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Abstract—This study presents an approach to incorporate
optimisation in the strategic conflict resolution service for
unmanned aircraft systems (UAS) traffic management. A conven-
tional approach in line with the First-Come, First-Served (FCFS)
principle is introduced, following the generation of two types of
flight plans (i.e., linear and area operations) with uncertainty
buffers further taken into account. This approach is based
on iteratively checking the availability of the shared airspace
volumes. Next, an optimisation model is formulated, using the
same common airspace representation, aiming at minimising the
overall delay and deviation to the equivalent FCFS solution (i.e.,
fairness concern), subject to operational constraints including a
time-based separation minima. Some potential implementations
are also envisioned for the optimisation model under plausible
operational scenarios. Finally, simulation experiments are per-
formed where five case studies are designed, including FCFS and
optimisation, as well as their hybrid and batch uses depending on
the flight plan submission time. Sensitivity analysis is conducted
to assess the impact of some specific model assumptions. Results
suggest that, compared to FCFS, a notable delay reduction can
be achieved with optimisation incorporated, which is due to the
FCFS prioritisation scheme that is often not efficient.

Index Terms— Unmanned aircraft systems, unmanned traffic
management, U-space, strategic conflict resolution, first-come,
first-served (FCFS), optimization.

I. INTRODUCTION

HE seamless integration of Unmanned Traffic Manage-

ment (UTM) and Air Traffic Management (ATM) is
critical to fully unlock the potential benefits of unmanned
aircraft systems (UAS) applications and to contribute to the
safety, efficiency, equity and reduced environmental impact of
the aviation sector. The current approach for such integration
relies on airspace segregation as a first step to ensure that
UAS remain well clear of all other traffic and hazard [1].
To integrate UAS operations alongside manned aircraft in non-
segregated airspace, it is critical to enhance UAS safety levels
to match manned aviation and respond to the challenge from
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regulatory and technology [2], which in particular builds upon
the separation assurance and collision avoidance capabilities.

In conventional ATM, a hierarchical conflict management
approach is commonly used, which consists of three layers:
strategic conflict management (through airspace organisation
and management, demand and capacity balancing, and traffic
synchronisation); separation provision; and collision avoid-
ance [3]. These continual layers work as a whole to eventually
ensure the safety to a designated level. Similarly, there are
also three respective layers of conflict management defined in
U-space (which is an enabling framework designated at the
European level to support safe, efficient and secure access to
airspace for large numbers of UAS). They include strategic
(pre-tactical) deconfliction; tactical separation provision; and
collision avoidance. Concretely, strategic conflict resolution
service is referred to as the initiatives aiming to reduce
the need for tactical deconfliction and collision avoidance
capabilities. Such initiatives usually occur at the pre-flight
phase, which typically involves conflict detection and then
resolution. It is linked with the operation planning processing
service. As described in [4] and [5], this involves operators
sharing the flight plans with relevant parties and reducing any
potential loss of separation by planning routes that are unlikely
to cause interactions with other airspace users.

Early efforts toward the U-space implementation have
demonstrated various initial solutions for the strategic con-
flict resolution service. For example, DOMUS project [6]
explained the central place of operation plan processing
within the service. It revealed the interconnection between
U-space service providers (USSPs) in such a process. The
EuroDrone project developed a strategic deconfliction tool
that maps UAS missions and detects potential conflicts with
other traffics. Conflicts will be subsequently resolved by
means of proposing departure shifts within a pre-defined time
interval [7].

Similar initiatives exist in the FAA/NASA UTM programme
in the US, with an equivalent service named strategic decon-
fliction being developed. Initial demonstrations have applied
a first-come, first-served (FCFS) approach, with operations
required to resolve known conflicts prior to departure [8]. A set
of relevant system-level requirements were presented in [9].
Results and analysis focusing on strategic deconfliction per-
formance in UTM demonstration were reported in [10]. With
a similar federated architecture applied, UK’s Open-Access
UTM framework has demonstrated the strategic deconfliction
facilitated through the discovery and synchronisation (DSS)
service which enables inter USSP communications [11].
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In the past few years, an increasing body of research can
be noticed aiming to develop robust, advanced and scalable
approaches to support strategic conflict management. A set of
autonomous algorithms were developed for flight plan decon-
fliction in [12], which proves to reduce collisions between
UAS in high-traffic density scenarios. Other attempts can be
found from airspace management perspective. An innovative
lane-based approach was proposed and compared with more
conventional volume-based strategic deconfliction, which uses
one-way lanes and roundabouts at lane intersections to allow
a much more efficient analysis and guarantee of separation
safety [13]. An airspace reservation method based pre-flight
deconfliction was studied in [14], where the process was
considered as a multi-agent path finding problem. In addition,
researchers further refined the problem using the decentralised
pattern, whereby different USSPs will be able to solve conflicts
independently [15]. The adaptive stress testing was applied
to an autonomous strategic deconfliction method to seek the
potential improvements to this critical UTM service [16].
Numerous simulations were performed to assess how well
the requirements for strategic deconfliction developed by stan-
dards groups can support end-to-end safety [17].

In addition to efficiently resolving the conflict between
UAS flight plans, the fairness concern embedded in this
service has been also highlighted to ensure all the entrants
should remain equitable in accessing the airspace [18]. Sim-
ulations explored how the FCFS scheme performs in terms
of fairness to decentralised strategic deconfliction, and results
suggest that introducing Required-Time-To-Act (RTTA) con-
cept would be beneficial to constrain the flight plan file-ahead
time [19]. Recent research which compared the trade-off
between efficiency and fairness in UAS traffic flow manage-
ment (UTFM) was studied in [20], where a UTFM framework
incorporating fairness, user preferences, and dynamic tra-
jectory requests was developed, and two fairness metrics
including the number of reversals and time-order deviations
were identified with comprehensive analysis from different
perspectives.

