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ABSTRACT

An approach is proposed for the design and partial automation of arrival and departure routing
at vertiports. Multiple independent routes are provided to promote multiple simultaneous take-off
and landing operations. The goal is to resolve conflicts spatially in the vertiport airspace, reducing
conflicts in scheduling, en-route and ground-handling phases. A human-in-the-loop automation
protocol inspired by railway signaling is introduced to prevent conflicting arrival and departure
movements. For this, the concept of fixed ‘routes’ between fixed waypoints which require the
reservation of intermediate waypoints or ‘blocks’ provide guaranteeable interlocking functionality.
Two vertiport topologies are presented: a handcrafted example, and a scalable, parameterized
vertiport based on counter-threaded helices. Both topologies are demonstrated in simulation and
in reality with multiple drones where consistent spatial separation is shown.

Keywords: drone; vertiport; semi-automated; deconfliction

1 Introduction

Drones! are predicted to grow in commercial use in the coming years [1]. Vertical take-off and
landing (VTOL) drones are especially popular for their ability to hover and their independence from
runways, but scaling up will inevitably demand some ground infrastructure, especially at emerging hubs.
This motivates renewed interest in VTOL airports or vertiports [2], especially as their availability is
anticipated to be one of the top three constraints on future drone scalability [3]. Fig. 1 illustrates the
proposed concept of operations. In particular, the landing and take-off paths are to be spatially separated
such that paths with non-overlapping endpoints can be used simultaneously. For example, landings
Al1—H3, A2—H1 and A3—H?2 could all happen independently. This independence has been identified
as a strong enabler of capacity of the vertiport as a whole [4]. Vertiport research is varied, encompassing
architecture, economics, design and regulations [2]. NASA’s High Density Vertiplex (HDV) project [5]

I'This paper will use the term “drone"” for consistency and familiarity, noting that other terms such as “uncrewed air system,"
“aerial robot" and “remotely piloted air system" are also applicable and capture important aspects of the subject.
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Fig.1 Proposed vertiport concept of operations

has looked at architectures and human factors for vertiport operations, also including hardware-in-the-
loop trials with surrogate drones[6]. EASA work in this area gives broad principles for design [7]
building on established principles for heliport design [8]. In this context, dependent on scaling, our work
here could be considered as complex routing within a take-off/climb volume; a combination of separate,
complex take-off/climb volumes; or even a 3D assembly of hover taxi-routes between a virtual Final
Approach and Take Off airspace region and associated Touchdown ad Lift Off (TLOF) points on the
ground. However, it must be noted that none of these would meet the draft requirements [7] and thus
look ahead to a far future with much higher automation. Note that this paper does not consider transitions
between hover and forward flight and only looks at (near) vertical flight.

Closest to this paper are works on designing the flight paths for final descent and initial climb. The
vertidrome concept [9] includes detailed design of descent and landing profiles for multiple gates sharing
one landing TLOF and one take-off TLOF between many parallel gates. Ref. [10] adds concentric rings
for holding traffic around a central vertiport control zone. Meanwhile, Ref. [4] shows that independent
simultaneous landings and take-offs could dramatically improve vertiport performance — but without
designing the exact paths needed. The contribution of our work is a proposal for detailed design of these
paths and the associated control system. We envisage considerably more TLOFs than most published
works and focus on designing independently usable paths.

2 Principles of Operation

This section outlines the airspace principles upon which the proposed vertiport would operate,
including the design of the paths and the associated control logic. The vertiport has a dedicated terminal
airspace [9] into which drones enter via predefined initial approach fixes [4] from the surrounding en-route
airspace, which is assumed to be supported by a separate traffic management system to ensure separated
arrivals. Such an arrangement can readily fit into the EASA U-space framework [11], with drone-only
geozones for terminal airspace and predefined routes to them. On the ground, a number of Touchdown
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and Lift Off (TLOF) areas [8] denote the physical points on which drones can land. Between arrival
fix and TLOF, aircraft fly along fixed, pre-designed paths, much like the published procedure maps for
airports. On departure, drones again fly fixed paths from TLOFs to departure fixes, where they depart the
terminal airspace. Fig. 1 summarizes the operation in conceptual form. Unlike many other works, a large
number of TLOFs is assumed. The design of the paths aims to maximize spatial separation, i.e. paths
joining different fixes and TLOFs do not overlap at all and can be used independently without real-time
temporal coordination between different drones.

