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Abstract

An understanding of fleet size and vertiport size sensitivity to demand and operational parameters is necessary to quantify
the scalability of urban air mobility (UAM) services. In this work, we implement a bilevel rolling window fleet scheduling for-
mulation that includes vertiport area as a secondary objective. We also present a simple vertiport area estimation methodol-
ogy that leverages the fleet scheduling results and provides a lower bound on vertiport infrastructure area requirements.
Lastly, we explore the sensitivity of fleet size and vertiport infrastructure requirements to several vehicle and operational
parameters, including geographical demand distribution, daily passenger volume, vehicle passenger capacity, passenger aggre-
gation window, battery charge rate, pad separation, and pad size. We find that, although the fleet size is reasonable for a
UAM commuting service scaled to serve 10,000 passengers per day, vertiport area requirements are likely problematic under
current sizing guidance from the Federal Aviation Administration, particularly area requirements for vertiports that serve as

workplace hubs located in dense urban centers.

Keywords
aviation, urban air mobility

Urban air mobility (UAM) vertiport sizing and design
are relatively new but fast-developing fields of research
as it becomes clear that land infrastructure availability
will likely limit the scalability of UAM operations (/-8).
Although the application to electric vertical take-off and
landing (eVTOL) vehicles is recent, vertiport design dates
back to the 1960s, when helicopters were thought to be
on the verge of providing an intracity transportation ser-
vice comparable with UAM (2). Unsurprisingly, a major-
ity of vertiport sizing and design research, including
recent efforts by the Federal Aviation Administration
(FAA) and European Aviation Safety Agency (EASA),
are based on heliport guidelines because of the similari-
ties between helicopters and eVTOL vehicles (9, 10).

In particular, vertiport topology design can signifi-
cantly affect the efficiency and safety of UAM opera-
tions, and therefore has been a focus for researchers.
Likewise, accurate estimation of vertiport throughput
and capacity and an understanding of the sensitivity of
these metrics to operational parameters are necessary to
assess the scalability of UAM operations and have been
explored by several authors. Notably, Vascik and
Hansman developed an integer programming approach

to estimate vertiport capacity and determine the sensitiv-
ity of vertiport capacity to vertiport topology para-
meters, such as number of gates and pads, and to
operational parameters, such as vehicle turnaround time
and taxi time (5). Zelinski presented several generic verti-
port topology designs and evaluated their relative surface
area utilization and operational efficiency (/7). Taylor
et al. used a stochastic Monte Carlo simulation to calcu-
late vehicle throughput for several vertiport configura-
tions (/2). Guerreiro et al. implemented a first-come,
first-served vertiport scheduling algorithm to assess and
compare the capacity and throughput of various verti-
port configurations (/3). Preis introduced four vertiport
topologies and utilized a mixed integer programming
approach to find the topology and number of pads and
gates that maximize vertiport throughput (/4). Lastly,
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Rimjha and Trani estimated the hourly vertiport capacity
for three basic vertiport configurations using a discrete
event simulation model and simulated UAM vertiport
operations in the San Francisco business district area to
estimate the serving capacity of vertiports (6).

Several authors have also focused on comparison of
traffic management policies, vertiport requirements, and
estimation of vertiport operational parameters. Goodrich
and Barmore conducted a preliminary assessment of ver-
tiport requirements relative to the feasibility of large-
scale UAM operations (/5). Li et al. used a simulation-
based approach to analyze the impact of infrastructure,
fleet constraints, and traffic management policies on
UAM operational efficiency (/6). Schweiger et al. con-
ceptualized infrastructure parameters for generic verti-
port operations, including pad topology, approach and
departure mission profiles, and a generic set of opera-
tional rules for arrivals and departures (/7). Finally,
Preis and Hornung used an agent-based modeling and
simulation framework to explore vertiport efficiency and
conducted expert interviews to refine parameters relevant
to vertiport operations, such as boarding, hover, and
taxiing time (7).

The vertiport sizing in this work deviates from the lit-
erature in three notable ways. First, we extend a vehicle
scheduling formulation to include vertiport sizing as a
secondary objective to improve the quality of the sche-
duling solution used by the vertiport sizing model.
Second, our sizing formulation attempts to form a lower
bound on vertiport size rather than an accurate sizing
estimate. As a result, pad configuration is less relevant,
and the equations used to estimate vertiport size are sig-
nificantly simpler and better demonstrate the influence
of parameters on vertiport size. Lastly, the sensitivity of
sizing estimates to a wide range of operational and vehi-
cle parameters are presented. The motivation for devel-
oping a simple baseline model rather than using sizing
estimates from the literature is twofold: first, available
sizing estimates tend to have a complexity and input data
requirements outside the scope of this work, and second,
sizing estimates vary significantly within the literature
(from 5.9 to 72m? to accommodate a throughput of one
passenger per hour) because of variations in vertiport
design, vehicle choice, and operational parameters (5, /2,
14, 18, 19).

It should be noted that the paper focuses on commut-
ing operations rather than other potential UAM services,
such as airport-to-downtown, airport-to-airport, or
longer-range regional air transportation services, even
though an airport—airport shuttle service may be more
viable in the near term because of their more uniform bi-
directional flow of demand throughout the day, their
higher concentration of demand, and their ability to
capitalize on demand from business travelers. A focus is

placed on commuting operations for several reasons,
namely 1) UAM has been heavily marketed as an alter-
native mode of transportation for commuting operations
and 2) nationwide commuter flow and economic data are
publicly available, facilitating nationwide demand studies
and enabling comparison of regional results based on
consistent data sources (3, 20-22). Although fleet and
vertiport sizing are applied to commuter flow data, the
presented models can be generalized to other sources of
data to analyze the feasibility and scalability of other
UAM services.

The structure of the paper is as follows. We first pro-
vide an overview of the vertiport sizing methodology,
including how the sizing model leverages census commut-
ing data and vertiport locations to obtain a passenger
demand schedule. We then present a bilevel scheduling
formulation that minimizes fleet repositioning flights,
fleet size, and vertiport infrastructure requirements. A
detailed description of the vertiport area estimation for-
mulation is then provided. Next, we provide vertiport siz-
ing results for Atlanta, San Francisco, New York City,
and Seattle, U.S., based on a normalized commuting
demand of 10,000 passengers per day. We then present
sensitivity studies that explore the sensitivity of fleet size
and vertiport infrastructure requirements to several vehi-
cle and operational parameters, including daily passenger
volume, vehicle passenger capacity, passenger aggrega-
tion window, battery charge rate, pad size, and pad
separation. Lastly, we leverage sensitivity results to form
equations that approximate fleet and vertiport size and
compare our results with previously published studies.

Overall Methodology

The fleet and vertiport sizing formulation in this paper
relies on passenger flow data obtained with the discrete
mode choice demand model and vertiport placement opti-
mization framework that were developed as part of previ-
ous work, described in Kotwicz Herniczek and German,
respectively (23, 24). For a given set of optimized vertiport
locations and operational parameters, the mode choice
demand model estimates the potential demand for a
UAM commuting service based on the relative utility of
available travel modes. More specifically, it estimates the
daily number of commuters expected to utilize a UAM
commuting service, their origins and destinations, and the
vertiports through which their commutes are routed.
Additional American Community Survey (ACS) data is
necessary, however, to temporally distribute the demand
data over a 24 h period and provide the passenger demand
schedule used by the aircraft scheduling and vertiport siz-
ing formulation. A breakdown of the fleet and vertiport
sizing methodology is provided in Figure 1. Vertiport pla-
cement and passenger flow results from Kotwicz
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Figure |. Fleet and vertiport sizing methodology flowchart.
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Herniczek and German, obtained for a UAM ticket price
of §5 + § 0.61/km and a service delay time of 5min, are
repeated in Figure 2 because of their relevance to fleet and
vertiport sizing results presented throughout in the paper
(24). 1t should be noted that: 1) the ranges of the color-
bars among the subfigures of Figure 2 are not consistent,
2) regions of high demand are occasionally obscured by
the vertiport icons (particularly in the Manhattan area
within New York City), 3) demand flow values between
vertiports are tabulated at the bottom of each subfigure,
4) demand flow is downsampled to 10,000 commuters per
day to represent partially scaled-up, or mid-term opera-
tions, and to facilitate comparison of fleet and vertiport
sizing results between cities, and 5) unless noted otherwise,
presented results are based on demand flow and vertiport
placement for the Atlanta combined statistical area
(CSA), shown in Figure 2a. Weighted random sampling is
used to sample the exhaustive list of origin-destination
(OD) pairs associated with each region, with weights allo-
cated based on the demand identified for each OD pair in
Kotwicz Herniczek and German (24). To minimize the
impact of sampling bias, the results presented in this paper
are based on the average of the results obtained by sam-
pling the geographic (Figure 2) and temporal (Figure 3)
demand distributions 10 separate times. Additionally,
error bars showing the range of values associated with the
full set of sampled results are provided to demonstrate the
effect of sampling bias.

Scheduling Methodology

Although the geographical distribution of potential
demand (number of potential commuters) can be deter-
mined for every OD pair in a given region using the
demand model described in Kotwicz Herniczek and
German, it does not define the temporal distribution of
that demand (23). Since we are modeling a commuting
mission, we can estimate the temporal distribution using
ACS data, and more specifically using Table B08302 and
B23020, which provide the time of day that individuals
leave home to go work, and the number of hours worked
annually, at a tract level, respectively (25, 26). Note that:
1) we use the residential location (origin tract) to associ-
ate temporal ACS data to each OD pair, 2) we assume

the temporal distribution of departure times to be evenly
distributed within block-groups of the same tract, and 3)
we assume departure times to be uniformly distributed
within binned increments. Additionally, the hours
worked in a 12-month period provided by the ACS data
are assumed to be evenly distributed over 250 workdays
to estimate hours worked per day.

To obtain desirable vertiport departure times for com-
muters on their way to work, we add the time needed to
reach the nearest vertiport (tg.oﬂvo) to known departure
times from home (7o).

To obtain scheduling data for commuters on their
way home from work, an estimate of the hours worked
per day (fwork) 1s added to the time commuters arrive to
work, where arrival time (¢p) is the sum of the departure
time from home (#p), the eVTOL flight time (e vo—vp)s
and the duration of the first and last ground-legs trips
(te,0-v, and f v,_p), such that tp = to + ty 0-v, +
fe,Vo—Vp + s, Vp—D + fwork-

Likewise, to obtain vertiport departure times for com-
muters on their way home from work, we add the time
needed to reach the nearest vertiport (f p—v, ) to the esti-
mated departure time from work (fp).