Although some progresses have been made to develop and
implement this service, it is still in its infancy. To be more spe-
cific, The commonly used airspace reservation concept limits
the dynamic use of airspace, where once a group of airspace
volumes are occupied, the access to other flights might be
denied for the entire duration of the current flight, which leads
to inefficient use of the airspace capacity. Furthermore, as a
general consensus for this service, the FCFS principle serves
as a fair yet simple way of processing flight plans. However,
it lacks the consideration of overall efficiency from the system
perspective. Thus, finding methods that balances efficiency
and fairness is essential for scaling up to large-scale high-
density operations in the future. Another potential weakness
is the discussion of how the flight plans could be processed,
that is whether flights are dealt with individually or in batch,
under centralised or decentralised operational frameworks,
which deserves some feasibility study to clearly reveal their
effects.

This paper aims to address these research gaps from the
following aspects:
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« An optimisation model is proposed to be fully incorpo-
rated with the existing FCFS approach, where efficiency
and fairness can be balanced when providing the strate-
gic conflict resolution service. The integration can be
realised in line with different flight plans submission
patterns (individual and batch) to meet the operational
requirements.

e A grid-based common airspace representation is pre-
sented to unify the airspace occupancy and enable the
dynamic use of airspace capacity, which also forms the
basis for implementing the above integrated approach
under both centralised and decentralised settings.

« To fully reveal the effects of proposed approach, including
the trade-off between efficiency and fairness, five imple-
mentation cases have been designed, as well as a detailed
analysis of key impact factors such as optimisation pro-
portion, batch size and separation minima.

The rest of the paper is organised as follows. The flight
planning of two types of UAS operation is first introduced,
and further expanded with uncertainty buffers to the flight plan.
Leveraging the common representation of airspace volumes’
spatial-temporal occupancy, the potential conflicts of flight
plans are checked and resolved using the FCFS approach as
a fairness baseline solution. Then, an optimisation model is
presented to minimise the overall costs (including both delay
costs and the costs associated with time-order deviation to
FCFS solution) whilst resolving all the conflicts. Flight plan
processing scenarios are introduced, which discuss the feature
of both individual and batch handling. Finally, according to the
different operational scenarios, several variants of the model
are introduced, leading to five representative case studies.
Numerical experiments are thus conducted in which both
FCFS and optimisation models are examined in line with
the defined case studies, followed by a sensitivity analysis to
carefully assess the effects of the proposed approach in real-
world applications.

II. FIRST-COME, FIRST-SERVED (FCFS) APPROACH

This section introduces a conventional strategic conflict
resolution approach that follows the FCFS principle. We first
briefly discuss how the flight plans are considered including
their expanded uncertainty buffers, which are the key input to
the proposed approach. The FCFS algorithm is then presented,
based on a common airspace representation that synchronises
the flight plan processing from different service providers.

A. Types of Operation

As introduced in our previous work [21], two types of
commonly-seen UAS operations, namely area and linear oper-
ation, are considered in this paper. Intuitive examples is shown
in Fig. 1. Specifically, for area operations, such as scanning
and pre-programmed operations, the UAS may revisit certain
airspace volumes multiple times, as indicated by the red grids
in Fig. 1. In terms of linear operations (as indicated by the blue
grids in Fig. 1), such as delivery and linear survey missions,
the UAS trajectory may pass through each airspace volume
only once.
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Fig. 1. Schematic of area and linear UAS operations (as marked in red and
blue grids respectively), adapted from [4].

Following such characteristics, this paper further extends
the previous definition of operations from 2-Dimensional to
3-Dimensional, adding the altitude layer to the associated
trajectory/volume. With regard to the linear operation, its
trajectory includes both the top of the climb and the top of
the descent, accounting for the vertical take-off and landing
(VTOL) phases as well as a constant cruise phase to mimic
the UAS moving pattern in real operations.

For the area operation, its operational area is set with an
upper bound of altitude, being the ground level as the lower
bound. Specifically, a delta time is computed and attached
to each airspace volume traversed along the linear trajectory,
whereas all the concerned volumes for an area operation have
the same timestamps which involve only the planned taking
off and landing times.

B. Airspace Constraints

Geo-fence is a virtual 3-Dimensional perimeter around
a geographic point used as airspace constraints to restrict
access to drones for safety, security, privacy or environmental
reasons [18]. As it can be predefined or dynamically generated,
this measure could be divided into static (long-term) geo-
fence, and dynamic (short-term) geo-fence [22]. To be specific,
static geo-fence represents physical objects and permanent
airspace partitions such as buildings and restricted airspace.
Its information is usually provided before flight, which will be
used when planning trajectory. On the other hand, the dynamic
geo-fence, which is usually defined by the (dynamic) geo-
fencing service [4], are geographic boundaries which should be
updated during the UAS operations, such as local weather and
emergencies. The geo-fences’ information will be provided
through the geo-awareness service and will have to be shared
with the operators as early as possible. In this paper, both static
and dynamic geo-fences will be considered in a similar way
as in [21], where we consider the tactical geo-fences based
on the operation’s planned take-off time. Altitude bounds are
further added to restrict UAS from entering a specific area
within a certain altitude range.

C. Flight Plan Generation

To generate the flight plan for this study, a basic
3-Dimensional airspace model is first built. The airspace is
discretised into a set of airspace volumes of the same dimen-
sion. For each flight, a volume is connected to its adjacent
in 10 directions (8 horizontal and 2 for vertical) except for
those crossing the airspace constraints or on the boundary. The
central point of each airspace volume is used when generating
the flight path. Fig. 2 shows some instances of the generated
linear flights (blue lines) and area flights (green polygons),
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Fig. 2.  Generated UAS trajectories in the 3-Dimensional airspace model,
including linear (blue lines) and area flights (green polygons) avoiding
airspace constraints (pink cuboids and blue cylinders).

with also static geo-fences (cylinder) and dynamic geo-fences
(cuboid), as well as the volume central points (black dots).