Drones navigate along the paths and may switch between them at crossing points according to
(sparse) instructions from the ground, inspired by the air traffic technique of point merge [12, 13]. The
control problem is then to avoid issuing conflicting instructions, to which the solution is inspired by
railway signalling [14]: commands are restricted such that only one drone can be in a section of airspace
at a time. This also draws on the ideas of procedural control for air traffic [15], relevant here because
extensive surveillance and precise 4D navigation is unlikely to be available in many drone scenarios. The
scope of this paper is limited to discussing the interlocking between such commands. These interlocks
can form the guards to a human controller in a semi-automated solution, as in our flight trials, or would
form the scheduling constraints on a future fully-automated arrival and departure manager [16].

The authors accept that this approach seems antiquated given the emergence drones fully capable of
designing trajectories in real-time [17], but it does have a clear route to verification [ 18] and inherits hard-
won experience of safety-critical operation [14]. However, it must be noted that the paths proposed are
considerably more intricate than draft regulations [7] foresee and are thus suited to far future operations
with a high level of automation.

2.1 Design of Takeoff and Landing Paths

The key requirement for the design of the paths is that any two paths with non-overlapping endpoints
must be safely separated. This is the maximal separation available: paths with overlapping endpoints
would conflict at those endpoints. The distance of separation will depend on drone size, navigation
accuracy, control performance, terrain, wake considerations and wind conditions [4, 7]. Detailed in-
corporation of this important parameter is left for future work. Two families of designs have been
considered:

2.1.1 Hand-crafted example
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Fig. 2 Views of the hand-crafted '"T" example pattern
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Fig. 3 Counter-threaded helical paths

Fig. 2a shows a handcrafted pattern for two TLOFs, PAD-L and PAD-R, and two collocated arrival
and departure fixes, e.g. “NTR-L" denotes the fix for arrival or entry from the left. By separating
the arrival/departure fixes in altitude, since the PAD-L—EXT-R path passes over the opposing PAD-
R—EXT-L path. Hence the design goal of independent paths between non-overlapping endpoints is
met. The waypoints “ROAD" and “BARN" are token destination/origin locations named for familiarity
based on features of our test site. Waypoints “BYNTR-x" provide further separation in the en-route space
between crossing routes to different arrival fixes. Fig. 2b will be discussed further in Section 2.2.

2.1.2 Counter-threaded helices

Scaling up demands a more systematic approach than hand-crafting, so Fig. 3 shows a concept
for four pads based on a symmetric pattern of helical paths. Each pad is at the base of one of the
inner four helices. Three different views of the pattern in 3D space are shown, accompanied by the
topological representation of the pattern as a directed graph. A departing drone is placed at one of the
four pads at the bottom of the pattern, marked ‘LNDO1’—‘LNDO04’. Takeoff occurs when the drone is
commanded to a specified departure fix ‘NTRYP’ — ‘NTRYS’. It climbs straight up 10m to the bottom
of an associated inner helix, ‘LNDO1’ to spiral ‘A’ at waypoint ‘A101°, ‘LND02’ to ‘B101°, and so on.
At some point, the drone arrives opposite an outer helix, denoted ‘P’ to ‘S’, associated with its departure
fix, and moves to the outer ring, climbing then up the outer helix to its departure fix. It then moves to the
outer waypoints, ‘CITTY’, ‘WILLO’ etc (named for memorability in relation to features of the test site).
To return and land, the drone does the reverse, descending the outer spiral ‘P’—‘S’ from its arrival fix
‘NTRYP’—‘NTRYS’, and then cutting in to the inner spiral leading to its assigned pad. Crucially, paths
between non-overlapping pairs are not in conflict, i.e. the route from A to Q is separated from the route
from B to S. Four drones can move through the pattern simultaneously, provided no two share a pad or
fix. Fig. 3d illustrates the available paths through the pattern, from a common “entry" point at the top,
to an assigned takeoff pad (‘TOF01’ etc), then to one of the four fixes (‘EXITP’ etc) to a corresponding
outer waypoint (‘WILLO’ etc), and then back through an arrival fix (‘NTRYP’ etc) and down to a pad
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(‘LNDO1’ etc.). Note that not all these points are labeled in Figs. 3a—3c to avoid overlapping labels. For
example, ‘EXITP’ and ‘NTRYP’ are in the same physical location but are different logical commands
in the mission. The implementation of the routing logic is described further in Section 2.2. The graph
representation is generated automatically from the mission description and provides a route to verification
of the pattern properties.

