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In this research, first, analytical case studies are performed to understand the parameters
on which the minimum temporal separation between unmanned aircraft at crossing waypoints
is dependent for enabling strategic deconfliction. The analytical expressions show that the
minimum temporal separation is a function of the length and width of operational volume
blocks, the relative positions of the active operational volume blocks, groundspeed of unmanned
aircraft, and the incoming crossing angle. Next, the parametric study shows that the impact
of the incoming crossing angle on the minimum temporal separation at a crossing waypoint
increases with an increase in the width of the operational volume blocks. Finally, simulation
studies are performed to understand the impact of operational volume block sizing, on-demand
departure rate, minimum departure time separation, and the incoming crossing angle on the
average ground delay of unmanned aircraft traveling on two routes with a single crossing
waypoint and identical on-demand departure rate. Each unmanned aircraft’s estimated time
of arrival at a crossing waypoint is adjusted by introducing a ground delay in departure time;
no other controls (e.g., speed adjustments) are applied for strategic deconfliction. Simulation
studies show that the impact of the minimum temporal separation at a crossing waypoint on
the average ground delay of flights is negligible if the minimum departure time separation is at
least two times the minimum temporal separation. Therefore, with an increase in minimum
departure time separation at a depot, the impact of increased length of operational volume
blocks enclosing the crossing waypoint on the ground delay is offset to an extent.

I. Introduction
Small unmanned aircraft systems (UAS), with the mass of unmanned aircraft (UA) less than 55 lbs, are envisioned to

provide socio-economic benefits to the public by revolutionizing operations related to small package delivery, precision
agriculture scouting, surveillance, supporting first responders, and inspection of critical infrastructure like railroads and
bridges [1, 2]. In general, the commercial small UAS consists of four main components [3]: i) UA, ii) ground-based
controller, iii) command and control (C2) system - to link the UA with the ground controller, and iv) payload (package
for delivery). These UA are anticipated to operate: i) much closer to each other (higher traffic density) than conventional
aircraft, ii) exclusively in low-altitude airspace, i.e., less than 400 ft above ground level (AGL) [2], and iii) beyond
visual line of sight (BVLOS) in the National Airspace System (NAS) [3, 4]. UAS traffic management (UTM) has been
envisioned to have multiple layers of separation assurance to ensure the safe operations of small UAS, from strategic
flight planning and management to tactical aircraft and obstacle avoidance capabilities [3]. The objective of strategic
deconfliction is to minimize the likelihood of airborne conflicts between UAS operations by adjusting the departure
times of UAS [4]. On the other hand, an en-route tactical separation management service is also key to safety due to
uncertainty in flight trajectories and environmental conditions (e.g., wind) [5, 6].

In the UTM ecosystem, UAS operators planning to fly BVLOS are required to share operational intent with other
UAS operators/airspace users via the UAS Supplier Service (USS) network [3, 4]. The operational intent includes a
sequence of 4D (spatiotemporal) operational volume blocks that make up the intended flight profile [3, 7, 8]. In this
research, each operational volume block is assumed to be fixed in space and has specified entry and exit times for the
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UAS operator’s UA per NASA and the FAA’s UTM concept of operations [3, 4, 7]. In the operation planning phase,
prior to departure, the UAS operator or operator’s USS checks the operational volume blocks against other operations
for any 4D conflicts. If any spatiotemporal overlapping of operational volume blocks is detected, then negotiation and
replanning of the operational intent of the UAS are performed [3, 9]. As shown in Figure 1, given the 400 ft AGL upper
bound constraint for the cruise altitude of small UAS operations [2], whenever there is a spatial overlapping of two
operational intents of different UAS operators, for example, at a crossing waypoint, then deconfliction of overlapping
operational volume blocks can be performed via temporal separation at the waypoint [3].

In general, the complexity of a traffic scenario increases in the presence of crossing and merging waypoints in the
network [10, 11]. Lauderdale et al. [6] used a point mass model for electric vertical takeoff and landing (eVTOL) aircraft
to show that the minimum temporal separation to avoid conflict detection by a tactical separation assurance algorithm at
a crossing waypoint is a complex function of crossing geometry, aircraft states, look-ahead time of separation assurance
service, and wind characteristics. In the current research, analytical studies are performed using specific case studies to
understand the impact of the operational volume block sizing (length and width), UA groundspeed, incoming crossing
angle of routes, and relative positions of operational volume blocks on the required minimum temporal separation at a
crossing waypoint for conflict-free flights.