For the linear flight, the classic A* algorithm is applied to
search for the shortest path (bypassing geo-fences). Specif-
ically, recall that UAS follows a VTOL operation pattern,
with vertical climbing and descending paths. Once reached
the target altitude, UAS will enter the cruise phase, during
which the A* algorithm is applied to search the shortest path
from the adjacent volumes in 8 horizontal directions, using the
UAS as the centre point. Although the A* algorithm applied
can search the surrounding directions, for the purposes of this
work, a simplified search in 10 directions is used, as path
planning is not the primary focus of this study. On top of the
generated path, timestamps are attached from the take-off time
at its first point and iterated over each trajectory segment at a
given speed until the last point for landing time.

Regarding the area flight, we consider a polygon which is
composed of a random set of vertices to define the boundary of
an operation, and append altitude bounds to define the vertical
limits. Recall the feature of area operation in Sec. II-A, all
the airspace volumes within it will be captured as part of the
flight plan. Each edge of the operation boundary is similar
to the segment of the linear trajectory which is subject to
all the airspace constraints. The major difference lies in their
time stamps. Considering that some airspace volumes might be
revisited during the operation, we fix the same operational time
for all the involved airspace volumes, rather than specifying
unique time stamps for each grid. In short, its take-off and
landing time which defines the operation’s duration will be
set the same across all the concerned volumes.

D. Expanded Uncertainty Buffers

The current UAS techniques may involve significant
operational uncertainties that could lead to undesirable conse-
quences, e.g., UAS experiencing loss of data link or failure of
flight controller, or on the ground, the remote pilot committing
a critical human error. As a result, once the nominal trajectory
is generated, we further include some safety buffers as
part of the flight plan to provide redundant protective space
in response to potential uncertainties [23]. Inspired by [4]
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Fig. 3. Typical ways of identifying adjacent volumes as uncertainty buffers.
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Fig. 4. Examples of relationship between essential and buffer volumes.

and [24], a group of buffer volumes are attached to each
airspace volume that is planned to be traversed. Two typical
ways of identifying those buffers can be found in the open
literature, as shown in Fig. 3, with 6 most adjacent volumes
in Fig. 3a and 26 all adjacent in Fig. 3b. Noted that specific
uncertainty events are not considered in this paper, and all
uncertainties are assumed to be mitigated by the pre-defined
buffer space added to the flight plan.

Next is to synchronise the times of the original essential
volumes and their associated buffer volumes. An example
of the essential volumes in 2-Dimensional for linear and
area flights can be seen in Fig. 4a and Fig. 4c respectively.
A specific volume can be an essential volume and a buffer
volume at the same time for a linear flight. The idea is to
enforce that the timestamps of the buffer volumes remain
the same as their corresponding essential volumes. Fig. 4b
illustrates this situation using the buffer definition of Fig. 3a.
For instance, at position (6,6), it is the essential volume f
of the original trajectory. With buffers included, it is also the
buffer volume corresponding to both essential volumes e and
g, which means that three different timestamps are associated
with this particular volume within the flight plan. The case for
area flight is straightforward (see Fig. 4d), as all the volumes
(both essential and buffer) are considered to have the same
starting and ending times. Thus, the buffer volumes for area
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Algorithm 1 FCFS Pseudo Algorithm
1: While f € F do

2: If f is linear flight then

3: for (e, 1), (be,t) € f; do {e/b: essential/buffer}
4: If (e, 1) or (be, t) is blocked then

5: Delay f; for 1 time unit

6: break

7: else

8: Insert (e, ) and (be, t) to listy

9: for (e,t) and (be,t) € list; do

10: Occupy (e, 1), (e, t = sep)

11: Occupy (be, 1), (be, t £ sep)

12: If f is area flight then

13: for (e/be, [tini, tenal) € fa do

14: If (e/be, [tini, tena)l) is blocked then
15: Delay f, for 1 time unit

16: break

17: else

18: Insert (e/be, [tini, tenal) to list,
19: for (e/be, [tini, tenal) € list,
20: Occupy (e/be, [tini £ sep, tena £ sep)

flights can be simply considered as a set of extended essential
volumes.

E. Pseudo Algorithm

Given the above flight plans, we then use the First-Come,
First-Served approach to perform strategic conflict resolution,
which is widely used in both ATM [25] and UTM [26],
[27] field to prevent conflicts between the new flight and
the previous flights. Recall that the flight plans are processed
according to their request/submission order, rather than their
scheduled take-off time, so this approach may be also referred
to as First-Submitted/Requested, First-Served. In such a case,
the flight plan submitted early will have a high priority to be
processed. The pseudo code of this approach is presented in
Algorithm 1.

The fundamental of the algorithm is to have a piece of
common airspace information to represent the occupancy
status of the airspace volumes. Once a group of volumes have
been occupied by early-submitted flight plans (with separation
minima included), they will not be available for the other
subsequently submitted flight plans until the former operation
ended. Thus, the conflict flights need to be delayed in time
steps to resolve the conflict. With the newly assigned take-off
time, the delayed flight will be checked again with the airspace
occupancy status and get further delayed if the conflict still
exists. Repeat the process until all the concerned volumes
are checked to be clear. As shown in Fig. 5, each flight will
be checked by common airspace representation based on the
order of submission. The graph gives an illustration about
the common airspace representation. Contingency events may
occur with some pop-up flight requests of higher priority,
which may require re-planning the time slots following the
updated order. However, this issue is beyond the discussion of
this paper.

III. OPTIMISATION APPROACH

This section introduces an optimisation model for strategic
conflict resolution that can be fully incorporated with the FCFS
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approach. Some emerging operational scenarios are envisioned
to show the potential of implementing the proposed approach.
The mathematical model is formulated, with a special focus
on the constraints of time-based separation assurance.

A. Operational Scenarios

While the decentralised or federated architecture for UTM
is widely accepted, there are differences in what services are
to be centralised, with some functions probably targeting more
on centralisation than others. For instance, as an early effort
to extend the U-space ecosystem to accommodate Urban Air
Mobility, AMU-LED (Air Mobility Urban - Large Experimen-
tal Demonstrations) project is expected to demonstrate various
U-space services under both centralised and decentralised
architectures [28].

