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Abstract—To efficiently and safely provide various types of
services, small Unmanned Aircraft System (sUAS) are envisioned
to be integrated with other airspace users. SUAS operation types
such as route network, free flight, free routing can be determined
depending on services, operating environments, etc. This paper
addresses a route network-based flight planning problem that
includes separation considered routing and scheduling for multi-
ple sUASs. We propose an algorithm that generates each a route
and schedule for each flight from its origin to its destination to
minimise each sUAS’ flight time while satisfying the minimum
separation requirement at all times. The algorithm consists of
an inner loop and an outer loop. In the inner loop each sUAS
optimises its flight plan by solving its unique shortest path
problem in a decentralised way. In the outer loop one of the flights
is allocated using a centralised algorithm in each outer loop. The
algorithm continues until all flights are allocated. As a prelim-
inary study, we demonstrate the proposed algorithm through
case studies for ‘“last-mile delivery”, and “first-mile delivery”.
The main contributions of this paper are as follows: increasing a
solution search space by solving routing and scheduling problems
simultaneously with separation assurance; low computational
time. The proposed algorithm can be potentially applied to
airspace capacity estimation and throughput of service points.

Keywords—Flight planning, Unmanned Aircraft System (UAS)
Traffic Management (UTM), Routing and scheduling, Drone
delivery service

I. INTRODUCTION

In the near future, small Unmanned Aircraft Systems
(sUASs) are expected to be integrated with other airspace
users for different purposes, e.g. shipping with sSUASs might
be more efficient than shipping with conventional vehicles [1],
sUASs might transport medical supplies and necessaries over
hazardous terrain during a state of emergency [2]. There is
a need for the safe operation and the efficient integration
with current airspace users. Recently, the Federal Aviation
Administration (FAA) published the regulation to allow the
operation of sUASs in the National Airspace System [3].
To avoid interference with manned aircraft operations, the
operations in the regulation limit altitude of 400 feet above
ground level or within 400 feet of a structure, maximum
weight to 55 1bs. (25 kilograms), the maximum ground speed
of 100 mph (87 knots), etc. More details of the operational
limitations are listed in [3]. A variety of international and
national organisations have initiated projects on UAS Traffic
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Management (UTM) system to establish policies, require-
ments, frameworks, and infrastructure for the safe operation
and the efficient integration [4]-[7]. The projects commonly
emphasise that the UTM system requires services such as geo-
fencing, airspace design, routing (route planning), scheduling,
separation management (spacing and sequencing), contingency
management as the current Air Traffic Management (ATM)
system. The UTM operations and services might be affected by
the current ATM system that is the most relevant and reliable
system.

Amongst the services, demands of routing, scheduling, and
separation management have been raised because not only its
primary aim but also these can be utilised as one of the factors
determining airspace capacity and throughput of the service
points. Many studies in the literature have focused on the
SUAS path planning problem, and solved the problem with
free flight or free routing approaches [8]-[13]. In high-density
urban airspaces, the free flight-based operation may have diffi-
culty in the safety, flight priority, and contingency operations.
To consider potential interactions with the other users, and
infrastructure, one possible approach is the route network-
based operation. In [7], authors focus on the route networks
and its capacity and throughput. The capability and throughput
are analysed by using a flight planning algorithm that only
considers constant aircraft speed, and is time-independent, i.g.,
the authors solved the routing problem with an assumption
that once a sUAS occupies a route, then any other sUASs
cannot traverse the occupied route. However, the approach
causes unrealistic urban airspace capacity analysis results
because of the conservative assumptions such as constant
speed, route-based separation. It might degrade the optimality
of solutions, although these have a computational advantage.
In the ATM system as well, the routing, scheduling, and
separation management are tackled separately or sequentially.
In tactical phases, Air Traffic Controllers (ATCOs) make
decisions manually based on their experience, intuition and
some rules without using formally defined performance indices
[14].