Note that subscripts O, D, Vg, and Vp refer to origin
(home), destination (work), origin vertiport, and destina-
tion vertiport, respectively, and that subscripts g, e, and s
refer to ground, eVTOL, and secondary modes of trans-
portation, respectively. By applying this methodology to
every OD pair, a schedule that identifies the desired
departure time from vertiports to and from work is
obtained for each commuter. The temporal distributions
of desired vertiport departure times for the Atlanta, New
York City, San Francisco, and Seattle CSA are illu-
strated in Figure 3.

Bilevel Rolling Window Fleet Scheduling Formulation

Given the geographical distribution of commuting
demand obtained using the demand model and the tem-
poral distribution of that demand, we can now find an
aircraft schedule that minimizes the number of deadhead
(repositioning) flights and minimizes the required fleet
size. An optimal fleet size and schedule can be found
nearly instantly for thousands of aircraft using a
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Figure 2. Vertiport placement optimization results for the Atlanta, New York City, San Francisco, and Seattle combined statistical areas
(CSAs) from (24), obtained for a ticket price of $5 + $ 0.61/km and a service delay time of 5 min: (a) Atlanta CSA, (b) New York City

CSA, (c) San Francisco CSA, and (d) Seattle CSA (24).

standard minimum-cost flow formulation by defining
passenger-carrying departure and arrival times prior to
optimization, thereby limiting the problem to optimiza-
tion of repositioning flights.

In this work, the arrival time is defined as the sum of
the departure time (fgeparture) and flight time (fe,v—vy)s

while the subsequent departure time ( is the

!
tdeparture

sum of the arrival time and the turnaround time

(fturnaround)- We can therefore define the time that vehi-
cles become available for subsequent flights as:

()

!
tdeparture = tdeparture + fe,vo—Vp T furnaround

where the turnaround time is the delay between the arri-
val and subsequent departure of a given vehicle and
includes deplaning, taxiing, rotor spin-up and spin-down,
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Figure 3. Potential demand distributed over 24 h based on
regional American Community Survey (ACS) commuting data
for the Atlanta, New York City, San Francisco, and Seattle
combined statistical areas (CSAs) obtained for a ticket price of
$5 + $0.61/km and a service delay time of 5 min (downscaled
to 10,000 daily passengers).

boarding time, and battery charging or swapping time.
In this work, we simplify the turnaround time in the
scheduling formulation to the battery charge time under
the assumption that the battery is charged an amount
equivalent to the battery discharge after each flight and
that a charging station is available on arrival. Battery
charge time (tchargc) is calculated based on the ratio of
the average eVTOL power consumption (Pyy) to battery
charge rate (Bcharge) and is given by:

Pav te, VoV
tcharge = ZE=7077D (2)

B charge

We then use a rolling window approach with an
aggregation window of size Af to aggregate commuter
flow into vehicle flow prior to optimization. More spe-
cifically, once a passenger boards a flight, we assume
that the aircraft will wait up to the aggregation win-
dow timespan if additional passengers are scheduled to
arrive within the aggregation window. If the flight is
full or if no additional passengers are scheduled to
arrive within the remainder of the aggregation window
then vehicles can be delayed up to the remainder of the
aggregation window depending on flow conditions to
limit spikes in the arrival and departure stream. This
formulation behaves similarly to an on-demand sche-
duling approach where demand is known at least one
aggregation window ahead of time, customers are
guaranteed a wait time equal or lesser than the aggre-
gation window, and all demand is guaranteed to be
satisfied.

Upper-Level Objective: Fleet Size and Deadhead Flights. By
modeling passenger-carrying (revenue) departures as
sinks and modeling subsequent vehicle availability as
sources of flow within the optimization model, we can
formulate the fleet sizing and vehicle repositioning prob-
lem as the minimum-cost flow formulation given by
Equations 3 to 6:

Minimize © Y Y fooor + D> fyri  (3)
q T t

q r
r#q

subject to Zqu., T, = qu’,w (4)

> foor =D fiea, (5)

Joori €17 (6)

where

Jq—r.t 1s an integer variable denoting the flow of aircraft
between vertiports ¢ and r, and

q and r are subscripts that index the set containing all
vertiport locations.

The objective function, given by Equation 3, is formed
as a weighted sum, in which the first term represents the
number of aircraft introduced into the network (fleet
size), multiplied by a weighting factor w, and the second
term denotes all flows of aircraft between vertiports.
Together, the two terms of the objective function mini-
mize the fleet size and the total number of flights, thereby
minimizing deadhead flights. In this work, a value of 100
is used for w such that fleet size minimization is given pri-
ority within the objective function (note that a bilevel
optimization formulation could be used rather than a
weighted sum with a similar result). This is necessary
because a cost is not associated to stationary aircraft
parked at vertiports.

Equation 4 is applied to all vertiports ¢, and all times
t, and has two roles: 1) enforcement of continuity on the
flow of aircraft between vertiports, meaning that any air-
craft in the network must either remain in place or fly to
a linked vertiport in the network, and 2) introduction of
flow sources and sinks using s, ,, to model revenue flow
between origin—destination pairs. The two-dimensional
matrix representative of revenue flow, ¥, ,, is formed a
priori based on the known departure and arrival times of
passengers and the number of seats per aircraft, as
described earlier. Equation 5 is applied to all vertiports
g, and ensures that the number of aircraft located at each
vertiport at the start of each day matches the number of
aircraft at the end of each day, such that the scheduling
optimization results are applicable over multiple days
(assuming the demand distribution remains similar).
Lastly, Equation 6 is applied to all vertiports ¢, , and all
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times #, and limits values of aircraft flow to non-negative
integers.

Lower-Level Objective: Vertiport Area. The baseline schedule
optimization formulation given by Equations 3 to 6 does
not directly minimize vertiport area, meaning that repo-
sitioning flights and stationary vehicles may not be opti-
mal from a vertiport sizing perspective. For example,
repositioning flights may unnecessarily occur during
peak flow which will increase the number of vertiport
pads required for arriving and departing flights. To
resolve this limitation, vehicle scheduling can be opti-
mized with vertiport area requirements as a secondary
objective by using a bilevel optimization formulation. In
this approach, the scheduling problem is first solved
using the formulation described by Equations 3 to 6, and
subsequently re-solved with a vertiport area objective
and a constraint on fleet size, Njjcrari, and number of
repositioning flights, Nrepoflights, provided by the first
optimization. If desired, the constraint on fleet size and
repositioning flights can be relaxed with a relaxation fac-
tor, a, to give the optimizer greater flexibility to further
reduce area, at the cost of a larger fleet size and more
repositioning flights.

The structure of the vertiport area optimization is
analogous to the scheduling formulation described above
and is subject to the same constraints, that is, Equations
11 to 13. The area optimization formulation differs by
the introduction of a minimax objective function,
described by Equations 7 and 8, and by the addition of a
constraint on fleet size, given by Equation 9, and a con-
straint on repositioning flights, given by Equation 10.

Minimize Z Ay (7)
q
subjectto A4, > A4, (8)

Z qu, 0—r < 1 Naircraft (9)
qg r

Z Z Zﬁ]—w,t < OLZNrepo flights (10)
7 -

q ls
r#q

Zﬁa%f T, = qu,ter (11)

r

Zﬁ, 0—r = Zfraq, b (12)

fort €Z°F (13)
Ay A, €ROT (14)

where

Ay, is the area of vertiport ¢ at time ¢, and

A, is the maximum area utilized by vertiport g over the
schedule span (24 h).

The companion constraint given by Equation 8 is
applied for all vertiports ¢ and all times ¢, and is neces-
sary to enforce a min-max objective, where Equation 8
ensures that 4, represents the maximum area of each
vertiport over time, and the objective function Equation
7 pushes the maximum area values to be as small as pos-
sible. The methodology and formulations necessary to
form A, , are described in the subsequent section.

Despite the increased complexity of the area schedul-
ing optimization formulation, it retains its linearity and
remains well approximated by a continuous formulation.
As a result, an optimal solution is generally obtained
within several seconds or minutes. This formulation, with
fleet size and number of flights constrained to the values
obtained by Equations 3 to 6 without relaxation, is uti-
lized to generate all vertiport sizing results provided in
this paper.

Computational Efficiency

A significant benefit of this problem formulation is the
scalability of the formulation with number of vertiports
and number of vehicles. Since vehicles stationed at verti-
ports are represented as pools of vehicles, with flights to
and from vertiports represented as arcs of flow that add
or subtract vehicles from those pools (with a timespan
equal to flight duration), there is no need to track vehi-
cles individually. As a result, the number of variables
and computational complexity scales with #,p?, where p
is the number of vertiports in the network, and ¢, in this
case represents the number of time steps considered
(assuming the worst-case scenario where vertiports form
a complete network graph). As a result, a relatively large
network of 100 vertiports and 144 time steps (10min
increments over a 24h period) requires only 1,440,000
integer variables, regardless of the number of vehicles
involved. Importantly, because the formulation inher-
ently does not favor fractional flows, the problem is well
approximated by a continuous linear programming for-
mulation, significantly accelerating optimization of the
integer programming formulation and enabling optimi-
zation within several seconds, even for this large problem
size.

Model Limitations and Assumptions

Several assumptions and limitations are present in the
formulation. Firstly, demand flows (revenue flights) are
not directly optimized and are, instead, assigned prior to
optimization. As a result, since demand is generated by
sampling the demand distribution given by Figure 3,
spikes in demand can occur for short intervals of time
that increase fleet and vertiport size requirements. It
should be noted, however, that revenue flights can be
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directly optimized within a mixed integer linear program-
ming formulation for the scale of problem presented in
this work, but at an increased computational cost. A
description and comparison of several scheduling meth-
ods, including a formulation that directly optimizes reve-
nue flights and the rolling window formulation presented
in this work, is provided in Kotwicz Herniczek (27).

