19] regarding the utilisation cost associated

2 The map and position data are obtained from Google Maps.
7

Fig. 4. Position of selected vertiports on map.

Table 4
Parameters of VTOL.

Cruise speed Range Capacity Life span Price

200 MPH 150 mile 4 10 years $1.76m

with an autonomous VTOL for the planning period, which is approx.
2.4 times of a human driven one, set to be $936.7/day. The operating
cost is set to be $1.4/km, suggested by Reiche et al. [5]. The salary cost
associated with employing a pilot for the planning period, i.e., one day,
is set to be $158/day [42]. Note that the capacity is 4 passengers, which
does not include the pilot. In autonomous air metro scenario, there
is no pilot labour cost. However, the fixed utilisation cost associated
with providing an autonomous VTOL can be more expensive than a
human driven one (in the benchmark case, the utilisation cost for an
autonomous VTOLs is 1.2 times of that for a human driven one). Also,
extra cost for the service provider may occur in autonomous control
equipment (e.g., an autonomous functionality server cost as suggested
by Hasan [9]).

A 15-min time step is adopted in this study. Based on the adopted
cruise speed, as well as the latitude and longitude of vertiports, the
trip time for air metro can be estimated, which is the sum of: (i).
cruise time; (ii). trip time for ground phase (i.e., from a passenger’s
home to origin vertiport/from destination vertiport to the passenger’s
workplace; (iii). boarding and de-boarding time, take-off and landing
time. The cruise time is the Euclidean distance between the origin and
destination vertiports divided by cruise speed. The trip time for ground
phase is the Manhattan distance (also known as taxicab distance)
between home and origin vertiport (or between destination vertiport
and workplace) divided by ground traffic speed (set to be 70 km/h). We
set the boarding and de-boarding time, take-off and landing time are
together 20 minutes. Then, the trip time for each OD pair in a unit of
time step can be calculated, as shown in Table 5. Note that the longest
trip in the network (between 2# and 3#) is feasible according to the
Euclidean distance and the range of VTOLs.

We adopt the assumed demand to simulate the operation net-
work. The demand has two types: the commuting group and the
non-commuting group. The commuting groups have a larger demand
and a tighter time window, and enter the network only during the
morning and evening peak. The non-commuting groups exist through-
out the operation hours, with a lower demand and looser time window.
The commuting passenger demand for OD pairs is assumed based on the
commuting demand for ground transport in GMAS [43]. We adopt the
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Fig. 5. Monetary passenger time cost of current ground transport and air metro service against demand.
Table 5
Trip time step matrix for air metro OD pairs.

Trip time step 1# 2# 3# 4# 5# 6#

1# / 2 3 2 2 2
2# 2 / 4 3 2 2
3# 3 4 / 2 3 3
4# 2 3 2 / 2 2
5# 2 2 3 2 / 2
6# 2 2 3 2 2 /

assumptions made by Rajendran and Zack [44], and apply the 𝑘-means
clustering approach to convert the current ground commuting demand
into potential air metro demand, based on our assumed vertiport
locations. For current ground transport service, the travel time is the
sum of ride time and waiting/parking time (set to be 10 min). The ride
time is assumed to be the Manhattan distance between the origin and
destination divided by ground traffic speed. For each OD pair, we adopt
the assumption made by Holden and Goel [6] that ‘‘a rider is eligible
for a VTOL route if and only if the estimated duration of the route is at
least 40% faster relative to the estimated duration of the ground trip’’.
We also assume 1% of total commuters would take air metro service,
and the commuting demand evenly enter the network over 2 time steps.
Then, the commuting passenger demand per time step for morning peak
can be calculated through the adopted data and assumptions, as shown
in Table 6. The commuting demand for afternoon peak is considered to
be the transpose matrix of Table 6. Moreover, the passenger demands
for non-commuting groups have a 50% probability of ‘‘no passenger’’
or ‘‘1 passenger’’ for per time step. The passenger VOT is set to be
$39.8/h [45]. For the preferred arrival time window, we consider the
temporal lengths of time windows for commuting groups to be one step
more than the trip time steps; while those for non-commuting groups
are two steps more than the trip time steps. For example, for passengers
from 1# to 2#, the trip cost 2 time steps, and thus the time windows
for commuting passengers from 1# to 2# are 3 time steps and the
time windows for non-commuting passengers from 1# to 2# are 4 time
steps. Lastly, the penalty value for unit unsatisfied passenger is set to
be 2000.

The operating period for a duty day is set to be [07:00, 23:00]. The
pilots are divided into morning and afternoon shifts, where the duty
period for morning shift is [07:00, 15:00] and that for afternoon shift is
[15:00, 23:00]. Further, in the benchmark setting, we set the maximum
fleet size to be 40 VTOLs. The capacity of vertiports, i.e., maximum
number of VTOLs landing at the same vertiport at the same time-step,
is set to be 10 aircraft.

All ILPs are solved using the commercial solver Gurobi 9.5 inter-

faced by Julia 1.8.5, whose gap tolerance is 1% (the objective value

8

Table 6
Commuting passenger demand matrix during morning peak for OD pairs.