In this study, we modify an algorithm, which we proposed in
[15] for the multiple aircraft routing and scheduling for com-
mercial aircraft, to solve the route network-based flight plan-
ning problems (routing and scheduling) for multiple sUASs
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in high-density urban airspaces also called very low level
(VLL) airspace. The proposed algorithm generates each sSUAS’
flight plan iteratively. At each iteration, each sUAS finds its
flight plan in a decentralised way by solving a graph-based
problem we formulate (inner loop), and one of the sUASSs is
allocated using centralised algorithms (outer loop). The outer
loop continues until all SUASs are planned. For the inner loop,
we propose a novel weight scheme to minimise each sUAS’
flight time that satisfies the time-based separation requirement.
By assigning the weights in the graph, we can consider a few
practical factors such as feasible speed ranges of the sUASs,
different separation requirements, etc. Then, each sUAS has
its unique VLL airspace graph, and its optimal route obtained
by using any well-known shortest path algorithm implies
each sUAS’ flight plan. We focus not only proposing the
flight planning algorithm for multiple SUASs over the route
networks, but also a comparison between two different outer
loop algorithms. The algorithm is demonstrated on the last
mile delivery (1-to-M) and the first mile delivery (N -to-
1) cases. Results of the two case studies will demonstrate
the multiple flights flight planning and provide insights into
establishing detailed requirements for the SUAS operations in
the high-density VLL airspace. Throughout this preliminary
study, we expect that more efficient route network-based flight
plannings, and capacity estimation for the high-density VLL
airspace.

The rest of this paper is organised as follows. Section II
formulates the problem for a single sUAS flight planning.
Section III describes the proposed algorithm for multiple
sUASs’ flight planning problem. As a preliminary case study,
over-road route networks for “last-mile delivery” and “first-
mile delivery” are given and solved in Section IV. Section V
concludes this study and Section VI discusses the proposed
algorithm and further work.

II. PROBLEM STATEMENT FOR SINGLE SUAS FLIGHT
PLANNING
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Figure. 1: A series of linear flight segments (SUAS «;’s route from its
origin v] to destination vy, )

Our focus is on flight planning a finite set AT =
{a1,0aa,...,a;} of sUASs in the high-density VLL airspace
where each sUAS a; € AT traverses from its origin to its
destination. The flight planning, in this context, means finding
routes, its speed profile (schedule), and departure or an arrival

sequence while satisfying the separation requirement from a
finite set A~ of planned sUASs.

Main assumptions we make for this study are as follows:
each flight path is composed of a series of linear flight
segments as shown in Fig.1; each sUAS traverses along each
segment at a constant speed; each UASs can accurately follow
the route without deviation; a time-based separation concept
is utilised; uncertainties produced by external sources are
neglected such as adverse weather; flight plans are shared
between sUASSs; the hovering manoeuvre is not considered.

A. Time-Based Separation

Conflict detection is activated when separation of two
SUASs is less than a minimum separation criterion. In this
study, we apply the time-based separation concept instead of
the widely used distance-based separation concept to stabilise
the spacing between the sUASs. By satisfying the separation
assurance flight time for each waypoint rather than adjusting
the distance between sUASs, we can obtain results that satisfy
the minimum separation at airways as well as at waypoints
at all times. The concept allows time-based separation to
be satisfied at both merging points and crossing points as
described in Section II-B.

For ease of understanding, we describe the concept with an
example. At the time ¢y of Fig. 2, a; and o fly toward the
vc through the same merging point, vy, at the speeds s{ and
sﬁl, respectively. The time ¢; when «; just passes through vy
at the speed of s! is stored at the merging point T'(vy), and
no sUAS can pass through this point for tgp seconds before
and after ¢;. The time ¢5 is stored in 7'(vy) in the same way.
Then, «; and «v;s traverse toward vc at the speeds of sb and s,
respectively. If a; and o/ fly from vy to vc at the speeds of s
and sg, respectively, the separation between two sUASs will
always be met the separation requirement or greater than that
on the route between vy and vc. At the time t3 of Fig. 2, ay
and ;s fly at the same speed while maintaining the minimum
separation. The time data at the waypoint vy is as follows:

T(vy) = {0s,120s,210s}. (1)

The time data at each waypoint obtained such as (1) is used
to calculate the optimisation problem that will be described in
Section.III.