Secondly, it is assumed that 100% of demand is satis-
fied within a given passenger aggregation window, which
is expected to increase fleet and vertiport size require-
ments compared with formulations that allow for a frac-
tion of demand to be rejected. Vehicles are also assumed
to travel directly to their destinations, reducing opportu-
nities for pooling of passengers. Given the time and
energy sensitive nature of a UAM service, however,
flights with intermediate stops are unlikely to provide a
time saving to passengers and may suffer from reduced
range or require recharging. As a result, flights with
intermediate stops are unlikely for near-term operations.
Additionally, parking capacity and vertiport throughput
capacities are not enforced within the formulation but
can be added if necessary by enforcing Equations 15 and
16 for each vertiport ¢ at all times ¢:

Ja—q 1 < Py (15)
quﬂr,t + Zfrﬂq,t* < Fq (16)
e o
where
P, = parking constraints unique to each vertiport, ¢,
and

F, = flow throughput constraints unique to each verti-
port, q.

Note the use of ¢ on the term f,_,,  since arrival times
need to be adjusted by #umaround In order for Equation 16
to correctly denote departure and arrival flow. It should
also be noted, however, that enforcement of capacity
constraints may render the problem infeasible if the con-
straints are not reasonable relative to commuter through-
put, unless the scheduling formulation allows for a
portion of demand to be rejected.

Additionally, arc duration corresponding to block
duration and turnaround time are based on the summa-
tion of direct flight distances with a flight speed of
300km/h and the time necessary to recharge the battery
to 100% after each flight. It should be noted that this
assumption increases fleet size requirements compared
with a scenario where aircraft are only being fully
recharged during off-peak periods and limited fast-
charging occurs during peak periods as necessary.

Charging infrastructure is assumed to always be avail-
able, meaning that all vehicles are assumed to begin
charging on arrival. Furthermore, the power consump-
tion limitations of the charging infrastructure are not

considered when calculating recharge time, meaning that
fleet size may be underestimated if large vertiports exist
in the vertiport network where many vehicles need to
charge simultaneously. These two simplifications could
be addressed by the addition of explicit gate nodes within
the network flow model.

Lastly, no additional provisions are made for taxiing
time, transition flight, indirect trajectories, or passenger
loading. It should be noted, however, that these dura-
tions can easily be added to the model as long as they are
consistent across OD pairs or known for every OD pair
prior to optimization, since they only modify arc dura-
tions and do not add complexity to the formulation.

Vertiport Sizing Methodology

In this work, we consider a minimalist vertiport topology
composed of four types of area: pad areas, pad clearance
areas, gate areas, and parking areas. “Pad area” denotes
the surface used for liftoff and touchdown, “pad clear-
ance area” is the area between pads required for simulta-
neous independent operations, “gate area” is the
preparation area used for battery charging and passenger
embarking and disembarking (similar in function to air-
port gates), and, lastly, “parking area” refers to the area
required to station eVTOL vehicles not currently in use.
Given that a lower bound on vertiport area is desired,
we assume that: 1) pad clearance areas can be used as
vertiport parking and gate areas, and 2) pad areas can be
dynamically repurposed to parking areas if the pad is
not in use. With these assumptions, we can define the
minimum vertiport area for operations at vertiport ¢ at a
given time ¢ within the optimized vehicle schedule
obtained from the extended scheduling formulation as:

Agt = Apad,q,r T max (Aclearance,q,taAparking,q,t + Agate,q,t)
(17)

and the minimum vertiport area to sustain all scheduled
operations at vertiport ¢ to be:

Ay = mtaqu,, (18)

The total pad, gate, and parking area can each be
defined as the product of a single pad, gate, or parking
area, and the number of pads, gates, and parking areas,
respectively. The total clearance area can also be approxi-
mated in this manner, but a more accurate definition
requires a description of the topology and is provided
later, in Equation 32.

(19a)

!
Apad, g.t — Npads, q A pad

(19b)

!
Agate,q.t = Ngates, g, 14 gate
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!
Aparking, gt = Npark, q, tAparking ( 190)

!

Aclearance, g.t =~ WNpads, ¢, fAclearance

(19d)

Using the optimized schedule, we can define the num-
ber of gates and pads required at vertiport g over time
step ¢ as a function of the number of arrivals and depar-
tures to and from vertiport ¢ over that time step, f;—, ;.
Likewise, we can define the number of parking areas
required at vertiport ¢ over time step ¢ as the number of
vehicles that remain in place at vertiport ¢ over that time
step, fy—q.i- If the pad throughput (fp.a). defined as the
number of arrivals and departures that a single vertiport
pad can process within one time step, is greater than one,
we can define the number of pads as:

Npads,q,t = ’qufp——m:t-‘

Note the use of ceiling [x] function notation to ensure
that we have a sufficient integer number of vertiport
pads, gates, and parking locations for a given flow and
throughput of vehicles. Also, note that if pad or gate
throughput are much greater than one, Equations 20
and 21 only hold if the distribution of arrivals and depar-
tures for adjacent time increments remain similar. For
example, if we use a large time increment of 10 min and
assume that arrivals and departures are uniformly dis-
tributed over that time increment, then the arrival and
departure stream must remain relatively uniform over
subsequent time steps. Otherwise, the required number
of pads and gates will be underestimated.

The same pattern is repeated for the number of gates
if the gate throughput (fyaten»/eatcour) 1S greater than one,
although a distinction is necessary for inflow and out-
flow, since gates associated with inflow are also responsi-
ble for vehicle charging.

(20)

Ngates,q,t = [Ngatesm,q,t + NgatCSOUT,q, t-‘ (213)
Jr—q.t
NgaICSIN,qJ =7 (21b)
fgateIN
Jo—r.t
NgalesOUT,q,t =4l (21C)
fgateow

Lastly, the number of required parking areas is equal
to the number of vehicles remaining stationary at each
vertiport over a given time step:

Npark, g.t — ﬁ]ﬂq, t (22)

In the case that pad (fq) or gate throughput ( faae -
Jeateour) 18 less than one, however, we must consider the
flow of vehicles in neighbouring time periods, since infra-
structure usage during previous time periods spill over

into the current time period being considered. For exam-
ple, imagine that we have 10 aircraft that need charging
infrastructure at a given time step and that charging lasts
two time periods. If five additional aircraft began charg-
ing in the previous time step, then we need a total of 15
gates to accommodate aircraft from the current and pre-
vious time period. The number of previous time periods

that must be considered is defined by fp;(lj. To generalize

the notation to deal with cases where fp;(ll is a fractional
number, then we must consider infrastructure usage from
previous M;é — IJ time periods as well as fractional

infrastructure usage given by {fp;}j}fqi, at time period

r— VT’Z“IJ‘J' To shorten Equations 23, 24a, and 24b we

introduce the notation Tp,q to represent {t - fp;éJ. With

this notation, we can define the number of pads and gates
for cases where pad or gate throughput is less than one
as:

oadMamrima T > fomra (23)

Tpad T 1

Npads, g.t

t

—1
{fgalem }f;’g% Tgatepy +

Teatep

Ngatesm,q,l = fréqql (243)
+ 1

Z fé*r,t

TaateguT +1

— —1
NgateSOUTa%t - {fgateoUT }f‘thTga(eOUT +

(24b)

Vehicle inflow, f,_, ;, outflow, f,_, ;, and total through-
put, f;— ., can be more formally defined as:

ﬁéq,t = Zﬁﬂq,l‘ (25)
a

Jord = > Jaori (26)
r#q

ﬁ]‘ir,t :frgq,t +4fqér,t (27)

where the use of * on the term f,._,, - is necessary because
arrival times need to be adjusted by fymaround 10 order for
Equations 25 to 27 to correctly denote departure and
arrival flow over time step ¢.

Pad and gate throughput, which represent the number
of vehicles that a pad and gate can process per discrete
time increment, Af, is a function of both the time incre-
ment and the time required for the pad and gate to pro-
cess a single vehicle, respectively:

Aty
fpad =

(28a)
tpad
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At " =9p?
fgatem = u (28b) Apad 9D (29)
leateny . .. .. .
Since we are aiming to find the minimum vertiport area
P _ At (28¢) required for a given vehicle schedule, we assume that
BUCOUT T atcour eVTOL parking and gate areas are defined by the vehicle

Here, pad clearance time (tpad) includes the time required
to clear the approach or departure surface and the taxi-
ing time near the pad. The gate time for outgoing passen-
gers (fgaeoyr) includes the time required to disembark,
rotor spin-down time, and taxiing time near the gate.
Lastly, the gate time for incoming passengers (fgaiepy ) i
assigned the greater of 350s or battery charging time,
and also includes disembarking, taxiing, and rotor spin-
down time.

Pad sizing in this work is based on pad sizing guide-
lines published by the FAA and vertiport topology is
based on final approach and take-off (FATO)-FATO
separation requirements for simultaneous independent
helicopter operations (9, 28). The relationship between
the touchdown and lift-off area (TLOF), FATO, and
pad safety area are illustrated in Figure 4, where D is the
maximum vehicle size, defined as the diameter of the
smallest circle enclosing the eVTOL aircraft projected on
a horizontal plane while the aircraft is in the take-off or
landing configuration with rotor(s) turning (/0).

From Figure 4, the area requirements per pad can be
defined as:

1/2D | | 1/2D
| |

£ SAFETY
L anea Ll FaTO [] TLor

2D

Figure 4. Vertiport pad design.

Note: D = maximum vehicle size; FATO = final approach and take-off; TLOF
= touchdown and lift-off area.

Source: Adapted from Meyers (9).

footprint, D, and are therefore equal to the TLOF area:

;)arking = A’gate = D2 (30)
Although smaller area requirements may be possible
using staggered vehicle formations or vehicles with fold-
ing wings, these are not considered, to maintain the sim-
plicity of the formulation.

Lastly, a compact, linear vertiport topology, illu-
strated in Figure 5, is considered to minimize the verti-
port area required to support a given throughput. To
maximize throughput and reduce area requirements, ver-
tiport FATOs areas are separated by 61 m (200ft) in
accordance with requirements for heliports supporting
simultaneous independent operations. It should be noted
that this topology was created only with space efficiency
in mind to create a lower bound on vertiport area
requirements and does not consider limitations related to
footprint aspect ratio, gate—pad connectivity, nor taxi-
way area and placement.

Using the topology defined by Figure 5, we can finally
define the approach and departure clearance area associ-
ated with each pad (in meters) as:

!