As part of the ongoing research work within the AMU-LED
project, this paper explores potential operational scenarios of
the proposed approach. The detailed architecture, along with
specific actors, responsibilities and data flow among them,
is beyond the scope of this paper. The reader is directed
to the AMU-LED Technical Description Report [29] and
the forthcoming deliverables for detailed operational models.
In this paper, we will focus on how the flight plans are
processed through this service, as illustrated in Fig. 6.

Fig. 6a represents how the flight plan is processed one-by-
one following the FCFS rule. Intuitively, each USSP “pulls”
the information of airspace occupancy status from the Com-
mon Information Service (CIS) provider, and checks if any
delay is needed for the particular flight. Once the (potentially
delayed) flight plan does not incur any conflicts, it can be
“pushed” back through CIS to update the common airspace
representation. This can be done in parallel where as many
USSPs as possible can be involved in handling their respective
flight plans. While this might be an oversimplified description,
it could provide us with some general insights into the process.

Schematic of First-Come, First Served approach based on common airspace representation.

We note that in the real world more complex negotiation
schemes and data exchange protocols are being developed and
tested.

It can be foreseen that having the flight plans processed one
by one would be usually less efficient than processing them as
a whole, from the resource allocation point of view (where the
airspace occupancy in time and space are the resources). As a
result, the proposed optimisation model in this paper aims to
deal with a batch of flight plans and thus produces the optimal
delay allocation amongst those flights. The optimisation model
is also based on the concept of common airspace representa-
tion, and thus is fully interoperable with the previous FCFS
approach. In addition, there could be different ways to form
such batches flexibly, for instance, by periodically handling the
submitted flight plans every time when a resolution decision
needs to be made, as shown in Figs. 6b and 6c. Specifically,
the former takes a decentralised implementation in the same
way as FCFS, whereas the latter assumes centralisation where
flight plans from various USSPs are processed all together.

B. Model Formulation

Given the operational scenarios introduced previously about
processing flight plans, in this section we present the math-
ematical model for incorporating optimisation in strategic
conflict resolution.

1) Decision Variables: The model is formulated with
mixed-integer linear programming and the corresponding deci-
sion variables are defined as follows:

1, if linear flight [ arrives at volume j
X, = by time ¢
0, otherwise
1, if area flight a enters in volume j
+= by time ¢

0, otherwise
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Fig. 6. Potential UTM operational scenarios for processing flight plans through the strategic conflict resolution service.

It should be noted that the “by” time is used, rather than
“at” in the decision variables, which would enable a faster
solution searching time as introduced in [30], while the “at
time can be derived from (x/, —xl]y ,_1)- Therefore, the time that
a UAS operation arrives at or leaves from a certain airspace
volume could be represented, which lays the foundation of the
optimisation model. Additionally, if the entrance time for an
area flight has been determined, the exit time can be known,
as the flight duration d, is provided given the submitted flight
plan.

2) Objective Function: We consider an objective function
composed of two types of costs including delay and fairness,
specifically the overall delay and the time deviation for all
linear and area flights with respect to their FCFS solution.

The total delay costs can be computed by Eq. (1):

(1) . .
J,
Cdelay = Z Z Z (t— rll )(xlj,z _xl],t—l)

leL (1) (1)

Jed tET
IO j
22 2 =g ) omg —my, ) (D)
aEA J(l) TJ‘gl)

where Tj , Taj are specific-defined subsets of time moments
feasible for delay assignment. The initially scheduled take-off

am
. . J, .
times are depicted by r, ", r;* .In the optimisation approach,

each flight is assumed to be of the same priority, but the model
will allow flight prioritisation by specifying their weighted
costs of delay.

The fairness cost is quantified by the time deviation. In this
paper, a fair solution is one where the time slot allocation
is decided by the flight plan submission sequence. Recall
from the FCFS approach that the flight plans are processed
according to their submission order. Based on that, we set the
FCFS result as the fairness baseline for the time deviation
calculation and incorporate it into the objective function of
the optimisation approach. In other words, for each flight, the
smaller the gap between the time assigned by the optimisation
and the FCFS algorithm, the fairer the solution will be
regarded. The time deviation metric for linear and area flights
can be computed by Eq. (2):

J
Crair _Z Z Z =5, FCFSl(xlt Xj—1)
leL (1) (1)
T e T
+Z z Z aFCFSl(mat at—l) (2)
aeAJeJa(l)t Tjél)

where the baseline time for /inear and area flights are depicted
0
by 51 rcrs and 5 o Fcrs- The time deviation is defined by the
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absolute value of the gap between the controlled time and the
baseline time.

The two types of costs are combined as a whole, with
weighting cost A set for fairness considered in the model. The
equations are reorganised as follows:

min(cdelay + )\Cfair) 3

The above equation shows that adjusting the fairness factor
will impact the proportion of fairness concern, which in turn
affects the outcome of the delay allocation. Incorporating
fairness into the model allows for the consideration of flight
submission sequences during the process.

3) Flight Operations Constraints: The constraints are listed
below, which can be grouped into flight operations, separation
minima, and the binary condition of the decision variables.

The following constraints are associated with the operational
limits with regard to each individual linear flight.

J J

xhlj——l 0, xL?f 1 VieLVjeld; &)
X, —xf,_ >0, VleLVjenvieT/ 5)
xj’ _xljtzo, VZGL’VIGle,jzjl(i),

Litil
J=3vielny  (©

Constraint (4) states that each linear flight should arrive at
volume j within a time window, where the upper and lower
bound are described by T/ and le respectively. Constraint
(5) enforces the continuity of the timeline by specifying the
relationship of the flight arrival status between a certain time
and its previous time unit. Constraint (6) stipulates that the
controlled time between any segment (j, j') of a linear flight
remain unchanged than initially scheduled.