B. Mathematical Modelling

For the operational purposes, the route network-based oper-
ation is one of the concepts for the UTM system [16]. Thus,
we model the high-density VLL airspace for the UTM system
as a directed graph G = (£,V), called an airspace graph. In
the airspace graph, each vertex v € V is a waypoint candidate
to be traversed through Euclidean space of dimension two or
three. Each edge e € &, corresponds a rectifiable curve, is a
route between some pair of waypoints in the airspace graph.
In this model, a feasible flight path of SUAS ¢; in the airspace
graph G = (€,V) is defined as follows:
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Figure. 2: Time-based separation concept for merging points (c; and « fly
frpm ‘its origin VA a}/ld vp to vc through a merging point vy at the speed
{s},s5} and {s , s} }, respectively. The superscript and subscript of s are
the sUAS index and the segment index, respectively)

Definition 1. (D1) As given in the airspace graph G = (£,V),
sUAS «; to be routed in G, and the initial waypoint v} € V
and the final waypoint U}L € V, a flight path denoted by p(«;)
in G = (£,V) is defined by a sequence of waypoints.

Thus, in the airspace graph G = (£,V), there can be an
abundance of flight path candidates denoted by C that satisfy
the conditions as described in D1. Through D1, each flight
path candidate p(cy;) € C can be given a corresponding flight
path (a set of waypoints) as follows:

ploy) s vi,vh, ... 00 (2)
For each sUAS’ route as given in (3), there is a set of routes
connecting waypoints through this flight path, which is as
follows:

E(p(au)) - 621,2)7 322,3)7 R ez(lni—l,n.;)' 3)

Through this formulation, for each flight path candidate, it
is assumed that a performance index for a set of airways
E(p(a;)) can be quantified as a set of positive numeric weight
values, as follows:
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Figure. 3: Time-based separation concept for crossing points (c; and s fly
from its origin point va and vg to its final point v4s and vgs through a
crossing point vx at the speed {s?,s%} and {sf , sg}, respectively. The
superscript and subscript of s are the sUAS index and the segment index,

respectively)

W(p(aw)) = wh,wh, .. wh . 4)

Then, the airspace graph G = (&£,V) is transformed into a
weighted directed graph G = (£, V, W) by assigning a weight
to each route for all flight routes. In the airspace graph
G = (€,V, W), each flight path can be estimated by summing
all weights of W(p(«;)), as follows:

=) wl 5)

Based on the airspace graph, G = (£,V, W), the routing
problem that minimises a performance index can be defined
as follows:

Definition 2. (D2) Given an airspace graph G = (£,V, W)
and corresponding all flight path candidates C, the routing
problem is defined as finding a flight path (or a sequence of
waypoints) such that

p*(ay) = argmin T (p(«;)). (6)
p(a;)€C



The optimal flight path p*(«;) can be found by using the well-
known shortest path algorithms such as Dijkstra’s algorithm,
A* algorithm, the brute-force search [17]-[19]. Although the
optimal route p*(«;) can be obtained according to D2, the
optimality of the flight path might be disturbed in the following
stages: scheduling stage and conflict resolution stage to satisfy
the separation requirement. Such a sequential approach can not
only cause the optimality issues but also require additional
works for scheduling, and sequencing and spacing.