A = 3D(61 — D) (31)

clearance

and fully describe the total required clearance area as:

’
Aclearance,q,t = (Npads,q,t - 1)Aclearance (32)

where Npags,q,; — 1 takes into consideration that clearance
is required only between vertiport pads; for example, a
two-pad design requires only a single clearance space.
Note the conversion from 200 ft to 61 m in Equation 31.

Model Limitations and Assumptions

Several significant assumptions and limitations are inher-
ent to the vertiport sizing methodology; namely the
aspect ratio of the linear vertiport topology becomes very
large as the number of pads increases. Although this
leads to footprints that may be unrealistic for large verti-
ports placed near city centers, the estimated area remains
valid as a lower bound, which is the goal of this
methodology.

Several simplifications are also made to the vertiport
design, including omission of taxiways, charging infra-
structure area, safety margins on gates and parking areas,
and the lack of consideration of approach and departure
stream complexity. Emergency landing contingencies,
that may require dedicated areas or prevent vertiports
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Figure 5. Compact linear vertiport topology with three pads capable of simultaneous independent operations.

Note: D = maximum vehicle size; FATO = final approach and take-off.

from running at maximum capacity for prolonged peri-
ods of time, are also not considered. Likewise, although
these omissions reduce the accuracy of the estimated ver-
tiport area, they solidify the sizing estimate as a lower
bound on required vertiport area.

Exotic multi-level vertiport designs with parking
areas, pads, or gates spread across multiple floors are an
important exception to the validity of the estimated area
as a lower bound but are unlikely to be implemented in
the near-term. It should be noted, however, that the ver-
tiport area results in this work are valid only as a lower
bound compared with other topologies or sizing meth-
odologies if operational and vehicle parameters relevant
to vertiport sizing are consistent between methodologies.
Additionally, operational constraints related to airspace
management, such as the influence of existing air traffic
on pad throughput, are not considered. The fleet of air-
craft using the vertiport network is also assumed to be
homogeneous, meaning that vehicle and operational
parameters such as pad size, pad throughput, and air-
craft passenger capacity are uniform throughout the ver-
tiport network.

It should be noted that the omission of charging infra-
structure limitations from the sizing model may lead to
underestimation of gate and parking infrastructure
requirements for large vertiports but is not expected to
significantly influence vertiport sizing requirements. This
is because power output limitations restrict the number of
vehicles that can charge simultaneously, thereby reducing
the number of gates (and area) that can be used for charg-
ing but increasing the area required to park aircraft as
they wait for gates to become available. This leads to an
increase in turnaround time which increases fleet size and
thereby also increases parking area requirements. We do
not expect this simplification to significantly influence the
vertiport sizing requirements obtained in this work, how-
ever, because we found vertiport area to generally be dri-
ven by pad area requirements.

Conversely, the assumption that turnaround time is
equal to the time necessary to recharge the battery to
100% after each flight is expected to overestimate fleet
size and gate area requirements compared with a sce-
nario where aircraft are only fully recharged during off-
peak periods and limited fast-charging occurs during
peak flow periods as necessary. Likewise, this assump-
tion is not expected to significantly influence vertiport
sizing requirements because vertiport area was found to
generally be driven by pad area requirements.

Lastly, temporal factors such as per-passenger board-
ing and disembarkation times are neglected because of
their relatively low time requirements (7). Differences
between boarding and disembarking, and between
approach and departure times, likewise could be consid-
ered but are neglected to maintain model simplicity.

FAA versus EASA Guidelines and Industry Perspective

In this work, we utilize FAA guidance on vertiport
design as the baseline for vertiport pad dimension and
FATO-FATO separation. As shown in Table 1, how-
ever, vertiport sizing guidelines prescribed by the FAA
are significantly more conservative than FAA general
aviation (GA) heliport and EASA vertiport guidelines.
As a result, aviation associations and technical societies
(including Aerospace Industries Association, General
Aviation  Manufacturers  Association,  Helicopter
Association International, National Business Aviation
Association, and the Vertical Flight Society) have
responded to the FAA’s published vertiport guidelines,
stating that the FATO sizing guidelines are overly pre-
scriptive and conservative given that UAM vehicles are
anticipated to have capabilities similar to, or better than,
helicopters during takeoff and landing. They have rec-
ommended that the sizing guidelines align with either
EASA’s vertiport guidelines or FAA’s GA heliport sizing
guidelines (29).
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Table I. Comparison of Vertiport Sizing Guidelines

Parameter FAA GA heliport (28) EASA vertiport (10) FAA vertiport (9)
TLOF width & length or diameter 083D 083D I D

FATO width & length or diameter 1.50 D 1.50 D 2D

Safety area width Max. (0.28 D, 20ft) Max. (0.25 D, 10ft) 05D
FATO-FATO separation' 61 m (200 ft) 60 m (197 ft) not specified

Note: D = maximum vehicle size; EASA = European Aviation Safety Agency; FAA = Federal Aviation Administration; FATO = final approach and take-off;

GA = general aviation; Max. = maximum; TLOF = touchdown and lift-off area.

'Separation distance for simultaneous independent operations (takeoffs and landings).
2EASA guidelines do not specifically define a FATO-FATO separation distance for electric vertical take-off and landing aircraft but refer to 60m as a

recognized guideline for helicopter operations (/0).

By following EASA’s vertiport sizing guidelines, and
reducing the FATO and safety area width from 2 D and
0.5 D to 1.5 D and 0.25 D, respectively, the required areca
for vertiport infrastructure can be reduced by 33% to
50% depending on the number of pads and assuming the
pad topology depicted in Figure 5. A reduction in pad
separation, however, has a less predictable impact on
vertiport area, since reducing pad separation also reduces
clearance area that is shared with gate and parking areas.
In this work, we found that a reduction in pad separa-
tion below 125ft does not reduce overall vertiport areca
with the baseline scheduling and vertiport parameters. It
should be noted, however, that this threshold shifts if the
vertiport composition (number of pads, gates, and park-
ing spots) or vertiport topology changes, or if pad clear-
ance area cannot be utilized for gate operations or as
parking space.

To further explore the influence of changes to FATO
width and FATO-FATO separation distance for simul-
taneous independent operations, we consider a range of
values for each of these parameters that includes FAA
and EASA vertiport guidance. Note that a linear rela-
tionship between safety area and FATO width is assumed
such that a safety area of 0,0.25D, 0.5D corresponds to a
FATO width of 1D, 1.5D, and 2D, the latter two of which
coincide with EASA and FAA guidance, as shown in
Table 1.

Vertiport Scheduling and Sizing Parameters

Vertiport sizing is heavily influenced by scheduling-
related parameters such as daily passenger volume, pas-
senger capacity, and battery charging time, in addition
to sizing-specific parameters such as vertiport topology,
vehicle size, and the throughput of individual pads and
gates. The baseline value and ranges used for each of
these parameters in the sensitivity analysis are provided
in Table 2.

The range considered for number of passengers and
for vehicle size are based on existing eVTOL concepts,

where it should be noted that vehicle passenger capacity
is an input to the scheduling optimization model rather
than the sizing model (5). Pad and gate times are based
on Preis and Hornung, where it should be noted that
gate tasks such as boarding, deplaning, and rotor spin-
up and spin-down are assumed to occur within 90s and
350s, respectively (7). Lastly, battery charging time is a
function of the charge rate and is defined using a simple
energy model by Equation 2, where the average eVTOL
power consumption (Pug) is based on estimates for
existing vehicle designs, and the chosen battery charge
rate range (Bcharge) 18 based on 100% to 150% of existing
electric-car fast-charging capabilities to consider both
existing and near-term battery technologies (30-33).

Results and Discussion

Scheduling and vertiport sizing results were obtained
using the parameters provided in Table 2. Unless specifi-
cally mentioned otherwise, results were obtained for the
Atlanta—Athens—Clarke County—Sandy Springs, GA
CSA using a rolling window scheduling approach
described by Equations 3-8 and 14. The baseline vehicle
and operational parameters defined in Table 2, that is, a
vehicle size of 15m (50 ft), a vehicle passenger capacity of
four, a passenger aggregation window of 600s (10 min), a
pad clearance time of 90s, a battery charge rate of
200kW, a pad dimension of 3D, and a FATO-FATO
separation distance of 200 ft, are used for all results, with
the exception of sensitivity studies specific to those
parameters.

The Results and Discussion section is ordered as fol-
lows. We first present sizing results for a vertiport net-
work in Atlanta to demonstrate the behavior of the
vertiport sizing formulation and to explore the impact of
vertiport sizing requirements on UAM commuting ser-
vice scalability. We then compare the sensitivity of fleet
and vertiport sizing results with regional variations in
the temporal and geographic distribution of demand for
the Atlanta, New York City, San Francisco, and Seattle
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Table 2. Vertiport Scheduling and Sizing Parameters

Parameter Description Range Baseline value
demand' passengers per day 100-10,000 10,000

D maximum vehicle size 5-15m I5m (50ft)

Npax vehicle passenger capacity 2-8 4

At passenger aggregation window 300-1,800s 600s (10min)
At scheduling formulation time increment na 60s

thad pad clearance time required per aircraft 20-120s 90s

toateour gate time required per outbound aircraft na 100s

taaten gate time required per inbound aircraft na Max. (350, teharge)
Bcharge battery charge rate 100400 kw 200 kW

Pavg avg. aircraft power consumption na 300 kW

pad dimension total pad dimension (FATO + safety width) 1-3D 3D

pad separation® FATO-FATO separation distance D—-6Im 61 m (200 ft)

Note: FATO = final approach and take-off; Max. = maximum; na = not applicable.

'Demand is not strictly an input parameter to the scheduling formulation but is used to sample the temporal demand distribution and generate a

commuter demand schedule.

2A minimum FATO—-FATO separation of D ensures that safety areas do not overlap (following Federal Aviation Administration vertiport guidelines).

CSAs. Lastly, we present sensitivity results for the para-
meter ranges provided in Table 2, including demand,
battery charging rate, aircraft passenger capacity, pad
clearance time, vehicle dimension, FATO width, and
FATO-FATO separation.

It should be noted that error bars are included in the
results presented below because of the sensitivity of siz-
ing results on sampling of the geographic and temporal
demand distributions (Figures 2 and 3). To address this,
each sensitivity study was repeated 10 times, and the
mean of the results are plotted, along with error bars
showing the minimum and maximum values obtained.
Also note that “vertiport network area” refers to the
summation of the areas allocated to each individual ver-
tiport in the network, and that “vertiport composition”
refers to distribution of pads, gates, and parking infra-
structure in the vertiport network.