Similar to linear flight, area flight is limited by basic opera-
tional constraints, in the meantime, some other constraints are
added according to its different characteristics.

J

J _ _ .
ma!le-_1 =0, ma,T,] =1, VaeANVjelJ, @)
my,—my, >0, VaeANVje,VteT] (8)
ml, —ml, =0, VaeAVie[T) T/ j=J9,
J =20 Vi e [1,n,) )
nhy=mh,_ 4, VaeANjeJ,Vtel[Th+dy, T +d,]
(10)
m), =1, VaeANVje,Vted] T]+d] (11)
ng, =0, VaeANVjel,VtellhTi—1+d]  (12)

szll,l = mi,l _n‘jlhyn Va € A,V] S Ja,vt <] [E, 7_"“] +da]

13)

Constraint (7) - (9) specifies the similar operational con-
straints as linear flight, where the only difference is that
Constraint (9) stipulates the same controlled times at all
volumes covered by the flight. Constraint (10) states that the
duration of any area flight will not change from the initial
flight plan. Specifically, as the flight duration d, is fixed,
the lower and upper bound of a feasible time window at the
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“exit” volume can be expressed by T) +d, and T(jl + dg,
where [Zé,Ti] are the feasible time window defined at the
“entrance” volume. Constraint (11) and (12) are linked with
Constraint (13), where they enforce the arrival status for area
flight during the prescribed time duration. Constraint (13)
states the arrival status zé’t for area flight at volume j at
time .

4) Separation Minima Constraints: The overall idea of the
separation constraint is that, at each (valid) airspace volume,
it can be occupied by only one flight within a sliding time
window (length of separation minima), which is realised by
the following constraint:

PTEDINAES

leLJ acAl

(14)

where cl]’ ¢ and ch’ « are the occupancy status of linear flight
and area flight at volume j respectively. & is the sliding time
window, where its moving step is the unit time step while the
look-ahead horizon equals to the separation minima.

To have a clear view, the principle of applying the separation
assurance constraint is as shown in Fig. 7, with a schematic
of airspace occupancy status during a certain period of time at
volume j. It should be noted that the /inear flights and the area
flights have different ways of occupying the airspace volumes.
Fig. 7 shows the occupancy by linear flights’ essential point
on the left side, and the occupancy by the buffer point in the
middle. On the right side of the figure is the occupancy by
area flights.

Specifically, for linear flights, initially, if an essential point
occupies volume j at time 7, we count one flight occupying
that volume straightforwardly. However, the same volume
might be occupied at another time by a buffer point (belonging
to another essential point) of the same flight as well (recall
Sec. II-D). As both types of occupancy are coming from the
same flight, they should be considered as a single occupancy
specified by Constraint (14) which counts the total number of
flights occupying j. Likewise, for area flights, since occupancy
status remains the same and unchanged at anytime during a
flight (refer to Fig. 4d), the essential point and the buffer point
will be regarded as the same. As such, no matter how many
slots are occupied from one flight, it will be counted as a single
occupancy as well. Recall Fig. 7: within the time window
t1 — 3, airspace volume j is occupied by 4 flights, namely
linear flight /1 and [2, as well as area flight al and a2.
This means that the separation constraint is not met. Within
the time window 16 — t8, airspace volume j is only occupied
by 1 flight (linear flight [3), which satisfies the separation
constraint.

Considering the above different ways of checking the arrival
status of the two operations, Constraint (14) needs to be
considered separately. For linear flight, the occupancy status at
a certain volume is determined by the difference between the
controlled times of arrival. As shown in Eq. (15), it states that
if more than or equal to one time slot is occupied by a linear
flight within a time window at volume j (recall that there
might be several timestamps associated with one volume for
linear flights due to the buffer volumes), this volume will be
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Fig. 7. Principle of applying the separation assurance constraint.

regarded as being occupied, then c[j, « = 1, otherwise clj’ «=0.
t+s
le{t _xlj;tfl 21

0 (15)
le];t —xl];[_l <1

t
Worth noting that Eq. (15) is a piecewise function and

should be converted into linear formula, a group of auxiliary
variables and constraints are added:

Jo_
k=

o= > xf,-xf,_. YieLVjel
el telk k)T, T}

(16)
Clj,k = )‘llj,k +)‘21j,k’ VieL,VjeJ (17)
ﬁl{,k—i-ﬂzlj,k:l, VieL,VjelJ (18)
afy =Ml + Mol VieLVjel (19)
)»oljgk+)~11jk+)»2,jk:1, Vie L, Vjel (20)
Bil i Sholy+ iy VIeLVjel, (21)
'32lj,k < )‘ll,k +)‘2l,k’ VieL,VjelJ (22)

where )”Olj,k’ xllj,k’ )”2l],k’ al],k e RT, ,3111,](, ,32{,](, Clj!k e {0, 1}.
Ji represents the collection of volumes including both essential
volume and its related buffer volumes, which is because
airspace can be regarded as occupied by either essential or
buffer volume. Constraints (16) - (22) convert the piecewise
function to a group of linear formulas and calculates the
number of linear flights arriving at volume j, then the arrival
status c, ¢ 1s determined.

Slmllarly, the arrival status for area flight can be calculated
by Constraint (23). The sum of arrival status ZH'S ! ; deter-
mines whether the volume is occupied. In other words if one
or more than one time slot at volume j is occupied, the volume
will be regarded as being occupied, then c{l’ ¢ = 1, otherwise,
CZ{’ e =0.

t+s
Z Z;‘ j 2 1
k t+s

0, ZZ;J <1
'

Q.