The rest of the paper is organized as follows. In section II, analytical case studies are performed to understand
the strategic deconfliction of operational volume blocks at crossing waypoints. In Section III, simulation studies are
performed to understand the impact of operational volume block sizing, on-demand departure rate (Poisson distribution),
minimum departure time separation, and incoming crossing angle on the average ground delay of UA flying on two
routes with a single crossing waypoint (intersection) and identical departure rate. Finally, in Section IV, the main
findings from this research study are summarized.

Fig. 1 Active Operational Volume Blocks (OVBs) Deconflicted via Temporal Separation [3]

II. Analytical Studies of Strategic Deconfliction at Crossing Waypoints
This research assumes the following regarding the operational intent (OI) and operational volume blocks (OVBs)

based on NASA and the FAA’s concept of operations for UTM [1, 3, 4, 7]:
• An operational intent of a small UAS consists of a sequence of 4D (spatiotemporal) operational volume blocks

that make up the intended flight profile.
• An operational intent is wrapped around a notional flight path through the center of the operational volume blocks

based on the expected groundspeed of the small UAS.
• A crossing waypoint is a point of intersection between two nominal flight paths.
• Operational volume blocks are fixed volumes in space that are active for a finite time. Therefore, they have

specified entry and exit times for the small UA as shown in Figure 2.
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• Operational volume blocks are right rectangular prisms in shape near crossing waypoints.
• A small UA is supposed to be inside the active (one) operational volume block at a specific time for conformance

and conflict-free flight.
• Spatiotemporal overlapping of two active operational volume blocks of different UAS operators is considered as a

conflict.
Note that a UAS operator may not necessarily know the exact position, direction (heading and course), groundspeed and
airspeed information of a flight of another UAS operator in real-time. However, a small UA’s entry and exit times in the
operational volume block are published, ensuring conflict-free flights.

(a) Lateral view of active operational volume block # 1 (b) Lateral view of active operational volume block # 2

Fig. 2 Activation and Deactivation of Operational Volume Block (OVB) as an Unmanned Aircraft Enters and
Exits

A. Analytical Case Studies - Strategic Deconfliction at Crossing Waypoints
Consider two routes crossing at the same altitude with one route for UAS operator A and the other route for UAS

operator B, as shown in Figures 3, 4, 5 and 6. This research analyzes the minimum temporal separation at a crossing
waypoint between i) the operational volume blocks of UAS operator A and UAS operator B such that there is no
spatiotemporal overlapping of active operational volume blocks and ii) the UA of operator A and operational volume
blocks of UAS operator B such that the UA of one UAS operator does not enter the active operational volume block of
the other UAS operator in the vicinity of the crossing waypoint. Three operational volume blocks have been considered
per operator for four case studies as shown in Figures 3, 4, 5, and 6 for the analyses. The four specific case studies were
chosen to understand the impact of operational volume block sizing, on-demand departure rate (Poisson distribution),
minimum departure time separation, and incoming crossing angle on the required minimum temporal separation between
a UA of one operator (A) and active operational blocks of another operator (B) for strategic deconfliction. The strategic
deconfliction between a UA of one UAS operator and active operational volume blocks of another UAS operator is
considered equivalent to the strategic deconfliction between two UA, given the exact position and velocity of one UAS
operator’s UA inside the active operational volume block may be unknown to the other UAS operator in real-time. For a
given UAS operator (A or B), the length (𝑙𝐴 or 𝑙𝐵) and width (𝑊𝐴 or 𝑊𝐵) of operational volume blocks are assumed to
be constant. Three operational volume blocks per UAS operator are considered for each case study. In case study I and
case study II, though the obtuse incoming crossing angle is the same, the relative positions of operational volume blocks
are different. A similar analysis is performed for an acute incoming crossing angle in case studies III and IV.