Atlanta Scheduling Results

Results from the scheduling optimization formulation
for the Atlanta region illustrating the overall utilization
and load factor of vehicles and the distribution and flow
of vehicles across the vertiports of the network are pre-
sented in Figures 6 and 7, respectively. Scheduling opti-
mization for the Atlanta region converged to a fleet size
of 121 vehicles, and required 3,296 revenue flights and
373 deadhead repositioning flights to fulfill a volume of
10,000 passengers over a 24h period. Note that the
results presented in this section correspond to an aggre-
gation window of 10min and that turnaround time is
calculated for a vehicle power consumption of 300 kW,
and a battery charge rate of 200kW. Also note that a
daily volume of 10,000 passengers corresponds to 5,000
commuters flown from home to work (generally in the

morning) and from work to home (generally in the eve-
ning). These fleet sizing results correspond to about 30
flights per vehicle per day, an average passenger load fac-
tor of 70%, and an average of 83 passengers transported
per aircraft per day.

As expected, aircraft utilization, shown in Figure 6,
follows the temporal demand distribution given in
Figure 3. Likewise, the passenger load factor of revenue
flights is higher during periods of high demand because
of increased opportunity for passenger aggregation; how-
ever, the overall load factor during peak flow periods is
reduced by an associated increase in necessary reposi-
tioning deadhead flights. We can also observe that a sig-
nificant fraction of the fleet requires charging during
peak demand because of the use of a low battery charge
rate (200 kW) relative to the vehicle power consumption
(300kW). This charge-to-consumption ratio effectively
means that a 10 min flight will require 15 min of charging
time. As expected, aircraft utilization nears 100% during
peak demand periods.

Analysis of Figures 2a and 7 shows that demand
flow is not balanced between vertiports or throughout
the day. In particular, vertiport A (and E to a lesser
extent) experience significantly higher inflow of aircraft
during the morning commuting peak (6:00-9:00a.m.),
whereas vertiport C (and B to a lesser extent) experi-
ence more outflow during the same time period. This is
because of vertiports A and E being located more cen-
trally, thereby acting as workplace hubs, as shown in
Figure 7, compared with vertiports B, C, and D, which
are located in the Atlanta suburbs and primarily serve
as residential hubs. This trend reverses in the evening
when commuters return home from work. As a result
of imbalanced flow, significant parking infrastructure
is needed during off-peak periods and repositioning
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Figure 6. Vehicle load factor (top) and utilization (bottom) over a 24 h period for a vertiport network in the Atlanta region (160 vehicle

fleet-size; four passenger vehicle capacity).

flights are needed to ensure that demand can be served
during peak periods.

Atlanta Vertiport Sizing Results

Vertiport-network sizing results for the Atlanta region
are presented in Table 3. A sizeable land-footprint of
10.7ha (26.4 acres) is required for the network of verti-
ports in this example, with the largest vertiport in the
network requiring an area of 3.1ha, and a maximum of
8 pads, 30 gates, and 77 parking spots over 24 h. These
results suggest that the demand concentration per verti-
port in this example may be more suitable for industrial
and rural areas where large parcels of land and large flat
rooftops are more common, rather than dense urban
areas, unless operations for a given vertiport can be par-
titioned over a cluster of several smaller vertiports. The
area requirement of 3.1 ha for the largest vertiport is par-
ticularly problematic because it is located in Atlanta’s
downtown core and may limit the scalability of UAM
operations. Results also suggest that parking area (and
likely gate area if charging times are long) may be a sub-
stantial portion of the vertiport footprint if vertiport
areas cannot be repurposed throughout the day or if
clearance area is reduced.

Given the large land area requirement for scaled-up
UAM operations, and the nonuniform and imbalanced
nature of commuting demand, it is anticipated that
smaller-scale UAM commuting operations that focus on

providing a transportation service that replaces helicop-
ter, float plane, or ferry operations to be more feasible in
the near term. Alternatively, commuting operations that
bring passengers from the suburbs to a metro hub rather
than directly to the downtown core may alleviate land-
use problems. Likewise, focusing on transportation with
more stable demand, such as an airport air taxi mission,
may also be more practical in the near term. Regardless,
large-scale UAM operations will likely require higher-
passenger-density vehicles, or novel vertiport concepts
that do not align with current FAA and EASA guidance.

Note that the sum of pad, gate, and parking area is
not equal to the vertiport area because we assume that
pad clearance area can be used as gate and parking areas
and because dynamic repurposing of the vertiport sur-
faces is allowed, meaning, for example, that unused verti-
port pads in off-peak periods can be used as parking
space if necessary. This dynamic repurposing can be
observed in Figure 8, which illustrates vertiport usage
requirements throughout the day for Vertiport A from
Figure 7. We can observe that vertiport area require-
ments are driven by pad area requirements during the
morning commuting demand peak and that the imbal-
ance of flow leads to a substantial repurposing of pad
and clearance area into parking area during midday, off-
peak operations. We can also observe that sufficient
clearance area exists during peak flow such that gate and
parking area does not add to the total area requirement.
It should also be noted that these vertiport sizing results
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Figure 7. Distribution and flow of vehicles across a network of five vertiports (A—E) in the Atlanta region over a 24 h period.
Note: a positive aircraft (a/c) flow on the secondary axis refers to an inflow of vehicles at that vertiport.

correspond to a fleet size of 121 vehicles, 3,669 revenue
flights, and 373 repositioning flights.

Region-Based Results

Region-based scheduling and vertiport sizing results for
the CSAs associated with Atlanta, New York City, San
Francisco, and Seattle for a normalized daily volume of
10,000 passengers are presented in Figure 9. From Figure
9a, we see that the total number of flights are not consis-
tent across each region, even though revenue flights are
defined prior to optimization and are largely a function

of demand flow, the sum of which is enforced to be con-
sistent between regions in this comparison.

These variations are primarily driven by differences in
demand-flow balance. We can observe in Figure 2, for
example, that the vast majority of demand in New York
City is for trips into vertiport A (for a morning com-
mute), located in Manhattan. As a result, significantly
more repositioning flights are necessary compared with
Atlanta, where most vertiports experience a more
balanced flow of vehicles throughout the day, as shown
in Figure 9b. Interestingly, New York City features the
highest revenue load factor (Figure 9¢) of the considered
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Table 3. Vertiport Sizing Results for the Atlanta Region

Vertiport
Parameter network Largest vertiport'
Required vertiport area 10.7 ha 3.1'ha
Required pad and 10.6 ha 3.1 ha (8 pads)
clearance area®
Required gate area® 24ha 0.7 ha (30 gates)
Required parking area® 5.0ha I.8 ha (77 parked aircraft)

'Refers to the central vertiport labeled as vertiport A in Figures 2 and 7.
2Areas are individually maximized over time and consequently do not sum
to vertiport area since all areas can be dynamically repurposed as
necessary.

—— Vertiport

—— Pad & Clearance
—— Gate

—— Parking

\ Evening

commute
peak (outflow)

w
o
S

Area requirement

7

Morning
commute
peak (inflow)

Midday

Area (hectares)
= = N N
o I 1 I
o o o o

e
%
o

o
o
o

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00  00:00
Time of day

Figure 8. Vertiport sizing requirement timeline for the largest
vertiport in the Atlanta network (labeled as Vertiport A in Figures
2and 7.

regions because of a more concentrated demand flow (as
shown in Figure 2), meaning that passengers can more
easily be aggregated. Given that repositioning flights are
deadhead flights, however, (meaning that no passengers
are onboard), the higher repositioning flight fraction of
New York City leads it to have the lowest network load
factor of the considered regions as shown in Figure 9d.
Atlanta suffers from the opposite effect and features the
lowest revenue load factor but highest network load fac-
tor because of a less concentrated but more balanced
demand distribution.

Moving on to fleet size sensitivity, shown in Figure 9e,
we can observe that fleet size is similar for most regions,
with the exception of San Francisco which requires a sig-
nificantly larger fleet for a given demand. This was found
to be a result of two contributing factors. First, the lon-
ger average flight distance between vertiports in the San
Francisco region, shown in Figure 9f, causes a larger por-
tion of the San Francisco fleet to be unavailable during
peak demand flow conditions, meaning that a larger fleet

size is necessary to meet demand for a given aggregation
window. This effect is compounded because longer
flights consume more energy which results in longer vehi-
cle charging durations. Second, San Francisco experi-
ences a higher concentration of demand during the
morning commuting peak, as demonstrated in Figure 3.
This, in turn, increases fleet size requirements, since fleet
size is determined by peak flow conditions. On the other
hand, although the vertiport locations in New York City
have the shortest average flight distance and a slightly
less concentrated peak demand, a smaller fleet size is not
observed for New York City because of its larger number
of flights and associated lower overall load factor, which
also have an impact on fleet size.

Lastly, comparing vertiport area requirements illu-
strated in Figure 9g, which are also influenced by peak
flow conditions, it can be observed that the necessary
vertiport area generally correlates with the number of
flights required. As will be shown later, this is a result of
vertiport area being primarily driven by the required
number of pads and is a consequence of our assumption
that gates and parking spots can be placed within the
pad clearance area. San Francisco slightly deviates from
this trend because of its elevated demand concentration
during peak commuting hours which results in a greater
number of pads. Although the fleet size for each region
in Figure 9¢ is not unreasonable for a daily volume of
10,000 passengers, the vertiport network area require-
ment poses a bigger challenge because a significant por-
tion of the vertiport network area requirement
corresponds to vertiports located in dense urban areas of
each city, specifically, the Atlanta Downtown core,
Seattle Central Business District, San Francisco
Financial District, and Central Manhattan. A potential
solution would be to partition demand over a cluster of
smaller nearby vertiports rather than a single centralized
vertiport. This approach, however, risks increasing air-
space and fleet balancing complexity.