Demand (per time step) 1# 2# 3# 4# 5# 6#

1# / 1 0 1 0 0
2# 22 / 0 0 3 3
3# 2 0 / 1 2 0
4# 21 0 1 / 7 0
5# 0 0 1 1 / 0
6# 0 2 0 0 0 /

Table 7
Computational time of single problems for SNDP models.

Approach Scenario Comp. time (s)

Static Autonomous 1.1
Static Human driven 2.9
Rolling Horizon human driven 34.8

gap between ILPs and their relaxed linear programming models) to bal-
ance computational accuracy and efficiency. The sensitivity analysis on
exogenous factors (capacity of vertiports, maximum allowed fleet size,
commuting passenger demand, capacity of VTOLs) are then conducted.

4.2. Numerical results

Fig. 5 shows the monetary passenger time cost gap between current
ground transport and proposed air metro service, where the cost under
the current service is calculated by assuming that value of ground travel
time for each OD pair is the Manhattan distance divided by the ground
traffic speed (70 km/h). As can be seen from Fig. 5, the monetary
passenger time cost can be reduced by 66% (on average) for both
scenarios if the air metro service is introduced.

We turn to the utilisation cost of VTOLs. Fig. 6(a) shows results of
an experiment which varies the unit utilisation cost of an autonomous
VTOL from 0.2 to 2.0 times the benchmark value, with an increment
of 0.2. Fig. 6(b) shows results of an experiment which varies the unit
utilisation cost of a human driven VTOLs from 1.0 to 2.6 times the
benchmark value, with an increment of 0.2. For the experiment on
changing utilisation cost of autonomous VTOLs, the system total cost
for two scenarios would have a similar value if the utilisation cost of
autonomous VTOLs reduces to 0.4 times of the benchmark value; while
that for human driven VTOLs shows a critical point of 2.2. The results
suggest that under the benchmark values, the autonomous air metro
will lead to a higher system total cost. Fig. 7 shows the results of a
experiment on changing pilot salary. It can be observed that system
total cost remain stable with respect to the changes of salary of pilots.
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Fig. 6. Comparison of efficiency metrics with the increase of VTOL utilisation cost.
Fig. 7. Comparison of efficiency metrics with the increase of pilot salary cost.

We then conduct a sensitivity analysis to analyse the impact on
he performance of the proposed air metro service of three exogenous
actors: (i) vertiport capacity, (ii) maximum allowed fleet size, (iii)
ommuting passenger demand, and analyse their impact on the system
otal cost in both human driven and autonomous scenarios. We firstly
ary the number of vertiports from 4 to 20 with an increment of 2, as
hown in Fig. 8. The results suggest that the capacity of vertiport to be
o less than 6 VTOLs to reach a trade-off between the performance of
ervice network and the size of vertiports, for both human driven and
utonomous scenarios.

We then turn to the experiment on the maximum allowed fleet size
y varying the maximum fleet size from 20 to 50, with an increment of
VTOLs. As can be seen from Fig. 9, the maximum allowed fleet size

s no less than 38 VTOLs when the fleet size is not restricted for both
utonomous and human driven scenarios.

For the results for sensitivity analysis on the commuting passenger
emand shown in Fig. 10, in the benchmark, the commuting demand is
ssumed to be 1% of total commuters. In the experiment for commuting
assenger demand, we change the demand to be 0.4 to 2 times of the
enchmark value (i.e., 0.4% to 2% of total commuting passengers),
ith an increment of 0.2; while the non-commuting passenger demand

emains the same (50% for ‘‘1 passenger’’ and 50% for ‘‘no passenger’’).
9

The results indicate that in both scenarios, when the commuting de-
mand exceeds 1.2, the penalty becomes critical, and this contributes to
a marked increase in total system cost.

4.3. Rolling horizon optimisation for human driven air metro

This section takes the human driven air metro scenario to install
the rolling horizon optimisation approach. We consider the passenger
demand probability distribution is stochastic and stationary, i.e., the
distribution in a time period (e.g., one day) is unit cycle

Larson and Odoni [46] recommended that in urban service systems,
the Poisson distribution can be used as a reasonable model for the cus-
tomer arrival process. Thus, considering that the demand distributions
are independent for each group, we assume that they follow the Poisson
distribution. Ideally, the rolling horizon should be as long as possible
to prevent myopic decisions, but it must also be short enough to permit
real-time decisions as well [47]. We set the ECP and safety margin to be
60 min (4 time steps), respectively, as the benchmark. Then, we change
the temporal length of ECP and safety margin to determine their impact
on solutions. Fig. 11 shows (a) the impact of varied ECP (the safety
margin is fixed at 60 min), while Fig. 11(b) studies the different length
of safety margin (the ECP is fixed at 60 min). If all the actual demand is
known, the system total cost is $116k, which is a lower bound for the
rolling horizon approach. Moreover, to compare the cost gap between
the rolling horizon optimisation and the static method, we solve the
problem (P0) with predicted demand, and install the generated solution
on the actual demand. The performance of predicted demand scenario
is accompanied by a total system cost of approx. $201k (approx. 73%
higher than the demand available scenario). As can be seen from
both axes, if the length of a single rolling horizon is 90 min (30 for
ECP, 60 for safety margin; or 60 for ECP, 30 for safety margin), the
performance is unsatisfactory. The total system cost (approx. $210k) is
even higher than that for predicted demand scenario. This can be due
to the inconsistency between multiple rolling horizons, resulting from
the inadequate length of a single rolling horizon. In both axes, when
the values of horizontal coordinate increase from 45 to 90, the total
system cost shows a considerable decline. However, when the values
increase from 90 to 120, there is not any obvious decrease in total
system cost. The results suggest it is best to confirm the actual demand
at least 45 min prior to departure, and the length of a single rolling
horizon should be longer than 150 min. In addition, the increased ECP
has a more obvious impact on total system cost than the increase in the
safety margin.
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Fig. 8. Sensitivity analysis on vertiport capacity.