(23)
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We then convert the piecewise function Eq. (23) into
linear formula by adding a group of auxiliary variables and
constraints:

“Z,k = Z zé,,, Yae A Njeld, (24)
telk,k+)N[T7,T; +d,]
cp=hil+rl, YacANjel, (25)
Bl +Bl =1, VaeAVjel, (26)
@l =0l +shal . VaeANjel, @7
)\oﬁk+klﬁk+x2,ﬁk=1, VaeANjel, (28)
Bl < Ao, k+)‘1ak’ VYa € A,Vj € J, (29)
Body Sl 2l VaeAVjel, (30)

where )‘02,1@ )‘lé,lw )‘zé,k’ O‘é,k € R¥, ﬁlé,ia 5251,1(1 Ci,k €
{0, 1}. Constraints (24) - (30) convert the piecewise function
to linear formulas and calculate the number of occupied time
slot at volume j, then the value of arrival status c‘]l’ & can be
determined.

5) Decision Variable Conditions:

x,€{0.1}, YleLYjelVieT/ 31)
m), €{0,1}, VaeANjel,VieT) (32)
nj,€{0,1), VaeANVje, VieT) (33)
2. €01}, VaeANje,Viell) T +d] (34)

Finally, Constraints (31) - (34) state the binary constraints
and domains of the primary decision variables used in the
model. In addition, n}, and z}, are auxiliary variables
associated with area flights.

IV. EXPERIMENTS AND DISCUSSIONS

This section presents numerical experiments with an
illustrative scenario. We look into airspace that covers a
3-Dimensional space of 2.5%2.5 km? with a maximum altitude
of 150 m (corresponds to the upper limit of Very Low-Level
(VLL) airspace [31]), divided into 50*50*5 identical airspace
volumes, leading to each volume of 50%50%30 m?3 size. Five
case studies have been conducted, applying both FCFS and
optimisation approaches, as well as their combined variants.

A. Experimental Setup

The traffic sample includes 200 flights (100 linear and
100 area) through the 24 hours’ overall duration. There are
30 airspace constraints (15 static and 15 dynamic geo-fences)
across this airspace. Trajectory buffers are considered for each
linear flight in a way that each essential volume is associated
with 6 surrounding buffer volumes. The generated flight plans
and airspace constraints are as shown in Fig. 8.

Some experimental assumptions have been made: (1) the
unit time step is set as 5 min; (2) the speed of linear operations
are randomly set between 10-15 m/s; (3) the duration of
area operations are randomly set between 5-30 minutes; and
(4) a time-based separation minima is assumed to be 15 min
at every airspace volume.
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K2

Fig. 8. An illustrative example of flight plans and airspace constraints of
this study (Blue lines and green polygons are linear flight and area flight
respectively).

In the experiments, Python has been used to develop the
FCFS algorithm. For the optimisation approach, GAMS soft-
ware suite has been used as the modelling tool and Gurobi
v.7.5 optimiser as the solver. The experiments have been run
on a 64 bit Intel®Core™i5-9500 CPU @ 3.00GHz 6 Cores
computer with 16 GB of RAM and Linux OS.

B. Case Studies

The generated 200 flight plans are first sorted based on their
submission order (which is defined arbitrarily). Depending on
whether the FCFS/optimisation approach is selected to tackle
a particular group of flights, five different case studies are
considered to gather a set of comparable solutions:

« Case-1: Full FCFS

« Case-2: Full optimisation

« Case-3: Full optimisation (with fairness baseline)
o Case-4: Hybrid (optimisation followed by FCFS)
o Case-5: Batch optimisation

Concretely, flight plans are solely processed by FCFS and
optimisation approach in Case-1 and Case-2 respectively. They
are executed only once with the assumption that all the flight
plans are available at the execution time. We note that this may
not be the case in the real world, where some on-demand flight
plans may not be available at an early stage. These two cases
are set to evaluate the effectiveness of the two approaches,
which can be also used to reveal the upper and lower bounds
across all the case studies. The fairness factor (i.e., deviation to
the FCFS solution) is considered in Case-3 to reveal how the
fairness concern would impact the optimisation results, where
A = 0.3 is set as default.

Case-4 adopts a hybrid manner where we concatenate
two approaches by applying optimisation to the first half
of the flight plans and then using FCFS for the rest taking
into account the previously occupied airspace volumes. The
rationale of Case-4 is that some operations may be scheduled
well in advance, thus grouped and handled as a whole by
the optimisation approach, whereas other operations may be
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submitted shortly before taking off, thus individually processed
by the FCFS approach. In Case-5, the flight plans are divided
into five smaller batches which are resolved one group by
the other, using the optimisation approach, in such a way to
mimic the periodic processing of flight plans in the real world.
In both cases, we aim to explore the flexible application and
combination of these two methods to minimise delays while
ensuring fairness.

C. Result Comparison

After assessing the entire set of the submitted flight plans,
we have identified that there are 57 linear and 22 area
operations in conflict in the initial experiment if without any
resolution. The total number of conflicts is 655 (out of which
there are 513 and 142 for linear and area flights respectively).
All the conflicts can be effectively resolved by either the FCFS
or the optimisation approach. An overall comparison of the
solutions derived from the above five case studies can be found
in Table I, summarised in a few key indicators.

We can observe from the table that Case-1 requires the
highest amount of delay (890 min + 325 min), whereas the
delay in Case-2 (550 min + 185 min) reaches the lowest.
Although the number of affected flights is high (48 flights
delayed in total), the total delay in Case-2 is almost only half
of the delay that is needed in Case-1. The maximum delay
in Case-2 also proves the efficiency of using the optimisation
approach to minimise the delay. The total delay in Case-3 is
slightly higher than that in Case-2, while the number of the
affected flights drops to 43 (the least among all the cases).
It can be noticed that adding the fairness factor into account
leads to a small increase in total delay and also affects the
number of delayed flights. The effects of the fairness factor
will be further discussed in Sec. IV-D.

In Case-4, it can be seen that this case combines the
benefits of the two approaches, reducing delay and improving
the flexibility of flight plan processing. Case-5 applies the
optimisation approach with a set of flight plans in batches
(i.e., around 40 flights). Obviously, if the batch size reduces
to only one flight, then the solution should be the same as with
Case-1. Thus, the results suggest that potential benefits (e.g.,
9% delay reduction) can be still achieved even by coupling
a small number of flights for optimisation, which tends to be
also easy for implementation in reality.