Sensitivity Results

Sensitivity results for the parameter ranges provided in
Table 2, including demand, battery charging rate, aircraft
passenger capacity, pad clearance time, vehicle dimen-
sion, FATO width, and FATO-FATO separation, are
presented below. The reader is reminded that a vehicle
size of 15m (50 ft), a vehicle passenger capacity of four, a
passenger aggregation window of 600s (10min), a pad
clearance time of 90s, a battery charge rate of 200kW, a
total pad dimension of 3D (150 ft), and a FATO-FATO
separation distance of 200 ft are used for all results, with
the exception of sensitivity studies specific to those para-
meters. Findings presented in this section were obtained
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for the Atlanta CSA using the rolling window scheduling
formulation.

Passenger Demand. Results showing the sensitivity of
scheduling and vertiport sizing results to demand, and
specifically the sensitivity of fleet size, number of flights,
load factor, vertiport network area, and vertiport com-
position to the daily passenger volume, are presented in
Figure 10. Unsurprisingly, the fleet size and number of
flights increase with higher passenger demand. Likewise,
vertiport network area, along with the number of pads,
gates, and parking spots, increases with higher passenger

demand because of the increased fleet size and the lim-
ited throughput of pads and gates. An increase is also
observed in vehicle load factor because of an increased
concentration of passengers available for aggregation,
leading to a higher load factor on revenue flights. It
should be noted that the presence of deadhead reposi-
tioning flights and the low volume of demand during off-
peak commuting periods significantly reduces the overall
load factor reported in Figure 10a. Load factor
approaches 100% for revenue flights during peak com-
muting flow periods (10,000 passengers per day), as
shown in Figure 6. Also note that the optimal number of
flights in an the ideal situation where load factor is equal
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to 100% and no repositioning flights are needed is sim-
ply the daily passenger volume divided by the aircraft
passenger capacity.

Passenger Aggregation Window. The impact of the passenger
aggregation window on scheduling results is illustrated in
Figure 11. We can observe that an increase in the passen-
ger aggregation window tends to increase the vehicle load
factor and reduce the number of required flights. This is
a result of longer aggregation windows increasing the
flexibility of the operator to aggregate a greater number
of passengers before aircraft departure, thereby directly
increasing the vehicle load factor. Furthermore, an
increase in load factor reduces the number of revenue
flights and leads to a reduction in the number of neces-
sary repositioning flights.

A decrease in revenue and repositioning flights during
peak flow conditions causes a corresponding decrease in
fleet size and vertiport size, as illustrated in Figure 11, a
and b, respectively. Increasing the passenger aggregation
window in our commuting scenario yields diminishing
returns because of the low impact of passenger aggrega-
tion window outside of peak hours, and the presence of
deadhead repositioning flights, which cannot be elimi-
nated because of demand flow imbalances. It should be
noted, however, that the rolling schedule formulation
does not fully benefit from the flexibility of a larger pas-
senger aggregation window because it handles revenue
flight assignment during preprocessing rather than being
part of the optimization formulation.

Battery Charge Rate. Results illustrating the sensitivity of
battery charge rate on scheduling and vertiport sizing

results are provided in Figure 12. A significant decrease
in fleet size can be observed at higher battery charge
rates because of the large fraction of the fleet that
needs charging during peak flow conditions, as shown
in Figure 6. At higher charge rates, the time required to
recharge aircraft after each flight is reduced, allowing
for quicker vehicle turnaround time and reducing the
need to introduce additional aircraft into the fleet to
meet demand. Although this leads to a corresponding
decrease in the number of gates and parking spots
required, the overall area requirement remains
unchanged, since area is generally driven by number of
pads (with the assumption that pad area and pad clear-
ance area can be dynamically repurposed) which is not
affected by charge rate. A slight increase in number of
flights and an associated decrease in load factor can
also be observed in Figure 12a because of an increase
in repositioning flights that are necessary as a result of
the smaller fleet size needing to fulfill the same number
of revenue flights.

The sensitivity of scheduling and sizing results to vehi-
cle speed is not presented but is anticipated to follow
similar trends as those presented for battery charge rate,
with the exception of gate area requirements, which will
remain unchanged assuming that the power consumption
per trip remains the same. Likewise, the sensitivity of
scheduling and sizing results to an increase in aircraft
power consumption is expected to have a similar but
opposite trend compared with recharge rate because
higher power consumption will lead to longer recharge
times in a similar manner as a lower recharge rate.

Vehicle Passenger Capacity. Next, the sensitivity of schedul-
ing and sizing results to vehicle passenger capacity, given



460

Transportation Research Record 2678(8)

(a) 250 7000
F 6000
200 A
r 5000
]
150 A S
Y b 4000 2
@ s
] s
[ v
[ F 3000 €
“ 100 £
=
2000
50 4
r 1000
0 T T T T T T 0
5 10 15 20 25 30
Passenger aggregation window (min)

r 90

r50

- 20

(b) 35 250
—&— \Vertiport network area
=¥ - Number of pads
301 —m- Number of gates
-4#- Number of parking spots [ 200
= 2 25 c
5 g 150 3
© ¥ ?
e o
I :
g g Fo ¢
- ¥ 1008
= o £
= Q 5
g £ iy -
g ?
F50
5
— - —— _————— — —— -
ol ‘ - ‘ ' 0
5 10 15 20 25 30

Passenger aggregation window (min)

Figure | 1. Sensitivity of (a) fleet size, number of flights, and vehicle load factor and (b) vertiport network area and vertiport

composition to the passenger aggregation window size.

(a)

250

200 A

7000

6000

5000

1501 L 4000

Fleet size

100 ] - 3000

Number of flights

2000

50 A
1000

200 250 300 350

Battery charging rate (kW)

100 150 400

r 90

r 80

r70

r 60

30

20

(b) 35 250
—— Vertiport network area
—%- Number of pads
301 —m- Number of gates
-4+ Number of parking spots [ 200
N ©
xX < c
< © o
5 o =
= © 150 &
&} ~ Qo
S £
P H S
2 £
£ 100 8
Q t
2 o
b >
2
F50
54
—— e — . —— —————y—. ..y
100 150 200 250 300 350 400

Battery charging rate (kW)

Figure 12. Sensitivity of (a) fleet size, number of flights, and vehicle load factor and (b) vertiport network area and vertiport

composition to the battery charging rate.

in Figure 13, is explored. As can be expected, a significant
reduction in fleet size and number of flights is possible
with an increased vehicle seating capacity. Unlike results
for battery charge rate, an increase in seating capacity
directly reduces revenue flights during peak demand peri-
ods, which in turn decreases fleet size. A reduced number
of revenue flights also leads to a decrease in repositioning
flights, since there is a decrease in the amount of flow to
balance. A reduction in the total number of flights during
peak flow conditions also reduces the number of verti-
ports pads required, which leads to a reduced vertiport
network area, as shown in Figure 13b. The reduced fleet
size and number of flights also has the benefit of reducing
the required number of gates and parking spots. Lastly, a
significant decrease in overall vehicle load factor can be

observed in Figure 13a. This reduction is primarily
because of a low load factor during off-peak flow condi-
tions, where only one or two passengers are loaded onto
each flight, and to the short passenger aggregation win-
dow of 10 min, which is not long enough to aggregate 8
passengers except during peak flow conditions.

Pad Clearance Time. The remainder of the sensitivity para-
meters considered (pad clearance time, vehicle dimension,
FATO width, and FATO-FATO separation) have no
impact on the implemented scheduling formulations and
therefore have no impact on fleet sizing, number of flights,
or vehicle load factor. Consequently, only vertiport sizing
results are presented for these sensitivity parameters.
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The sensitivity of vertiport area to pad clearance time
is illustrated in Figure 14. Note that we define “pad . e
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vehicle and includes landing or takeoff time, as well as —®- Number of gates |
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other words, pad clearance time is the time that a pad is = 5
reserved for the arrival or departure of an aircraft, after 8 150 3
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. . o
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given flow of vehicles. >
For pad clearance times below 60s, however, the 50
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vertiport network area stabilizing even while the number Pad clearance time required per aircraft (s)

of pads is decreasing. This can be expressed more expli-
citly if we consider the definitions for pad clearance area
that assume a FATO-FATO separation of 61 m (200 ft),
given in Equations 31 and 32. Assuming a vehicle size
(D) of 15m (50ft), we can replace the separation dis-
tance by 4D to obtain:

Aclearance,q,t = 3D(4D - D)(Npads,q,t - 1) (33&)

= 9D2(Npads,q,t - 1) (33b>
meaning that the number of gates and parking spots
need to be approximately equal or greater than nine
times the number of pads required for a given time inter-
val in order for them to fully utilize the available clear-
ance area and affect the total vertiport area (assuming an
area requirement of D? for gates and parking spots).

Figure 14. Sensitivity of vertiport network area and vertiport
composition to pad clearance time.

This limit is reached in Figure 14 for pad clearance times
below 60s. The number of gates and parking spots is not
affected. Note that changes to pad clearance time have
no impact on scheduling results because pad clearance
time does not affect passenger boarding time, recharge
duration, or flight duration.

Vehicle Size. Vehicle dimension has a more straightfor-
ward effect on vertiport area, since it reduces the area
requirements of parking and gate infrastructure in addi-
tion to pad infrastructure, and consequently has no
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impact on vertiport composition, as shown in Figure 15.
As can be observed, a reduction in the vehicle dimension
used for vertiport infrastructure sizing from 50 ft (utilized
by the FAA in Meyers and representative of the wingp-
san of the Archer Midnight eVTOL aircraft) to 35ft
(representative of the Joby S4 eVTOL aircraft) reduces
vertiport area requirements by approximately 40% (9,
34, 35).

Pad Size. Finally, the impact of relaxing vertiport design
safety margins is explored in Figures 16 and 17. First,
considering changes to the width of the FATO area, we
find a similar trend as those for vehicle dimension if the
FATO width is above 1.5D, since FATO width and vehi-
cle dimension affect pad size in a similar manner, and
because pad size drives vertiport area requirements for
FATO widths in that range.