Variations with helices are available: consider Fig. 3 instead for two pads, with outer top fixes
alternating between arrivals and departures. Different variants of the pattern offer different trades
between key factors: the vertical and horizontal extent of the vertiport airspace, the throughput of the
vertiport, and the control required.

2.1.3 Free design

A future alternative for the design of the paths is to use a numerical trajectory generation approach to
optimize the pattern. A centralized optimization of all paths would demand intensive computation, but
one simplifying approach is to assume symmetry, such that the set of paths are constructed by rotating
a common path around a vertical axis by a set of uniformly distributed angle 6. If that generating
path is constrained to be spatially separated from its own rotation by 6, then rotations by any integer
multiple k0 € [0,2m) must be separated from all the others, i.e. for the tree p with nodes indexed by
ke[0,...,N]:

Ip(K) = Rop(K')|| > Drmin V(k, k') € [0,...,N] x[0,...,N] (1

where Ry is the 3 X 3 matrix rotating by 8 about the z-axis and D, is the minimum separation. Fig. 4
shows some initial results from this method using a rapidly-exploring random tree (RRT) [19] as the
generator for eight paths separated by 45°. The RRT is not ideal for flyable paths given the quality of
the paths generated [20] but is simple to implement and constrain. Future work will look at optimizers
for smoother, flyable paths in this role. The tree was grown from a starting point at (20,0,0) and
constrained to remain within the cylinder of radius 30 from the z-axis. Points on the cylinder surface are
possible arrival or departure fixes marked by triangles. The resulting paths connect each TLOF to fixes
well-spaced around the cylinder offering routes to all directions, which respecting D i, = 10 separation
throughout.

2.2 Drone Control Logic

Following the principles from Ref. [18], drones are pre-loaded with missions that include all possible
routes through the terminal air space, akin to an ARINC 424 database [21]. The choice of the route taken
is controlled by advancing the mission waypoint index to select only the desired movements. Waypoint
advances are under the control of a discrete set of routes issued from a central controller. In particular,
the mission is augmented with a list of commanded jumps, J := {s,r,t}; such that if a drone has
been directed along route r; and reaches source waypoint index s;, then the drone jumps ahead to target
waypoint index #;. The design of the commands is tightly coupled to the design of the paths, as well as
additional considerations to ensure separation.

Figs. 2b and 3d shows a representation of the paths in Figs. 2a and 3, respectively, as directed graphs.
Green lines denote automated transitions, either through simple progression from one waypoint to the
next, or “GOTO" commands in the mission. Red lines denote the jumps associated with a route, and in
this case, the commands simply use the waypoint nicknames.

In Fig. 2b, the initial “DUMMY" waypoint at the right is the starting point. The “CLRTO" route
enables a jump from “DUMMY" to “TO" which initiates the take-off, followed in default by “EXIT".
As a safety feature, the default next behavior is to land again via waypoint “ABORT". Alternatively,
route “EXT-L" will direct the drone to proceed to waypoint “EXT-L" from where it heads to destination
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Fig. 4 Example pattern designed by RRT with symmetric deconfliction for eight independent paths. Pads
are marked by squares. Triangles indicate arrival or departure fixes.

waypoint “BARN" , or route “EXT-R" will direct it to the waypoint of that name and hence to destination
“ROAD".