1. Case Study I - Incoming Crossing at Obtuse Angle (90 deg < 𝜃 < 180 deg)
As shown in Subfigure 3a active operational volume block (# 1) of UAS operator B has a leading edge so close to the

crossing waypoint such that the active operational volume block (# 1) of UAS operator A can not enclose the crossing
waypoint. Similarly, as shown in Subfigure 3b, since the active operational volume block (# 2) of UAS operator B has
enclosed the crossing waypoint, therefore, the active operational volume block (# 2) of UAS operator A can not enclose
the crossing waypoint. In this case study, the point on the leading edge of UAS operator A’s operational volume block (#
2) touches the side of UAS operator B’s operational volume block (# 2). Hence the temporal separation at the crossing
waypoint for strategic deconfliction of active operational volume blocks of UAS operators A and B is as follows:

Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 =
2𝑙𝐵
𝑉𝐵

(1)

Temporal separation between the estimated time of arrival of the UA of UAS operator A at the crossing waypoint and
the activation time of the first active operational volume block (# 1) of UAS operator B blocking the crossing waypoint
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Table 1 Definition of Terms Used in Temporal Separation Equations

Term Definition
Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 Temporal separation between activation time of the operational volume block (# 3) of UAS operator A

(enclosing the crossing waypoint) and the activation time of the first active operational volume block (# 1)
of UAS operator B blocking the crossing waypoint.

Δ𝑇𝑈𝐴−𝑂𝑉𝐵 Temporal separation between the estimated time of arrival of the UA of UAS operator A at the
crossing waypoint and the activation time of the first active operational volume block (# 1)

of UAS operator B blocking the crossing waypoint.

𝑑𝑇𝐸−𝑊𝑃𝑇 Great-circle distance between the crossing waypoint and the trailing edge of the active
operational volume block (enclosing the crossing waypoint) of UAS operator A.

𝑉𝐴, 𝑉𝐵 Groundspeed of the UA of UAS operator A or B (assumed to be constant).

𝑙𝐴, 𝑙𝐵 Length of the active operational volume block of UAS operator A or B.

𝑊𝐴, 𝑊𝐵 Width of the active operational volume block of UAS operator A or B.

𝜃 Incoming crossing angle at the waypoint.

(a) Initially, operational volume blocks # 1 of UAS operators
are active (t1 ≤ t < t2)

(b) Next, operational volume blocks # 2 of UAS operators are
active (t2 ≤ t < t3)

(c) Finally, operational volume blocks # 3 of UAS operators
are active (t3 ≤ t < t4)

Fig. 3 Case Study I - Incoming Crossing at Obtuse Angle
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is as follows:
Δ𝑇𝑈𝐴−𝑂𝑉𝐵 = Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 + 𝑑𝑇𝐸−𝑊𝑃𝑇

𝑉𝐴

=
2𝑙𝐵
𝑉𝐵

+ 𝑊𝐵

2𝑉𝐴 sin 𝜃
− 𝑊𝐴 cos 𝜃

2𝑉𝐴 sin 𝜃
(2)

where the different terms used in Equation 1 and Equation 2 are defined in Table 1.

2. Case Study II - Incoming Crossing at Obtuse Angle (90 deg < 𝜃 < 180 deg)

(a) Initially, operational volume blocks # 1 of UAS operators
are active (t1 ≤ t < t2)

(b) Next, operational volume blocks # 2 of UAS operators are
active (t2 ≤ t < t3)

(c) Finally, operational volume blocks # 3 of UAS operators
are active (t3 ≤ t < t4) (d) Definition of various angles

Fig. 4 Case Study II - Incoming Crossing at Obtuse Angle

As shown in Subfigure 4a active operational volume block (# 1) of UAS operator B has enclosed the crossing
waypoint such that the active operational volume block (# 1) of UAS operator A can not enclose the crossing waypoint.
Similarly, as shown in Subfigure 4b, since the active operational volume block (# 2) of UAS operator B has the trailing
edge blocking the crossing waypoint, therefore, the active operational volume block (# 2) of UAS operator A can not
enclose the crossing waypoint. In this case study, the point on the leading edge of UAS operator A’s operational volume
block (# 2) touches the trailing edge of UAS operator B’s operational volume block (# 2). Hence once the operational
volume block (# 2) of UAS operator B deactivates, the operational volume block (# 3) of UAS operator A can enclose the
crossing waypoint as shown in Subfigure 4c. The temporal separation at the crossing waypoint for strategic deconfliction
of active operational volume blocks of UAS operators A and B is as follows:

Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 =
2𝑙𝐵
𝑉𝐵

(3)

Temporal separation between the estimated time of arrival of the UA of UAS operator A at the crossing waypoint and
the activation time of the first active operational volume block (# 1) of UAS operator B blocking the crossing waypoint
can be calculated by solving the following equations:

𝑊𝐴

sin 𝜃𝐴
=

𝑊𝐵

sin 𝜃𝐵
(4)

𝜃𝐴 + 𝜃𝐵 = 180 − 𝜃 (5)

Δ𝑇𝑈𝐴−𝑂𝑉𝐵 = Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 + 𝑑𝑇𝐸−𝑊𝑃𝑇

𝑉𝐴

=
2𝑙𝐵
𝑉𝐵

+ 𝑊𝐴

2𝑉𝐴 tan 𝜃𝐴
(6)

where the different terms used in Equation 3 to Equation 6 are defined in Table 1 and shown in Subfigure 4d.
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(a) Initially, operational volume blocks # 1 of UAS operators
are active (t1 ≤ t < t2)

(b) Next, operational volume blocks # 2 of UAS operators are
active (t2 ≤ t < t3)

(c) Finally, operational volume blocks # 3 of UAS operators
are active (t3 ≤ t < t4)

Fig. 5 Case Study III - Incoming Crossing at Acute Angle

3. Case Study III - Incoming Crossing at Acute Angle (0 deg < 𝜃 < 90 deg)
As shown in Subfigure 5a active operational volume block (# 1) of UAS operator B has enclosed the crossing

waypoint such that the active operational volume block (# 1) of UAS operator A can not enclose the crossing waypoint.
Similarly, as shown in Subfigure 5b, since the active operational volume block (# 2) of UAS operator B has the trailing
edge blocking the crossing waypoint, therefore, the active operational volume block (# 2) of UAS operator A can not
enclose the crossing waypoint. In this case study, the point on the leading edge of UAS operator A’s operational volume
block (# 2) touches the trailing edge of UAS operator B’s operational volume block (# 2).Hence once the operational
volume block (# 2) of UAS operator B deactivates, the operational volume block (# 3) of UAS operator A can enclose the
crossing waypoint as shown in Subfigure 5c. The temporal separation at the crossing waypoint for strategic deconfliction
of active operational volume blocks of UAS operators A and B is as follows:

Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 =
2𝑙𝐵
𝑉𝐵

(7)

Temporal separation between the estimated time of arrival of the UA of UAS operator A at the crossing waypoint and
the activation time of the first active operational volume block (# 1) of UAS operator B blocking the crossing waypoint
is as follows:

Δ𝑇𝑈𝐴−𝑂𝑉𝐵 = Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 + 𝑑𝑇𝐸−𝑊𝑃𝑇

𝑉𝐴

=
2𝑙𝐵
𝑉𝐵

+ 𝑊𝐵 sin 𝜃
2𝑉𝐴

(8)

where the different terms used in Equation 3 to Equation 8 are defined in Table 1.

4. Case Study IV - Incoming Crossing at Acute Angle (0 deg < 𝜃 < 90 deg)
As shown in Subfigure 6a active operational volume block (# 1) of UAS operator B has enclosed the crossing

waypoint such that the active operational volume block (# 1) of UAS operator A can not enclose the crossing waypoint.
In this case study, the point on the leading edge of UAS operator A’s operational volume block (# 2) touches the trailing
edge of UAS operator B’s operational volume block (# 2). However, once the operational volume block (# 1) of UAS
operator B deactivates, the operational volume block (# 2) of UAS operator A can enclose the crossing waypoint as
shown in Subfigure 6b. The temporal separation at the crossing waypoint for strategic deconfliction of active operational
volume blocks of UAS operators A and B is as follows:

Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 =
𝑙𝐵

𝑉𝐵

(9)

6



(a) Initially, operational volume blocks # 1 of UAS operators
are active (t1 ≤ t < t2)

(b) Finally, operational volume blocks # 2 of UAS operators
are active (t2 ≤ t < t3)

Fig. 6 Case Study IV - Incoming Crossing at Acute Angle

Temporal separation between the estimated time of arrival of the UA of UAS operator A at the crossing waypoint and
the activation time of the first active operational volume block (# 1) of UAS operator B blocking the crossing waypoint
can be calculated by solving the following equations:

𝑊𝐴

sin 𝜃𝐴
=

𝑊𝐵

sin 𝜃𝐵
(10)

𝜃𝐴 + 𝜃𝐵 = 𝜃 (11)

Δ𝑇𝑈𝐴−𝑂𝑉𝐵 = Δ𝑇𝑂𝑉𝐵−𝑂𝑉𝐵 + 𝑑𝑇𝐸−𝑊𝑃𝑇

𝑉𝐴

=
𝑙𝐵

𝑉𝐵

+ 𝑙𝐴

𝑉𝐴

− 𝑊𝐴

2𝑉𝐴 tan 𝜃𝐴
(12)

where the different terms used in Equation 9 to Equation 12 are defined in Table 1 and shown in Subfigure 6b.

B. Discussions on Analytical Case Studies
From the four analytical case studies (Equations 1 to 12) involving two obtuse and two acute incoming crossing

angles, the following observations can be made for strategic deconfliction at crossing waypoints:
• Minimum temporal separation between active operational volume blocks of two different UAS operators at a

crossing waypoint to avoid spatiotemporal overlapping (Equations 1, 3, 7, and 9):
– is directly proportional to the transit time of the UA (sequencing the waypoint first) in the active operational

volume block, therefore,
∗ directly proportional to the length of operational volume blocks (enclosing the crossing waypoint).
∗ inversely proportional to the groundspeed of UA sequencing the crossing waypoint first.

– in most cases, it only depends on the length of operational volume blocks and groundspeed of the unmanned
aircraft sequencing the crossing waypoint first.

• Minimum temporal separation between the UA (sequencing second) and operational volume blocks of the UA
(sequencing the waypoint first) at a crossing waypoint to avoid spatiotemporal overlapping (Equations 2, 6, 8, and
12) is:

– is directly proportional to the transit time of the UA (sequencing the waypoint first) in the active operational
volume block, therefore,

∗ directly proportional to the length of operational volume blocks (enclosing the crossing waypoint).
∗ inversely proportional to the groundspeed of UA sequencing the crossing waypoint first.

– a nonlinear function of the width of operational volume blocks and incoming crossing angle that depends
on the two unmanned aircraft’s relative positions of operational volume blocks.

III. Simulation Studies of Strategic Deconfliction at Crossing Waypoints
In the simulation case studies, two depot locations are considered as departure ports for UA (UAVs) of UAS

operators A and B (shown in Table 2). The UAS departure traffic at both depots is simulated using a Poisson distribution
with an on-demand service request rate, as shown in Table 3. The Poisson distribution has been used to model the
on-demand service request at two depots because each demand request is assumed to be discrete, independent, and
mutually exclusive, but at an average rate (𝜆) when viewed as a group for a set of demands. Two different routes are
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considered per depot, so lateral paths have incoming crossing angles of 35 deg and 135 deg, respectively. However,
each scenario has one route per depot, as shown in Subfigure 7a. The 4D trajectory of a UA is computed using flight
kinematics, flight dynamics, UA performance data, and path constraints from [12] as shown in Subfigure 7b.

Table 2 Depot Locations

Depot Latitude (deg) Longitude (deg)
UAS Operator A 37.40089 -122.10945
UAS Operator B 37.46609 -122.13675

(a) Illustration of lateral paths crossing at a waypoint (b) Vertical profile of an UA

Fig. 7 Illustration of Lateral and Vertical Profiles of Unmanned Aircraft

A. Strategic Deconfliction Using Linear Programming Approach
The strategic deconfliction of UA (UAVs) at a crossing waypoint, depot A (departure port), and depot B (departure

port) has been formulated as a linear programming problem because the objective function, i.e., average ground delay and
all the temporal constraints on UA are linear for a given crossing angle, minimum departure separation and operational
volume blocks length and width. The minimum temporal separation between UA of different UAS operators at a crossing
waypoint has been imposed based on temporal separation equations derived in Section II.A for strategic deconfliction.
The linear programming problem is then solved for an optimized solution using Gurobi [13]. The strategic deconfliction
at departure ports and the crossing waypoint is performed by adding delays to the departure time of UAs. Therefore, for
each scenario, the flight duration of a UA to the crossing waypoint from a depot remains constant, and adjustment to the
arrival time at the crossing waypoint is performed by adjustment in the departure time of a UA.