When the FATO width drops below 1.5D, however,
the pad clearance area gradually becomes saturated for
several of the vertiports in the network, leading to further
decreases in FATO width having a muted impact on verti-
port area requirements. Revisiting Equation 33b, we can
observe that following EASA guidelines for pad sizing
(FATO width and safety area of 1.5D and 0.25D, respec-
tively) reduces pad clearance area to 4D?(Npads q.r — 1),
meaning that gates and parking infrastructure starts to
saturate pad clearance area when there are approximately
four times more gates and parking spots than number of
pads. The reader is reminded that a linear relationship
between safety area and FATO width is assumed such that
a safety area of 0, 0.25 D, 0.5 D corresponds to a FATO
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Figure 15. Sensitivity of vertiport network area and vertiport
composition to urban air mobility vehicle size.

width of 1 D, 1.5 D, and 2 D, the latter two of which coin-
cide with EASA and FAA guidance, as noted in Table 1.
Interestingly, a slight increase in the number of pads
required can be observed for FATO widths below 1.5 D
as a result of the optimizer prioritizing a reduction in
parking requirements for vertiports where the clearance
area has been saturated, since the number of pads no lon-
ger drives the area requirement for those vertiports.
Using the baseline parameters defined in Table 2, the
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required area for vertiport infrastructure can be reduced
by approximately 40% (from 10.7 ha to 6.7 ha) by follow-
ing EASA rather than FAA vertiport sizing guidelines.

Pad Separation. Likewise, vertiport area becomes depen-
dent on parking area requirements because of the satura-
tion of pad clearance area when reducing the separation
necessary between pads for parallel approach and depar-
ture operations (reducing the distance between FATOs’
area boundaries). Revisiting Equation 33b, we can
observe that reducing the FATO-FATO separation from
61 m (200 ft) to 30 m (100 ft) decreases pad clearance area
to 3D2(Npadssq,, — 1), meaning that the number of gates
and parking spots need only to be approximately equal
or greater than three times the number of pads required
for a given time interval in order for them to fully utilize
the available clearance area and affect the total vertiport
area, thereby greatly increasing the relevance of gate and
parking area to overall vertiport area requirements. This
behavior can be observed in Figure 17, where a decrease
in FATO-FATO separation distance from 200ft to
125ft reduces the total vertiport area. No reduction in
vertiport network area can be observed below this
separation distance because any remaining clearance
area is saturated with gate and parking area. It is impor-
tant to highlight, however, that this behavior is a result
of our assumptions that parking and gate infrastructure
can utilize pad clearance area and that unused pad area
can be used to park aircraft during off-peak periods.

Comparison with Approximate Formulations

Approximations of fleet size, number of flights, and ver-
tiport area requirements obtained under ideal simplified
conditions are provided below to enable rapid estimation
of fleet and vertiport size, to help clarify the behavior of
the sensitivity results, and to lend context to comparison
of results with other published studies.

Number of Flights. First, considering the number of flights
to meet a given daily passenger volume, it is clear that
approximating number of flights is trivial if repositioning
flights are ignored and passenger load factor is assumed
to be constant, and is given by Equation 34:

Zt:(Pt

npaxLF

Niights ~ (34)
where

Nhighs = the number of flights necessary to transport a daily
volume of )", @, passengers (where ¢, is passenger demand
at time 7) given that aircraft have a passenger capacity of
npax and an average passenger load factor of L.

Using this relation, we can estimate the number of
flights to transport 10,000 passengers using aircraft with
a four-passenger capacity and average load factor of
70%, to be 3,571 flights, which lines up well with results
presented in Figure 10. Using a load factor of 100%, we
can quickly find the minimum possible number of reve-
nue flights necessary for a given daily passenger volume.

Fleet Size. Fleet size and vertiport area, on the other
hand, depend on peak flow conditions rather than total
daily demand. Assuming a constant flow of passengers
over the peak flow period, fleet size can be approximated
as the maximum outflow of vehicles over a single time
step multiplied by the average number of time steps asso-
ciated with vehicle block time and turnaround time (the
number of time steps required to transport passengers,
recharge the vehicle, and return it to the pool of available
aircraft). In cases where vehicle flow is not constant,
however, vehicle flow must also be averaged over this
time period to obtain a reasonable approximation for
fleet size. In this work, block time and turnaround time
are given by the average flight duration, #ign, and aver-
age aircraft charge duration, which can be approximated
from the ratio of aircraft power consumption to battery
charge rate, Pyye/Bcharge. Maximum average vehicle flow
can then be approximated by averaging the maximum
outflow of passengers, ¢,, over this time period, and
dividing by the aircraft passenger capacity and load fac-
tor. An estimate of fleet size is obtained by multiplying
these terms together, as shown in Equation 35:

(/p[ ( Pan
npaxLF Bcharge

N, aircraft =~

+ 1>tﬂight (35)

Applying Equation 35 to our Atlanta vertiport network,
which has an average trip duration of 6 min (correspond-
ing to a 30km leg with a speed of 300 km/h), a power
consumption-to-recharge ratio of 1.5, a load factor of
80% (during peak flow conditions) and a four-passenger
seating capacity, then the formulation simplifies to
MNaircraft = 4.7¢,. Considering a peak flow of 24.7 passen-
gers per minute (corresponding to the flow of 740 pas-
senger per half-hour given in Figure 3) we obtain a fleet
size of 116 vehicles, which is lower than the fleet size of
121 obtained from our analysis for Atlanta shown in
Figure 9¢. The higher fleet size obtained in our analysis
is a result of sampling the temporal demand distribution
(Figure 3), which tends to bring peak flow concentra-
tions closer to around 33 passengers per minute, which
would bring the fleet size up to 155 vehicles if this flow
rate was assumed to be constant over the peak flow
period. Since passenger flow is not constant, maximum
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passenger flow must be averaged, which results in the
fleet size of 121 vehicles obtained earlier in the paper.

This result highlights the limitations of the rolling
window scheduling approach, which, in its current imple-
mentation, only makes a limited attempt to flatten
demand flow peaks during preprocessing, leading to less
than optimal fleet sizes. This limitation can be resolved
either by directly optimizing revenue flights in addition
to repositioning flights, or by further preprocessing the
demand schedule to be more uniform in nature (either
by rescheduling revenue flights or by rejecting a portion
of demand during peak flow conditions). This limitation
has a more severe impact on vertiport sizing, since verti-
port area is characterized by the maximum flow rate
averaged over fewer time steps.

Vertiport Network Area. Since we assume that pad clear-
ance area can be shared with gate and parking area and
that taxiing route requirements can be ignored, vertiport
area (for the baseline parameters in Table 2) is generally
well approximated by the pad and clearance area, given
by Equation 36:

!

AL]»f = WNpads, qJApad + (Npads,q»l - 1)Aclearance (36)

Assuming a constant vehicle flow over a period of fpfd(lj
(corresponding to one-and-a-half time steps for a pad
clearance time, fp,q, of 90s and a schedule time incre-
ment, At of 60s), then we obtain,

!

Aquf ~ qu;l:t (Apad + Aclearance) - Aclearance (37)
where it should be noted that f,_, , includes vehicles
arriving and departing vertiport g at time ¢. Converting
vehicle flow, f;,—,,, to passenger departure flow, (O
approximating incoming and outgoing vehicle flow to be
approximately double of outgoing revenue vehicle flow
during peak flow conditions, and using a vehicle size of
I5m (50ft), along with a FATO width of 2 D, a safety
area width of 0.5 D, and a FATO-FATO separation dis-
tance of 61 m (200 ft), we obtain:

36D2¢)q’,

~___ Tl gp2
fpadnpaxLF ’ (38)

q,t

Using values of 15.24m (50 ft) for vehicle size, 90 s for
pad throughput, a load factor of 90%, a vehicle passen-
ger capacity of four, generalizing terms to the vertiport
network (composed of five vertiports) rather than a spe-
cific vertiport ¢, and recognizing that vertiport area is
equal to the maximum area over time, Equation 38
becomes 4 =~ 3484¢p, — 5 - 2090. Substituting a peak pas-
senger flow value of 33 passengers per minute identified
for the Atlanta network, we obtain a network vertiport

area of 10.5ha, which has good agreement with the
10.7 ha identified in Table 3.

Vertiport Network Area Throughput. To facilitate compari-
sons with other published studies, it is also useful to
define the vertiport area required per passenger per hour,
referred to as “vertiport area throughput, 4,” in this
work. We can approximate this metric in two ways.
First, given that a time increment of 1 min is used in the
scheduling formulation, and that the number of passen-
gers that a pad can process per hour (including arrival
and departure) can be approximated by 30fpadnpaxLE, We
can define the vertiport network area (for a five vertiport
network) required to accommodate a throughput of one
passenger per hour as:

1 1
A pad + 4 clearance —
30f£:>adsnpaxLF

li -1
54 clearanceN pads

D .
~= (18 - 45Npa}15>

~58.1— 145.1N_}

pads (39)

Equivalently, dividing Equation 38 by departing passen-
ger flow per hour and generalizing the result to the verti-
port network:

. 36D* 45D?
60fpadnpaxLF 6O¢t
~58.1—174.2¢," (40)

which reduces to an area throughput of approximately
52.8m? per passenger per hour. Note that this area
includes the vertiport area required at both the arrival
and departure vertiport and that it is sensitive to pad
topology, vehicle dimension, pad throughput, load fac-
tor, and vehicle passenger capacity.

Equations 39 and 40 approximate the area through-
put under the assumption that vehicle or passenger flow
is constant, which ignores the bimodal nature of com-
muting demand. We can also directly approximate area
throughput from earlier scheduling and vertiport sizing
results. For example, if we consider that a vertiport net-
work size of 10.7 ha is required to transport 1,450 pas-
sengers during the hour associated with peak flow
conditions, then the vertiport network has an average
area throughput of 73m® per passenger per hour.
Furthermore, if we consider a full day of operations with
a total of 10,000 passengers over 24 h, then the vertiport
network has an average area throughput of 257 m? per
passenger per hour, which highlights the challenge of
operating a UAM service with a highly nonuniform tem-
poral demand distribution.
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Given that flow nonuniformity increases fleet and
infrastructure downtime and therefore decreases profit-
ability, UAM operators will likely seek to mitigate
sources of nonuniform flow, for example by aggregating
demand from multiple sources with different temporal
distributions, or by limiting the fraction of demand
served during peak flow conditions. Consequently, ver-
tiport area throughput values based on peak flow condi-
tions are more meaningful for comparison with other
studies and for future work in this research area. It
should also be noted that the vertiport area sensitivity
results described by Figures 14 to 17 also apply to area
throughput. For example, area throughput (during peak
flow) can be improved to 28.4m?” per passenger per
hour by following EASA pad sizing guidelines, and fur-
ther improved to 23.5 and 21.1 m? per passenger per
hour if we reduce FATO-FATO separation to 38 m
(125ft) and also increase load factor from 90% to
100%. Further reduction in pad sizing or pad separa-
tion, however, leads to pad clearance area saturation, at
which point gate and parking area need to be consid-
ered. Likewise, gate and parking area need to be consid-
ered if we remove the assumption that parking and gate
infrastructure can utilize pad clearance area, or if we no
longer assume that unused pad area can be used to park
aircraft.