Our objective of solving the flight planning problem is
to maximise airspace capacity, which can be achieved by
minimising the flight time of each sUAS. We also intend
to minimise the disturbances in the sequential approaches by
solving the routing, scheduling, and sequencing and spacing
problems simultaneously. Our main idea for achieving the
objective is to assign a weight to each route (edge) of the
airspace graph where the weight is expressed as sUAS’ speed
or the flight time. Therefore, each SUAS’ speed profile also
can be obtained by finding the optimal route in the airspace
graph. We set the flight time of each sUAS as a weight w € W
to each route e € &£ of the airspace graph G = (£,V, W). Note
that, the flight time and speed of each SUAS are mutually in-
terchangeable using the geographic data in the airspace graph.
Each sUAS’ speed profile is determined within its feasible
speed range while satisfying the separation requirement from
planned sUASSs.

Another issue we have addressed is to satisfy the separation
requirement between each pair of sUASs. To assign the flight
time that satisfies the separation requirement to each edge of
the airspace graph, we need data of the planned sUASs’ flight
time at each waypoint as discussed in Section.II-A. The time
data will be included in the airspace graph G = (£,V, W,T)
and be used to calculate weights of the airspace graph. By
finding the optimal route of the airspace graph G, then, we can
obtain the schedule of the SUAS while satisfying the separation
requirement simultaneously. Each sUAS «; € AT might
have different weights W, because of different specifications
such as each sUAS’ feasible speed range or the separation
requirement as well as its initial and final positions. Thus,
each sUAS might have its unique airspace graph G; as shown
in Fig.4.

a, a, a;
Urban Urban Urban
Airspace Airspace Airspace
Graph Graph Graph

Figure. 4: Unique urban airspace graphs for each sUAS

C. Calculating weights on G;
compliant speed profiles

suitable for separation-

In this subsection, we propose a weight scheme to be
applied to the airspace graphs G; to fulfil the our objectives.
An optimisation problem for calculating the proposed weights
is as follows:

min Y (7
=1 %
st 4+ 24+ L > maxT(v) ) +tsp (8)
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Sfnin < Siasév"' asfzi—l < S:lnax (12)
where s’ and s’ are minimum and maximum speed of

sUAS «;, respectively. Time tgp is the minimum time-based
separation requirement between sUASs at waypoints as shown
in Fig.2. The objective function (7) is to minimise the flight
time. The constraints from (8) to (11) are for satisfying the
minimum separation requirement at each waypoint. In Fig.1,
for instance, if £(p(a;)) consists of n; — 1 segments for
SUAS «;, each segment requires the flight time that satisfies
the separation requirement. Each of the left hand side of the
constraints from (8) to (11) is the flight time to the each
segment, which must be greater than or equal to the time that
satisfies the separation requirement. For the constraints, flight
distances d between waypoints connected by airways and the
time data 7" stored in G, are required. The time data T(v;i
indicates the flight time that SUAS «; fly over waypoint U;
The time data is stored in 7" for each waypoint v € V, and
T is updated every time sUAS is allocated and shared with
Va; € AT. Then, the optimisation problem we formulated can
be solved by using any well-known nonlinear programming
algorithm. In this study, we utilise an interior point method.

In the optimisation problem, decision variables as shown
in (13) are constant speeds for flight segments, which will
be transformed into the flight time and assigned into weights
W; +. Therefore, a solution of the airspace graph G; =
(E,V,W; 4, T) can simultaneously provide a route and sched-
ule satisfying the minimum separation at all time. A speed
profile shown in (13) can be derived from the solution and
used as a separation-compliant speed profile. The permissible
speed range of each sUAS is a function of the type of the
sUAS.

s(i) 81, 8h,..., k.. (13)
We also construct flight distance-based weights Wy on G; to
reflect the flight distance d as a second criterion. The weights
are necessary to prioritise for multiple sUASs’ flight planning
problem when two or more sUASs arrive at the waypoint
at the same time and determining the departure sequence,
more details about the priority are in Section.IIl. The single



sUAS flight planning problem that motivated this study can
be formulated as follows:

Problem 1. (P1) Given an airspace graph G; =
(E, VWi, W4, T), SUAS «; to be routed and scheduled in
Gi, and its origin v{ € V and destination v}, € V reachable
from the origin, construct a route p(a;) and a speed profile
s(a;), Yoy € AT such that
« the separation requirement is satisfied from the planned
sUASSs,
« the speed profile of each sSUAS must be within its feasible
speed range,
« the airspace graphs are updated every time when sUAS
a; € AT is planned.