Fig. 3d also starts at the top with a dummy initial waypoint. For brevity, a summary of the available
routes is provided in Table 1. Drones can be routed from any pad to any fix, and vice versa, and then for
testing, always to the nearest “outside world" waypoint “WILLO’, ‘CITTY" etc.

The graph representation of the pattern permits some useful analysis using off-the-shelf tools. The
absence of cycles ensures that the mission will complete at some point, rather than get stuck in a loop.
Further, an all-pairs graph search for shortest paths can verify (i) that all the desired paths exist, e.g.
that every TLOF (pad) can be reached from every arrival fix, and (ii) that the system is passively safe,
meaning that in the event of a loss of communication that prevents commands being issued or enacted,
drones will slowly progress towards safe landing points.
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Routes Summary Effects

AP, AQ, AR, AS, BP, BQ, | Departure routes from each pad | Jumps from initial dummy waypoint
BR, BS, CP, CQ, CR, CS, | A-D to each fix P-Q to corresponding takeoff, then up the
DP, DQ, DR, DS inner spiral. Jumps across to outer
spiral connected to departure fix.

RW. QX, PZ, SY Routes outside the pattern | Jumps from departure fix waypoints

to “outside world" waypoints. | ‘EXITP’ etc to corresponding out-
Only routes to nearest waypoint | side world waypoint.

provided.
WR, XQ, ZP, YS Reverse of the above Jumps from outside world points to
nearest entry waypoints, ‘NTRYP’
etc.

PA, PB, PC, PD, QA, QB, | Arrival routes from each fix P- | Jumps from Arrival waypoints
QC, QD, RA, RB, RC, | S to each pad A-D. Reverse of | ‘NTRYP’ etc to tops of outer spi-

RD, SA, SB, SC, SD top row. rals ‘P204°, ‘Q204° etc. Also jump
to corresponding inner spirals when
they cross.

Table 1 Summary of All Possible Routes for Four-pad, Four-fix Helical Pattern

For multiple drones, separation demands some interlocking between issuing the commands. For
this, we propose an approach inspired by the block system for railway signaling, over a century old but
established as safety critical and still the basis for much rail safety today [14]. The paths (like the rail
tracks) are divided into non-overlapping blocks with the goal of ensuring that only one drone can be
in a block at any given time. The routes are issued (like the signals are cleared) permitting a drone to
enter a block only when that block is known to be clear, and cannot be re-issued until the block has been
vacated. This functionality is typically enacted by means of a token or mutex, some device in hardware or
software that can only be ‘possessed’ by one user at a time. The blocks prevent conflicts are overlapping
waypoints, for example, the collocated ‘NTRYP’ and ‘EXITP’ waypoints in Fig. 3d are in the same ‘PP’
block, ensuring that no two drones can be routed through them simultaneously.

There is flexibility in how routes and blocks are allocated, even across the same pattern geometry.
In this initial study, each inner spiral and each outer spiral is its own block. In extremes, each waypoint
could be its own block, and each level could have its own routes, to enable drones to be ‘stacked’ in the
pattern. The authors expect there to be trade-offs between complexity and performance, measured in
terms of throughput or capacity.

In this work, the blocks are arranged such that each arm of the inner or outer helix froms its own
block. This forms a set of Blocks AA, BB, CC and DD with respect to pads ‘A’ - ‘D’, and similarly for
fixes ‘P’ - ‘S’ and Unmanned Aircraft System Traffic Management (UTM) fixes ‘Q’ - ‘Z’. Crucially if a
drone wishes to take off from ‘A’ to go to departure fix ‘P’ on route ‘AP’, both the ‘AA’ and ‘PP’ blocks
must be reserved by the drone, and for the drone to stay put otherwise.