In addition, two representative metrics, namely the
time-order deviation and the number of deviated flights, are
calculated in each case study to reflect the fairness level.
Case-1 serves as the baseline, and the respective deviation
values from Case-2 to Case-5 show a decreasing trend as
the weight of the FCFS approach increases in these cases.
Specifically, as the entire set of flights is divided into small
groups in Case-5, the extent to which flights (within each
group) can be optimised is quite limited. The flights are
processed almost in the same order as they are submitted,
thus the deviation to the FCFS solution is the lowest.

D. Sensitivity Analysis

To explore how some of the key concerns, including the fair-
ness factor, optimisation proportion, batch size and separation
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TABLE 1
RESULT COMPARISONS ACROSS FIVE CASES OF THE STUDY
KPI Case-1 Case-2 Case-3 Case-4 Case-5
Delay (min) - linear 890 550 605 650 880
Delayed flights (a/c) - linear 35 37 33 32 35
Max delay (min) - linear 80 55 50 80 80
Delay (min) - area 325 185 260 350 270
Delayed flights (a/c) - area 11 11 10 13 9
Max delay (min) - area 75 45 45 75 75
Deviated time to FCFS (min) 0 1,310 820 725 185
Deviated flights to FCFS (a/c) 0 59 39 32 9
Total delay (min) 1,215 735 865 1,010 1,150
Total delayed flights (a/c) 46 48 43 45 44
Total solution time (sec) 15 1,320 1,440 310 180
TABLE H 240 —;— ::: Egg;nisat\on (with fairness factor A)
EXPERIMENTAL SETTINGS IN SENSITIVITY ANALYSIS @ Fulloptimisation
Run Case Sensitivity analysis 2201
No. study Fairness factor Parameter =
1 10% £ 2001
2 A=0 20% s
3 30% 8 180
. Optimisation ~ 40%
. Hybrid A=03 proportion  50% o0
implementation (%) 60%
25 70% ol
26 A =05 80% 00 02 04 06 08 10
27 90% ) ) Fa.\mess factor iA) ) ’
28 120
A=0 ) - S
29 144 Fig. 9. TImpact of the fairness factor to optimisation approach.
Batch A=03 Batch size 240
optimisation - (min) 360
ig A =05 ;‘28 same results as with Case-1 or Case-2. Worth noting that, the
46 X =005 trade-off between efficiency (minimising delay) and fairness
47 A=02 (with respect to the first-come, first-served principle) is not
ig i : g‘i linear. When A is below a certain value (e.g., A = 0.5), it will
50  Full optimisation A=05 - notably affect the efficiency, whereas when A is greater than
g é i = 8-3 0.8, the efficiency only increases slightly.
53 =08 2) Optimisation Proportion: In line with Case-4, the hybrid
54 A=09 implementation, the entire set of flight plans is divided into two
35 , 5 parts, where the earlier submitted flight plans will be handled
56 All ) Separation 10 by th R hfi Th imised soluti 1
57 minima (min) 20 y the optimisation approac .rst. e optimised solution wi
58 25 be used to fill the common airspace occupancy status. Then,

minima, would affect the effects of applying the approaches
in the above case studies, we have performed several groups
of sensitivity experiments, where the detailed settings can be
found in Table II.

1) Fairness Factor: Recall from Section III that the total
delay cost of the optimisation approach contains parameter A
which depicts the weight of the time deviation with regard
to the baseline solution derived from the FCES approach.
As A increases, the deconfliction effects tend to be closer
to the FCFS solution, as the time assigned by the FCFS is
preferred over the optimisation. This leads to an increase in
the total amount of delay because the flight plans processed
by the FCFS only depend on the submission order instead of
minimising the overall delay.

Fig. 9 shows the variation of delay for different values
of the fairness factor (A) specifically in Case-3. It is clear
to see that the total delay increases as the fairness factor
becomes higher. When A equals 1 or 0.05, it yields almost the

the rest of the flight plans will be processed through the FCFS
approach based on their submission order.

This raises the question of how the ratio between the
two parts of the flights would affect the conflict resolution
efficiency and whether the embedded fairness factor will have
a significant impact. It is expected that, as this ratio increases,
the result will be closer to the full optimisation approach which
means a decrease in total delay required.

We assume that the fairness factors are at 0, 0.3 and
0.5 respectively, producing three sets of results as presented
in Fig. 10. With a low optimisation proportion (e.g., lower
than 30%), it is obvious that the deconfliction efficiency is
relatively low as the delay is quite high at all fairness factors.
The value and trend of delay are the same when X is 0.3 and
0.5, which indicates that the change of fairness factor only
affects delay slightly at this stage. In those cases when the
optimisation proportion is ranging from 30% to 70%, the
total delay decreases gradually when the proportion increases.
As expected, the required delay is higher when A equals 0.5.
From 70% to 90%, the delay for three fairness parameters
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Fig. 11. Impact of the batch size to batch optimisation.

rapidly drops to some similar value. Results suggest that
the optimisation proportion has a great impact on conflict
resolution efficiency especially when it is at a high level.

3) Batch Size: Considering the use of optimisation
approach in real-world operations, we envision that in most
cases the flight plans might be processed in a number of
batches, instead of being taken as a whole. The main idea
of the batch optimisation is that, with flight plans divided into
batches, the one containing earlier submitted flight plans will
be processed first and the optimised results will be fixed. Then,
flights from the next batch will be processed based on such
common airspace occupancy, and so forth for the rest of the
batches.

We first look into the impact of the varying batch size in
the baseline Case-2 (without fairness factor), and then show
the effects of fairness on the efficiency of conflict resolution.
As the batch size grows (i.e., the time window for flight plan
submission set for each batch increases), more flight plans will
be included in every batch.