III. FLIGHT PLANNING ALGORITHM FOR MULTIPLE SUASS

Algorithm 1: (A1) Flight planning algorithm for mul-
tiple sUASs
Input: v@ v}l €V, Va; € AT, airspace information
Output: p(a;), s(o;), Vo, € A~
1 k=1
2 generate G = (£, VWF,, Wq,TF), Va; € AT
3 while AT £ 0 do
4 find h-shortest routes for GF = (£, V, W,, T*),
Ve, € AT (using Yen’s algorithm);
5 generate GF = (&, V,Wl-’ft, Wy, TF), Va; € AT that
only considers the best h routes, Va; € A™;
6 | find p*(a;) of GF = (£,VWf,, T"), Va; € AT,
Vo, € AT (using Dijkstra’s algorithm);
7 af < argminp*(a;) (using the FCFS algorithm or

Vo, €A+
the LCFS algorithm);
8 if There are more than two o exist then
9 find p*(a;) of GF = (£,V,Wa, T*) amongst
them (using Dijkstra’s algorithm);
10 al « argmin p* (a;) (using the FCFS
Vai
algorithm or the LCFS algorithm) ;
1 allocate al;
12 remove az from AT and store ozj in A~ with
p*(a;) and s(p*(ov));
13 share A~ with Vo, € AT,
14 else
15 allocate o
16 remove o from A" and store o in A~ with
p*(a;) and s(p*(ov));
17 share A~ with Vo, € AT,
18 end
19 k=k+1;

20 update G = (£, V,WF,, Wq,T"), Va; € AT ;
21 end

Section II focuses on the single sUAS flight planning
problem (inner loop) which can be formulated by assigning the
proposed separation satisfied flight time-based weights to the

airspace graph. By doing so, we can consider practical factors
such as feasible speed ranges of the sUASs, and different
separation requirements. In this study, we solve the P1 using
Dijkstra’s algorithm. However, the flight time-based weights
of each SUAS only satisfy the separation requirement from
already allocated sUASs.

In this section, we describe the outer loop of our algorithm
which determines the order of arrival and departure of multiple
sUASs in an iterative way. At each iteration, each unallocated
SUAS finds its flight plan by solving the P1 (inner loop) and
one of the unallocated sUASs is allocated using the First Come
First Served (FCFS) algorithm or the Last Come First Served
(LCFS) algorithm (outer loop). The outer loop algorithm plays
a important role to increase the airspace capcity. Through the
case studies, we will show the difference between the FCFS
algorithm and the LCFS algorithm according to the type of
case.

Once inputs of the algorithm are given, the algorithm
runs the flight planning process of the sUASs until AT is
empty (Line 3). The algorithm generates first the airspace
graphs G}, Vo; € At (Line 2). Then, each sUAS has its
unique airspace graph that contains flight time-based weights
W&t determining the optimal route and its flight time. In
order to reduce the complexity of the process that calculates
the weights, the algorithm selects the h-shortest routes for
GF = (£,V W4, T"),Va,; € AT using Yen’s algorithm, and
generates G¥ only considering the h-shortest routes (Line
4-5) [20]. The optimal route p*(«;) is obtained by using
Dijkstra’s algorithm, Vo; € AT (Line 6) [17]. The sUAS o is
obtained by using the FCFS algorithm or the LCFS algorithm
(Line 7), and allocated (Line 15). The sUAS o is removed
from AT, and stored in A~ with its route p*(c;) and speed
profile s(p*(c;)) (Line 16). In the case of that more than two
sUASs are arriving to the same destination (Line 8), the flight
distance-based weights W, are utilised to allocate a sUAS
amongst them (Line 9-13). In any case, a sUAS is allocated
and its flight data is shared with SUAS «;, Va; € A™. Based
on the data each airspace graph GF is updated, Yo; € A (Line
20).