Comparison with Previous Studies

Several published studies have examined how opera-
tional parameters affect vertiport sizing for UAM opera-
tions. While it is challenging to compare our results
directly with those of other studies because of differences
in demand-flow data, scheduling approach, and vertiport
sizing methodology, the comparison nonetheless demon-
strates the advantages, limitations, and differences of the
methods implemented in our work, and offer useful
insights for further research in this field.

Vascik and Hansman developed an integer program-
ming approach to determine the sensitivity of vertiport
capacity to vertiport topology parameters, such as num-
ber of gates and pads, and to operational parameters,
such as vehicle turnaround time and taxi time (3). A lin-
ear topology similar to the one proposed in our work is
considered, but differences in vertiport sizing parameters
significantly reduce area requirements. Most notably: 1)
a vehicle dimension, D, of 45ft is used rather than 50 ft,
2) EASA guidelines for pad sizing are followed rather
than FAA guidelines, and 3) a pad separation of approx-
imately 200 ft is enforced between FATO area centerlines
rather than FATO area edges. Consequently, Vascik and
Hansman find that an area of 1,505m? is required for
each independent vertiport pad in a linear configuration
beyond two, compared with 4,180 m? and 2,555 m? found

in our work, following FAA and EASA vertiport guide-
lines, respectively (35).

Zelinski presented several generic vertiport topology
designs and evaluated their relative surface area utiliza-
tion and operational efficiency (/7). Zelinski also used a
vehicle dimension of 45 ft and followed EASA pad sizing
guidelines but enforced a minimum FATO-FATO edge
seperation of 200 ft. Several four-pad vertiport designs
are presented in Zelinski ranging from 3,809 m’ to
5,760 m? per pad (11). It should be noted, however, that
the vertiport topologies considered by Zelinski include
considerations for taxiways and connectivity between
pads and parking spaces. As a result, area requirements
per pad are higher than those found in our work, which
is expected given that our vertiport topology aims to
identify a lower bound on vertiport area requirements.

Taylor et al. used a stochastic Monte Carlo simulation
to calculate vehicle throughput for several vertiport con-
figurations and found that 420 m? is needed to accommo-
date an additional vehicle per hour (/2). In their study, a
vehicle size of 50 ft was used and FAA pad sizing guide-
lines were followed but the enforced pad clearance time
is unclear. In comparison, we found that only 190 m? is
needed to accommodate an additional vehicle per hour
for a vertiport already containing several pads (a lower
area is required per vehicle for a vertiport with a single
pad since it has no clearance area requirements).

Preis et al. have published several studies related to
vertiport design and sizing, including one where four ver-
tiport topologies were introduced and a mixed integer
programming approach was implemented to find the
topology and number of pads and gates that maximizes
vertiport throughput (/4). The study demonstrated the
sensitive nature of vertiport throughput, with values
ranging from 26 to 56 m? per passenger per hour (assum-
ing pilotless operation) for vertiports sized to fit within
specific areas near train stations in three cities in
Germany. Sizing was also performed for several vertiport
topologies following EASA pad sizing guidelines, using a
FATO-FATO separation of 61 m (200ft), and using a
pad clearance time of 60s for several vehicle sizes. Area
throughput requirements for a vehicle with a tip-to-tip
span of 15.7m (51.5ft), using a pad clearance time of
60, were found to range between 14 and 25m? per pas-
senger per hour assuming a vehicle passenger capacity of
15. Adjusting these area requirements for a similarly
sized vehicle with a passenger capacity of only four using
Equation 39 gives us a vertiport throughput range of 52
to 93 m? per passenger per hour. Likewise, adjusting area
requirements to correspond to the pad clearance time of
90s used in our work increases the area to 79 to 105 m?
per passenger per hour. These results illustrate the strong
sensitivity of vertiport sizing to vehicle and operational
parameters and highlight the importance for city
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planners, policymakers, and operators to understand the
sensitivity of vertiport size to these parameters.

Conclusions

A scalable fleet scheduling formulation was presented in
this paper that is capable of minimizing both fleet size
and repositioning deadhead flights. Additionally, an
implementation of vertiport network area as a secondary
objective to the scheduling formulations was provided.
The presented scheduling formulations are linear, well
approximated by a continuous formulation, and single-
commodity, allowing them to scale to problem sizes rep-
resentative of a full day of UAM operations. A vertiport
topology and sizing methodology was also presented that
aims to facilitate identification of a lower bound on ver-
tiport area requirements and to clarify the sensitivity of
area requirements to aircraft and operational para-
meters. The presented topology and results provide a
lower bound area estimate for a given set of aircraft and
operational parameters by: 1) ignoring the aspect ratio
of the vertiport footprint, 2) ignoring taxiing area and
associated gate-pad or gate—parking connectivity, 3)
using a topology with simultaneous independent opera-
tions in mind, 4) allowing gate and parking infrastruc-
ture to make use of pad clearance area, and 5) allowing
pad area to be repurposed to parking area during off-
peak periods.

Scheduling results and vertiport sizing results were
provided and compared for a five-vertiport network for
Atlanta, New York City, Seattle, and San Francisco,
with vertiport locations based on previous work
described in Kotwicz Herniczek and German (24). We
find that the temporal flow distribution, flow imbalance,
and average flight distance notably affect flect sizing and
vertiport sizing for a given daily passenger volume. An
increase in average flight distance was found to have a
similar effect as reducing flight speed or reducing battery
recharge rate and effectively increases the fleet size neces-
sary to meet passenger demand. An increase in flow
imbalance increases the number of repositioning flights
necessary, primarily increasing total number of flights
but also slightly increasing fleet size. Lastly, an increase
in the temporal flow distribution concentration, that is,
increasing the maximum flow of passengers for a given
time interval, directly increases both fleet size and verti-
port network area, since both must be sized to handle
peak flow conditions.

The sensitivity of scheduling and vertiport sizing
results (specifically the sensitivity of fleet size, number of
flights, passenger load factor, vertiport network area,
and vertiport composition) to several aircraft and opera-
tional parameters is explored, including sensitivity to
daily passenger volume, battery recharge rate, aircraft

passenger capacity, vehicle size, vertiport pad clearance
time, pad size, and pad separation. Unsurprisingly, daily
passenger volume and aircraft passenger capacity each
have a significant impact on fleet size and vertiport net-
work area. Battery recharge time was found to have a
significant impact on fleet size because of the recharge
rate being comparable with aircraft power consumption,
which causes a significant fraction of the fleet to require
charging during peak flow conditions. Likewise, pad
clearance time, vehicle dimension, FATO width, and
FATO-FATO separation were all found to greatly affect
vertiport network area. Notably, we found that vertiport
area was largely independent of the number of required
parking spots and gates because the required clearance
area between pads for simultaneous independent opera-
tions was sufficient to accommodate gate and parking
infrastructure. In special cases, however, we found that
vertiport area became dependent on parking area require-
ments rather than pad area because of the pad clearance
area becoming saturated. In this work, we observed this
to occur when pad clearance time dropped below 60s,
when FATO-FATO separation decreased below 125ft,
and when the FATO width was less than 1.5D.

Approximate formulations were also developed for
fleet and vertiport sizing requirements that clarify their
sensitivity to vehicle and operational parameters and
facilitate comparison of results with previously published
studies. We found that, even though the vertiport sizing
methods in many of the referenced published studies
shared similarities to our work, significant differences in
sizing estimates were observed because of the sensitivity
of vertiport area requirements to vehicle and operational
parameters, highlighting the relevance of the sensitivity
studies presented in our work and demonstrating a need
for clearer guidelines on vertiport pad sizing, pad separa-
tion, vehicle sizing, and pad clearance time.

Based on the findings from the sensitivity studies and
region-based results, several conclusions can be made.
These include:

1) Using the vertiport topology and operational
parameters described in the paper, vertiport sizing
requirements drop approximately 40% when fol-
lowing EASA pad sizing guidelines rather than
FAA vertiport guidelines.

2) Although a significant reduction in area is possi-
ble by adopting EASA guidance on pad sizing, by
relaxing pad separation requirements for simulta-
neous independent operations, or by increasing
pad throughput, the decrease in area may not be
sufficient to enable centralized vertiport opera-
tions in dense urban areas, such as the Atlanta
Downtown core, Seattle Central Business District,
San Francisco Financial District, or Central
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Manbhattan. If a significant reduction in vertiport
area requirements is not possible, scaled UAM
operations in dense urban areas may be more fea-
sible if commuting operations bring passengers
from the suburbs to a less-densely-populated
metro hub rather than directly to the downtown
core. Likewise, use of several smaller nearby verti-
ports in urban areas rather a single large vertiport
or use of vertically distributed vertiports may
facilitate integration of vertiports onto existing
structures and smaller parcels of land.

3) UAM operations are not well suited to commuting
operations from the perspective of fleet sizing and
vertiport network area because of the imbalanced
and bimodal nature of commuting demand.
Although the fleet size necessary to transport
10,000 passenger per day was found to be reason-
able, the majority of the fleet and vertiport area is
unused during off-peak periods because fleet size
and vertiport area are determined by peak flow
conditions. Additionally, the imbalanced nature of
commuting flow leads to a large number of neces-
sary repositioning flights which further increase
operational costs. As a result, we anticipate scaled
commuting operations to be generally unprofitable
without a significant increase in vehicle passenger
density or improvement in pad vehicle throughput.
Furthermore, focusing on commuting operations
that replace helicopter, float plane, or ferry opera-
tions, or focusing on operations with more stable
demand, such as an airport air taxi mission, may
also be more practical in the near term.

Although the present formulations contain several
limitations, they enable scheduling and sizing of large
vertiport networks and facilitate exploration of fleet and
vertiport size sensitivity to vehicle and operational para-
meters. Furthermore, the implemented formulations and
presented sensitivity studies provide insight into and may
help inform vehicle design, vertiport configuration, and
fleet management policy decisions.
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