3 Results

The tools described have been implemented in a suite of software. A design toolbox for developing
patterns including commanded jumps and graph interpretation has been written in Matlab, including the
facility to export the mission in MAVLINK format [22]. For flight testing, a control application has
been written in Python using the Pymavlink drone communication library [23] and combining the jump
controls, command logic, and a graphical user interface for multiple drone monitoring and command.
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3.1 Flight Test of T-Shaped Pattern
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Fig. 5 Screen capture of semi-automated control system during flight test

Fig. 5 shows a screen capture from the ground control station during a flight test of the basic “T-
shaped" pattern described in Section 2.1.1. The upper window shows two drones, with IDs 3 and 4, under
the control of the system. The matrix of buttons at the right of this window enables the controller to issue
commands to the drones. Observe that drone 3 has been issued with the “EXT-L" command, denoted by
the green coloring of the associated button. Following the “endpoint as token", the other buttons in that
column are disabled. This denotes that the “EXT-L" token is locked and no other drone can be given the
“EXT-L" command until drone 3 has been issued and responded to another command.

Fig. 6 visualize trajectories from three scenarios within these flight tests, extracted from the log files
of the drones. The first scenario in Fig. 6a shows obvious spatial separation as the two drones go in
opposite directions. The second scenario in Fig. 6b shows the drones crossing, drone 3 going from left
pad to right fix, and drone 4 vice-versa. Drone 4 passed well under drone 3’s path. Finally, Fig. 6¢ shows
a case where the drones swap pads, but again were well-separated at the point of crossing. All of these
scenarios were conducted purely under the control of the control logic described in Section 2.2, with
commands issued by button pushes on the ground station. Safety pilots were present for both drones but
made no interventions during the flights.

3.2 Multi-drone Flight Test of Helical Pattern

The introduction of the routing and block system during the design of the helical pattern, shown in
section 2.1.2, allowed for flight tests with greater number of vehicles in a safer manner. A flight test of
4 drones on a 4-armed helical pattern was performed at Snowdonia Aerospace Center with one of the
resulting trajectories shown in Fig. 8. A flight consists of a takeoff from a landing pad to a departure fix,
a transition to a UTM fix, a transition back to an arrival fix, and then a landing pad request. In each of
these stages, the drone awaits the reservation of its requested blocks through the users route request. All
runs were first verified in Software-In-The-Loop simulation to ensure all the safety-critical parameters
were maintained before flight testing in reality.
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(Google Earth

(a) Drone 3 (red): PAD-L—-EXT-L—>NTR-L—PAD-L (b) Drone 3 (red): PAD-L—-EXT-R—NTR-R—PAD-L
Drone 4 (green): PAD-R—EXT-R—-NTR-R—PAD-R Drone 4 (green): PAD-R—EXT-L—-NTR-L—PAD-R

[ Google Eorth
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(¢) Drone 3 (red): PAD-L—-EXT-R—NTR-R—PAD-R
Drone 4 (green): PAD-R—EXT-L—-NTR-L—PAD-L

Fig. 6 Flight test results for three scenarios involving two drones, two pads and two collocated ar-
rival/departure fixes.
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Fig. 7 Screen Capture of the semi-automated control system for the helix pattern during operation.
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(a) A long-exposure shot showing the simultaneous de- (b) Plotted drone position logs showing their combined
parture of 4 drones from the vertiport. departure and arrival.

Fig. 8 Results of the helical pattern flight test 17 at Snowdonia Aerospace Center.

The users route request is facilitated with a redesign of the user interface. The screenshot shown in
Fig. 7 shows the live interface during the flight test. The top two windows of the GUI are the primary
control panels. The left is a safety critical panel monitoring the status of the drone and is run in its
process to avoid system failure. The panel on the right allows a user to select routes for a specific drone
to take. The selectable routes displayed are dynamic based on the current waypoint of the drone. The
selection of waypoint first checks with the block manager to ensure that the route reservation is valid
as previously described. Messages are shown when a route is completed, or if a route is unable to be
reserved. The status of the block manager is shown in the bottom left window, with a number of blocks
PP, QQ, RR and SS shown as occupied with drones in them. You can also see how ‘AA’ and ‘BB’ have
been reserved as the drones are arriving in this snapshot from PA and QB respectively by drones 1 and
2. Drones 3 and 4 are awaiting a routing to a landing pad and thus remain unreserved. The remaining
bottom right windows are from the mavproxy utility which shows a birds eye view of the drones with a
visualization of the stored mission representing the vertiport, and a console for monitoring the internal
status of a single drone.