We illustrate an example in Fig. 5 for a better understanding
of the outer loop concept of the proposed algorithm with
the FCFS algorithm as the outer loop algorithm. In the
first iteration, each SUAS generates its airspace graph G},
Vo; € AT. Through the inner loop process, each sUAS’s
p*(a;) is determined. The first come sUAS s is allocated
using the FCFS algorithm. In the second iteration, SUAS a4
is allocated through the same process as the first. In the
(A)" iteration, SUAS «; is allocated finally. Although in the
example above we assume that the first come sUAS has the
priority to be allocated, the criteria or the outer loop algorithm
to determine the priority can be changed.

Advantages of the proposed algorithm are as follows: (a)
enlarging the solution searching space by searching a flight
path and schedule of each sUAS simultaneously; (b) providing
separation-compliant speed profiles that satisfy each sUAS’s
performance; (c) applicable for various types of route net-
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Figure. 5: Iteratively generated urban airspace graph concept of Al

works; (d) applicable for airspace capacity estimation.

IV. CASE STUDY

Last-mile delivery and first-mile delivery have been chosen
to demonstrate the proposed algorithm. Scenarios are based on
a town ‘Oldbrook’ in Milton Keynes, which is one of the well-
planned cities in United Kingdom as shown in Fig.6. Two-
dimensional infrastructure data of the town is obtained from
Google Earth Pro. Both scenarios have an area size of 0.98
km?2. For this two cases, we construct two route networks over
roads which are similar to the en-route airspace for commercial
aicraft. In this route networks, two layers of nodes are set
above the roads at the height of 20 meters and 30 meters
for eastbound and westbound as shown in Fig.7 and Fig.8§,
respectively. Each route network consists of 68 points (1 retail
point (red pin) and 67 service points (green pins)) as shown
in Fig.6, and 103 directed airways as shown in Fig.7 and
Fig.8. Thirty sUASs traverse from each sUAS’ start point to
each sUAS’ final point. Both cases consider only one type
of the SUAS. The sUAS type can be changed based on thier
missions and operators. Also, it is assumed that the separation
requirement including landing and take-off during the flight
between sUASs is 5 seconds as shown in Table I.

TABLE I
SUAS SPECIFICATION & SEPARATION REQUIREMENTS

Permissible Speed Range [km/h] [5 - 25]
Horizontal Separation [sec] 5
Departure Separation [sec] 5

Arrival Separation [sec] 5

The outer loop of Al to allocate sUASs’ departure and
arrival order is one of the factors that determine airspace
capacity, throughput, etc. For the outer loop we present two
simulations with both the FCFS algorithm and the LCFES
algorithm for both the last mile delivery case (1-to-M) and
the first mile delivery (N -to-1) case to demonstrate the effect
of the outer loop algorithm as well as the efficiency of Al.

Figure. 6: Oldbrook, Milton Keynes, United Kingdom (need Google earth

reference)
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Figure. 7: Eastbound, 1 retail point (E68) and 67 service points (E1 ~ E67)
and 103 directed airways

A. Last Mile Delivery (1-to-M)

For the last mile delivery both the FCFS algorithm and the
LCFS algorithm to allocates SUASs’ departure sequence are
applied (for the latter case Line 7 and Line 10 of Al are
replaced to the LCFS algorithm). Table II and III show each
sUAS’ flight details when the FCFS algorithm and the LCFS
algorithm are applied, respectively. Both of the outer loop
algorithms generate 30 sUASs’ flight routes and its sched-
ules while satisfying the minimum separation requirements.
Additionally, from comparison results between both of the
algorithms as shown in Table IV and Fig.9, we can see that the
mission completion time of the LCFS algorithm case is 34.5%
more faster than the FCFS algorithm case. In the latter case,
also, each sUASs’ mission completion time is more evenly
distributed than the FCFS algorithm.