Fig. 9. Sensitivity analysis on maximum allowed fleet size.
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Fig. 10. Sensitivity analysis on commuting passenger demand.

Fig. 11. Performance of rolling horizon optimisation.
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The computational efficiency is an important element in the nu-
merical results. Table 7 compares the computational time for ILPs
(under benchmark settings) for human driven, autonomous air metro
and rolling horizon optimisation (for human driven scenario). The
autonomous air metro costs the least computational time because of
the absence of pilot scheduling. The rolling horizon cost the most
computational time because the problem consists of multiple ILPs. The
computational time for rolling horizon study is 12 times that of the
static method for a benchmark case.

5. Conclusions

This paper studies a SNDP for the emerging scheduled air metro
service. The proposed methods for modelling air metro service in
GMAS have shown that the modelling approach can recommend the
optimal fleet size, dispatch patterns, and pilot scheduling. For the
sensitivity analysis of vertiport capacity, maximum allowed fleet size
and commuting passenger demand, the autonomous air metro tends
to have a lower system total cost than human driven air metro. The
experiments suggest the following key results. In the scenario with an
insufficient supply of regular service, the autonomous air metro shows
a more obvious increase in the system total cost due to the penalty
for unsatisfied passenger demand. It is suggested that the commuting
passenger demand is the most significant exogenous factor affecting
the system. Comparing the two scenarios reveals that the autonomous
air metro service could be the better choice if the utilisation cost of
an autonomous aircraft is no greater than 1.2 times that of a human
driven one. The experiment that compares the current ground transport
and proposed air metro indicates a 66% reduction in the monetary
passenger travel time cost with air metro. The results from the rolling
horizon optimisation suggest to confirm the actual demand at least
45 min prior to departure. Also, the length of a single rolling horizon
should be no shorter than 150 min. As for the computational time, the
rolling horizon case study costs 12 times more than the static method
to solve a benchmark problem.

The model aimed to minimise the operating costs for the service
provider as well as the monetary passenger travel costs. Another aim
of this study was to analyse and compare the costs of human driven
and autonomous air metro scenarios, where human driven air metro
has a labour cost for pilots, and autonomous air metro may have a
higher vehicle manufacturing cost and automation cost. Given that air
metro is geared towards business users with high VOT, it is important
to understand the feasible lead time between booking and departure
in order to understand the optimal balance between operations and
passenger benefits. Moreover, it is feasible to ask passengers to confirm
their reservations via a mobile app several hours prior to departure
time, which would allow the operator to determine the actual demand
for the trip. Thus, this paper utilised the method of rolling horizon
optimisation.

There are several directions in which this study can be extended.
First, this study considered six vertiports, which were suitable for the
case study context. The case of dense vertiports (e.g. 100-300 vertiports
located in high-traffic areas of much larger city such as New York as
suggested by Hasan [9]) could considerably increase the computation
complexity. The proposed approach may be less applicable for very
large-scale problems. Future research may require a more efficient
meta-heuristic. Second, this study has not investigated the service of-
fered from multiple providers with different price and service quality. A
future research may propose a platform from the vertiports’ perspective
incorporating multiple air metro companies. Third, this paper does not
model a remotely-human driven operations scenario, which can be an
intermediate step between pilot and autonomous operations. Therefore,
future research can apply the current framework to consider this alter-
native, which may involve cost savings by spreading the pilot load over
multiple vehicles. From the perspective of SNDP design, in the case of
the ‘‘in-person safety pilot’’, one can draw similar conclusions as the
12
human driven scenario presented in this study. Fourth, as this study’s
focus was on the SNDP design, market variables were not internalised
in the modelling framework. However, clearly, the pricing from the
air metro service can affect the passenger demand. The pricing will be
determined by demand and supply conditions of the market, and these
considerations are natural extensions of this study, especially if the
focus is on market analysis incorporating substitute travel modes. Fifth,
this study assumes the VTOL technology in consideration for the near
future is limited to relatively short-distance travel with small vehicles
(up to 5 people) rather than longer flights, which are better serviced by
conventional aircraft with large capacity. Last, this air metro service
is geared towards business users, and the performance of solutions
under worst-case of the uncertain conditions requires further robust
optimisation research. Future studies may develop solution approaches
for robust air metro service network design problem with integer flow
variables.
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