Table 2 shows the routes selected for flight test 17. This flight was intentionally designed such that all
of the drones take off and ascend following the outer helix in order to visually demonstrate the vertiport
layout. Fig. 8 shows the trajectories traversed during test flight 17. The helical paths can clearly be seen
in the long-exposure photo of the departure. Plotting all of the trajectories, the spatial separation of the
trajectories demonstrates how conflicts are avoided. The table shows the blocks which were automatically
reserved when routes were selected during the departure and arrival flights. Note how the arrival routes
and requested landing pads differ from the departure ones.

Drone ID | Routes Departure Arrival

Drone 1 AS, SY, YS, SC Takeoft: TOFO1 Landing: TOF03
(BLUE) Blocks: AA,SS, YY Blocks: YY, SS, CC
Drone 3 BP, PZ, 7P, PD Takeoff: TOF02 Landing: TOF04
(AMBER) Blocks: BB, PP, ZZ Blocks: ZZ, PP, DD
Drone 4 CQ, QX, XQ, QA Takeoff: TOF03 Landing: TOFO1
(RED) Blocks: CC, QQ, XX Blocks: XX, QQ, AA
Drone 5 DR, RW, WR, RB Takeoff: TOF04 Landing: TOF02
(GREEN) Blocks: DD, RR, WW Blocks: WW, RR, BB

Table 2 The routes selected by the operator for each drone during flight test 17. The reserved blocks for
departure and arrival are shown. These actions result in the trajectories logged in Fig. 8.
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Fig. 9 This plot shows the minimum separation distance at a given altitude between every pair of drones
for the 4 drone helical flight tests, for each of the separate tests conducted. The separation never goes below
the minimum expected separation in any of the flight tests showing consistent spatial temporal separation
within the vertiport.

4 Discussion of Results

A key validation is to ensure that there always exists an accepted amount of separation between any
two pairs of drones within the vertiport itself. This is important in verifying the separation constraints
enforced during the design of the routes. In total, four flight tests (17, 18, 19, and 20) were conducted
in a helical pattern, each involving four drones. For each flight, Fig. 9 shows the minimum separation
distance between each pair of drones for the flight test described above following routes in and out,
generated a-priori from the drone logs. The minimum separation distance is plotted against the altitude
for a visualization of spiral traversal. The routes in and out are manually controlled by the experiment
operator but are intended to represent nominal operation. A minimum expected separation distance can
be calculated at 8m as the difference between the inner spiral radius (12m) and the outer spiral radius
(20m), with the minimum occurring if a drone is departing as another is arriving. The figure illustrates
that no flown pair of routes results in a smaller separation than this value. This therefore demonstrates the
safety factor gained by spatial separation through using the helical pattern generated through the method
previously described.

The reproduction and distribution with attribution of the entire paper or of individual

Except where otherwise noted, content of this paper is licensed under . . . . . .
p . o . pap . 1 1 pages, in electronic or printed form, including some materials under non-CC-BY 4.0
[ a Creative Commons Attribution 4.0 International License. . . . .
licenses is hereby granted by the respective copyright owners.



5 Conclusion

An approach to the design and control of air operations around vertiports has been proposed. It is
based on controlled switching between pre-determined routes, designed to support multiple simultaneous
arrivals and departures. The goal is to resolve conflicts in flight in the terminal airspace, such that ground
and en-route operations may be simplified. Several designs of paths and associated controllers have
been discussed. Paths are designed to ensure spatial separation of independent routes. Control logic
is designed along an airspace block principle, with no more than one drone allowed in a block at any
time. Initial results have investigated the concept validity. Numerical simulations have shown potential
performance of a fully automated system. Flight tests have validated the operability of a semi-automated
scheme using the control logic to provide safety guards on commands from a human controller. Future
iterations will explore routing for heterogeneous vehicles and handling contingency scenarios.
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