TABLE 11
FLIGHT PLANNING RESULTS OF 30 SUASS FOR THE LAST MILE DELIVERY (OUTER LOOP: FCFS ALGORITHM)

sUAS | Start
ID point

Final
point

Waypoint sequence (arrival time at each waypoint [sec])

speed profile [km/h]

Qg E68 E4

E68(180) - E24(197) - E17(217) - E1(244) - E2(268) - E3(280) - E4(293)
25-25-25-25-25-25

as E68 E5

E68(220) - E24(237) - E17(257) - E1(284) - E2(308) - E3(320) - E4(333) - E5(345)
25-25-25-25-25-25-25

a2 E68 E36

E68(130) - E32(147) - E33(169) - E34(181) - E35(193) - E36(206)

25-25-25-25-25

23 E68 E38

E68(170) - E32(188) - E33(209) - E34(221) - E35(234) - E36(246) - E37(258) - E38(271)
25-25-25-25-25-25-25

TABLE III
FLIGHT PLANNING RESULTS OF 30 SUASS FOR THE LAST MILE DELIVERY (OUTER LOOP: LCFS ALGORITHM)

sUAS | Start
ID point

Final
point

Waypoint sequence (arrival time at each waypoint [sec])

speed profile [km/h]

(o7 E68 E4

E68(110) - E24(127) - E17(147) - E1(173) - E2(197) - E3(210) - E4(223)
25-25-25-25-25-25

as E68 E5

E68(70) - E24(87) - E17(107) - E1(133) - E2(157) - E3(170) - E4(183) - E5(195)
25-25-25-25-25-25-25

E68(160) - E32(177) - E33(198) - E34(211) - E35(223) - E36(236)

azz | E68 | E36 25-25-25-25-25
bes | mag | EO8(120) - E32(137) - E33(158) - E34(171) - E35(183) - E36(196) - E37(208) - E38(221)
23 25-25-25-25-25-25-25
TABLE IV

COMPARISON BETWEEN THE FCFS ALGORITHM AND THE LCFS
ALGORITHM FOR THE LAST MILE DELIVERY

FCFS LCFS
algorithm | algorithm
Total flight time [sec] 7035.1 7031.1
Total flight distance [km] 19.3 19.3
Mission completion time [sec] 468.7 307.0

B. First Mile Delivery (N -to-1)

We consider the worse case of the first mile delivery, which
is that every sUAS departs at the same time. For this case,
both the FCFS algorithm and the LCFS algorithm to allocates
sUASs’ departure sequence are applied (for the latter case Line
7 and Line 10 of A1 are replaced to the LCFS algorithm). Note
that, due to various factors such as the number of sUASSs,
feasible speed ranges, and minimum separation requirements,
Al may not be able to generate flight plans for the sUAVs
satisfying the minimum separation requirements for the N/-to-

1 case. In this worst case of the first mile delivery, especially,
A1 with the LCFS algorithm for the outer loop cannot generate
separation assured flight plans while the FCFS algorithm
generates each sUAS’ flight plan that satisfies the minimum
separation requirement. Table V shows each sUAS’ flight
details when the FCFS outer loop algorithm is applied for
the given start point and final point of each sUAS.

The computation time of the algorithm for this example on
a Windows 10 OS 3.4 GHz desktop computer with 16 GB
RAM is shown in Table VI. The computation time will be
significantly decreased if we solve each sUAS’ inner loop in
a decentralised way, which is assumed as a centralised manner
in this study.