Fig. 11 shows how delay varies for different batch sizes,
along with the effects of applying different fairness factors.
The total delay gradually grows when the number of batches
increases. It is similar and remains at a low level in all fairness
settings when there are only 2 batches, which indicates that
reducing the number of batches would improve the efficiency.
Then the delay becomes stable when the batch size equals
to or is larger than 4, and it reaches the maximum value
after the batch size reaches 6, which means that there is no
more optimisation space. Compared with the optimisation case
(A = 0), we can notice that incorporating the fairness leads to
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Fig. 12. Impact of separation minima to all the cases of study.

an increase in total delay. However, the three sets of results
converge to the same point when n for excellence in applied
research that has real-world impact and reflects our values of
ambition and ithe batch size reaches a large number, which is
because the batch optimisation (e.g., with a batch size of 12 in
this example) would be extremely similar to FCFS itself.

4) Separation Minima: The effects of varying the
time-based separation minima in each case are discussed. The
default separation minima is set as 15-minute, where this value
is initially set to take into account the uncertainty of UAS
performance, UTM services and other aspects. The fairness
factor (A) is set as 0.3 and the optimisation proportion is 50%
in the hybrid case, and the batch size is set to 5.

Results of the relationship between separation minima and
total delay for the five cases of study are presented in Fig. 12.
In general, delay rises with separation minima, where the most
noticeable change can be found in the full FCFS case, while
the least change is in the full optimisation (A = 0) case. The
total delay jumps from less than 500 minutes to more than
3,500 minutes in the FCFS case, with respect to the minimum
and the maximum separation minima, which accounts for a
nearly 3 folds increase. It can be seen that the full FCFS
approach is not efficient in terms of deconfliction with a large
separation minima. Worth noting that incorporating fairness
does not show an obvious impact in this regard. The delay
values of both hybrid and batch optimisation are in between
the other cases.

E. Discussion

Through the above experiments and analysis, the approach
proposed in this paper proves effective in strategic conflict
resolution. However, there are still some concerns that may
limit its performance, or they are presently based on some
assumptions. In this section, we discuss the limitations and
the envisioned solutions for future improvements.

One of the limitations is the computing performance of the
optimisation model. The major affecting factors are the size
of the airspace to be managed, the number of buffer volumes
and separation minima. As mentioned above, the operating
space is represented by the common airspace representation,
and conflict detection and resolution are realised by searching
all the volumes within it. As a result, the scale of the problem
will increase with the size of the airspace. To address this
problem, only the conflict volumes will be modelled without
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losing the generosity of the approach. In such a case, the
size of the problem will only depend on the number of
conflict volumes. With the increasing of the airspace scale,
generating trajectories can also become a bottleneck. Thus,
other path planning algorithms such as Rapidly-exploring
Random Trees (RRT), D*, and Probabilistic Roadmaps (PRM)
will be investigated with a view to improving the searching
efficiency.

While the uncertainty buffer used in this study is rep-
resented by adjacent buffer volumes, it may not be an
accurate reflection of the uncertainty encountered by UAS
during real operations. In particular, this simplified approach
may not fully mitigate the uncertainty caused by unexpected
events. To this end, a probability-based uncertainty represen-
tation could be used as a more precise approach, where the
uncertainty can be modelled such as in normal distribution,
with different eigenvectors in the along-track and cross-track
directions.

V. CONCLUSION AND FUTURE WORK

In this paper, we presented an optimisation model for the
strategic conflict resolution service with a view to addressing
the inefficiency of the conventional First-Come, First-Served
(FCFS) approach. The model incorporates fairness based on
time deviation, allowing the submission sequence to be con-
sidered during the delay allocation process. Both approaches
were examined and compared through an illustrative example
where five case studies were performed, including both FCFS
and optimisation, along with their implementation variants
depending on how the flight plans are grouped and pro-
cessed. Experimental results show that both approaches can
effectively resolve the conflicts, with optimisation producing
much less delay than what is required by FCFS. Given the
availability of flight plans at the time when decisions need
to be made, the optimisation approach can be applied jointly
with the FCFS approach, or it can be realised through batch
computations as a practical solution. Flexible combination
of the two methods can minimise delays while ensuring
fairness.

Some questions still remain open, such as the prioritisation
scheme of the optimisation model and how it can be designed
to be compatible with the way that the fairness concern is
currently addressed. As opposed to the exact optimisation
approach used in this paper, heuristic algorithms such as
Genetic Algorithm and Particle Swarming Optimisation, might
be able to seek the solution within a reasonably short time.
Comparing with those non-exact optimisation method will
provide some added value in understanding the trade-off
between solution quality and speed, which is useful for
implementation and will be explored in our future work.
Also, a specific mechanism could be further devised encom-
passing the RTTA concept proposed in U-space. In addition,
it might be beneficial to better address the uncertainty factors
associated with the flight plans, in such a way that poten-
tial overlap between the airspace volume occupancy (i.e.,
broken of the separation constraint) could be allowed to
improve the efficiency of conflict resolution at the pre-fight
phase.
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NOMENCLATURE

lelL set of linear flights

ae€A setof area flights

jelJ set of airspace volumes

teT set of time moments

k sliding time segment

s safety time separation

L/ subset of linear flight [ traversing airspace
volume j

A/ subset of area flight a traversing airspace
volume j

Ji subset of airspace volumes that linear flight [
is planned to traverse

Jy subset of airspace volumes that area flight a
is planned to traverse

T/ subset of feasible time moments for linear flight /
to enter airspace volume j

T subset of feasible time moments for area flight a
to enter airspace volume j

Jl(’) i™ (1...n) airspace volume of linear flight

Jé') i1 .n) airspace volume of area flight [

le , Lj upper and lower bound of feasible time
moments 7}/

Tfl, T} upper and lower bound of feasible time
moments 7T,/

rl] scheduled time of linear flight / to enter airspace
volume j

r scheduled time of area flight a to enter airspace
volume j

dy scheduled flight duration of area flight a

~f i’ . . )

i’ scheduled flight time between segment j;j’ of

linear flight [
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