V. CONCLUSIONS

In this paper, the flight planning algorithm for multiple
sUASs is proposed with the route network over roads. The
algorithm generates routes and schedules of the sUASs to
minimise each sUAS’ flight time in the given route network.
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TABLE V

FLIGHT PLANNING RESULTS OF 30 SUASS FOR THE FIRST MILE DELIVERY (OUTER LOOP: FCFS ALGORITHM)

Mission completion time (sec)

UAS | Start | Final Waypoint sequence (arrival time at each waypoint [sec])
ID point | point speed profile [km/h]
o we | wes W4(0) - W3(13) - WZ%S_) és\x{lé;w_) 25W1275(76;5 W24(96) - W63(113)
ws | wes | WSO - WA(I3) - W3(26) - W2(39) - W10(50) - W19(65) - W18(77) - W17(91) - W24(111) - W68(128)
@5 24 -25-25-25-25-25-24-25-25
W36(0) - W35(13) - W34(25) - E - W32 - W68(77
o W36 Wes 36(0) 35(13) . ?2(55_)24 -3323_9)25 32(60) 68(77)
o W38 W68 W38(0) - W37(15) - W36(28) - E35(41) - W34(56) - E33(69) - W32(90) - W68(107)
z 22-24-24-22-25-25-25
TABLE VI
COMPUTATIONAL TIME FOR THE CASES [SEC]
w, Last mile delivery with FCFS algorithm 19.8
o Last mile delivery with LCFS algorithm 12.1
. gvﬁ.‘ g wiy 4y Wy First mile delivery with FCFS algorithm | 21.8
- ~ wi - » w} ¥
Jo® T S |
Wi wig wag, wa,
"3 wn, N The resulting flight plans satisfy the minimum separation
R S R s requirement between the sUASs at all times. The algorithm
. p - oW Y B N . .
hY b \ o iy, jo e searches each sSUAS’ route and its schedule simultaneously,
wir, MR e ~ T wey which means the flight plans are found in a large solution
% - w. “We . . .
 w wig, ~y weg,t o MR | space. Also, each sUAS’ flight planning can be done in
TN e i e, parallel, which significantly may reduce the computation time.
wegy X iy “wk p 1 Through the last mile delivery case and the first mile delivery
" -— i w g | case, we show that the practical and detailed flight plans
W*ﬂ.;v;ss. "o that can support to analyse the route network capacity and
wag,

-0.765 075

Longitude (deg)

W67) and 103 directed airways

Jr

400
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FCFS algorithm LCFS algorithm

|  to establish requirements for safe operation. This algorithm
positively will benefit the backbone of designing the concept
of the UTM system to be integrated into the ATM system.
However, additional dynamic constraints are required to im-
prove the algorithm.

VI. DISCUSSION

To make the proposed algorithm a practical tool for flight
planning for multiple sUASs, more research is required to
considering factors such as flight order determining methods,
hovering manoeuvre in a highly congested airspace, uncertain-
ties such as wind effect, dynamical behaviour of the sUAS,
etc.

Outer loop algorithm - Determining departure and arrival
sequences which is the outer loop of our algorithm is an
important factor for both flight planning and airspace ca-
pacity. Although we applied the centralised FCFS algorithm
and the LCFS algorithm to decide the sequence of arrival
and departure, there are many different algorithms that use
many different approaches and techniques. We expect that the
algorithm to be changed according to the airspace structure
and the use of airspace.



N-to-M case - There could be abundant of airspace users
who have different retail points with different priorities. There-
fore, the algorithm should consider multiple start points, and
each airspace user’ flight plans also should be calculated
separately. Here, determining the multiple airspace users’
arrival and departure order is also a key issue to be addressed
to efficiently manage and operate the airspace. There can be
several approaches to tackle the issue such as intention-based
approaches, criteria-based approaches, etc.

Uncertainty - One possible approach to include wind effect
is to increase the minimum separation requirement, although
the approach will negatively affect the airspace capacity and
throughput. If the static wind effect could be calculated as a
vector, the algorithm can directly consider the effect. Also,
contingency planning will be available with our algorithm if
well-structured emergency infrastructures exist such as emer-
gency landing points.
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