1. Objective Function
In this research, the objective function of the linear programming problem is the average ground (per individual UA)

due to potential spatiotemporal conflict between operational volume blocks of a UAS operator with the UA of another
UAS operator at the crossing waypoint of UAVs scheduled to depart from depot A and depot B. Therefore, the average
ground delay (per individual UA) is defined as:

Minimize

∑𝑛𝐴

𝑖=0 GDi +
∑𝑛𝐵

𝑗=0 GDj

𝑛𝐴 + 𝑛𝐵
(13)

where GDi and GDj are the ground delays of the 𝑖𝑡ℎ UA of the UAS operator A, and 𝑗 𝑡ℎ UA of the UAS operator B,
respectively. Here, 𝑛𝐴 and 𝑛𝐵 are the total numbers of flights scheduled to depart from depot A and depot B, respectively.
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2. Minimum Temporal Separation at Departure Ports
The on-demand service request to deliver packages using UA (UAVs) at each depot is simulated using a Poisson

distribution. The scheduled time of departure (STD) of each UA is separated from its on-demand service request time
(ODT) by a flight preparation time (Δ𝑡Flight Preparation) at each departure port:

STD(i) ≥ ODT(i) + Δ𝑡Flight Preparation (14)

where ODT(i) is the on-demand service request time for the 𝑖𝑡ℎ UA, STD(i) is the scheduled time of departure for the 𝑖𝑡ℎ
UA, and flight preparation time (Δ𝑡Flight Preparation) is the time required for the UA flight preparation (on-demand order
processing, packaging of order, loading of delivery package to the assigned UA, and pre-flight checks).

At the departure port of UAS operator A and UAS operator B, scheduled time of departure (STD) of two consecutive
UA (UAVs) are separated by at least the minimum departure time separation (Δ𝑡Departure Port):

STD(i+1) ≥ STD(i) + Δ𝑡Departure Port (15)

3. Minimum Temporal Separation at a Crossing Waypoint
The minimum temporal separation (Δ𝑡Crossing Waypoint) constraint between two UA (UAVs) of different UAS operators

at the crossing waypoint is as follows:

RTA(j) − RTA(i) ≥ Δ𝑡Crossing Waypoint ∀ ETA(j) > ETA(i) (16)

where RTA(i) is the required time of arrival, ETA(i) is the earliest estimated time of arrival of the 𝑖𝑡ℎ UA of a UAS
operator to the crossing waypoint, and RTA(j) is the required time of arrival to the crossing waypoint, ETA(j) is the
earliest estimated time of arrival of the 𝑗 𝑡ℎ UA of the other UAS operator to the crossing waypoint.

The required time of arrival (RTA) of a UA to the crossing waypoint is as follow:

RTA(i) = STD(i) + FD(i) (17)

where FD(i) is the flight duration of the 𝑖𝑡ℎ flight to the crossing waypoint.
In this research, using a conservative approach, the minimum temporal separation at a crossing waypoint is defined

using equations for calculating Δ𝑇𝑈𝐴−𝑂𝑉𝐵 in Section II. A UAS operator is assumed to not have real-time position and
velocity information of a UA of another UAS operator. However, the UAS operator would have real-time position and
active time information about an active operational volume block of another UAS operator.

• For an incoming crossing angle > 90 deg (obtuse angle), the minimum temporal separation (Δ𝑡Crossing Waypoint) at
the crossing angle is defined using equations 2 and 6 from Section II.A as follows:

Δ𝑡Crossing Waypoint = max
(
2𝑙𝐵
𝑉𝐵

+ 𝑊𝐵

2𝑉𝐴 sin 𝜃
− 𝑊𝐴 cos 𝜃

2𝑉𝐴 sin 𝜃
,

2𝑙𝐵
𝑉𝐵

+ 𝑊𝐴

2𝑉𝐴 tan 𝜃𝐴

)
(18)

• For an incoming crossing angle < 90 deg (acute angle), the minimum temporal separation (Δ𝑡Crossing Waypoint) at
the crossing angle is defined using equations 8 and 12 from Section II.A as follows:

Δ𝑡Crossing Waypoint = max
(
2𝑙𝐵
𝑉𝐵

+ 𝑊𝐵 sin 𝜃
2𝑉𝐴

,
𝑙𝐵

𝑉𝐵

+ 𝑙𝐴

𝑉𝐴

− 𝑊𝐴

2𝑉𝐴 tan 𝜃𝐴

)
(19)

B. Parametric Study on Minimum Temporal Separation
Figure 8 shows the minimum temporal separation as a function of the length [0, 100 m, ....., 1000 m] of the

operational volume blocks using equations 18 and 19 for two different crossing angles (35 deg and 135 deg), four
different widths of the operational volume blocks (50 m, 200 m, 350 m, and 500 m) and UA (UAVs) flying at cruise
groundspeed of 20 m/s. From Figure 8, it can be seen that impact of the incoming crossing angle on the minimum
temporal separation at a crossing waypoint increases with an increase in the width of the operational volume blocks.

C. Simulation Results and Discussions
The demand for each package delivery at a depot (A or B) is anticipated to be at random time because of the

on-demand nature of UAS package delivery, but at an average rate (𝜆) when viewed as a group for a set of demands.
Therefore, package delivery demand at each depot has been simulated using the Poisson distribution process [14]. In
this research, each simulation run contains a fixed number of UAS flights from each depot (A and B).
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(a) (b)

(c) (d)

Fig. 8 Variation in Minimum Temporal Separation as a Function of Length and Width of Operational Volume
Blocks

1. Simulation Study I
As shown in Table 3, various parameters have been varied to understand their impact on the ground delay of the

group of UAS flights. The average ground delay of the group of UAS flights scheduled to takeoff from depot A and
depot B has been used as a metric to study the impact mentioned above. For a given incoming crossing angle (35 deg or
135 deg) of two routes, minimum departure time separation (Δ𝑡Departure Port) and on-demand departure rate (𝜆), traffic is
generated using Poisson distribution for 10 different instances as shown in Figure 9. From Figure 9, it can be seen that:

• the impact of the minimum temporal separation at a crossing waypoint on the ground delay of flights is negligible
if the minimum departure time separation (Δ𝑡Departure Port) is at least twice the minimum temporal separation.
This is because when the minimum departure time separation (Δ𝑡Departure Port) at both depots is two times the
minimum temporal separation (Δ𝑡Crossing Waypoint), then both streams can be synced such that at the crossing
waypoint, unmanned aircraft on the two routes arrive (Δ𝑡Crossing Waypoint) apart.

• with an increase in minimum departure time separation (Δ𝑡Departure Port) at a depot, the impact of increased length
of operational volume blocks enclosing the crossing waypoint on the ground delay is offset to an extent. This
observed behavior can be attributed to the fact that upon an increase in the minimum departure time separation
(Δ𝑡Departure Port), there is a larger time interval between flights, therefore less impact of the ground delay of one
flight on another.

2. Simulation Study II
In this simulation study, as shown in Figure 10, number of flights per UAS operator and departure rate (𝜆) have been

varied to understand their impact on the ground delay of the group of UAS flights. The average ground delay of UAS
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Table 3 Parameters Relevant to Simulation Study I

Parameter Value(s)
Incoming crossing angle [35, 135] deg
Δ𝑡Flight Preparation 3600 sec
Poisson demand rate 𝜆 [1/60, 1/120] (1/sec)
Δ𝑡Departure Port [60, 120] sec
Length of operational volume blocks [0, 100, ......., 1000] m
Width of operational volume blocks 50 m
Cruise groundspeed and cruise altitude MSL 20 m/s and 121 m (400 ft)
Number of flights per UAS operator 60

(a) Incoming crossing angle = 35 deg and departure rate (𝜆) =
1/60 (1/sec)

(b) Incoming crossing angle = 135 deg and departure rate (𝜆)
= 1/60 (1/sec)

(c) Incoming crossing angle = 35 deg and departure rate (𝜆) =
1/120 (1/sec)

(d) Incoming crossing angle = 135 deg and departure rate (𝜆)
= 1/120 (1/sec)

Fig. 9 Variation in Average Ground Delay of UAS Flights as a Function of Minimum Departure Time Separation,
Departure Rate (𝜆), Length of the Operational Volume Block, and Incoming Crossing Angle
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(a) (b)

Fig. 10 Variation in Average Ground Delay as a Function of Number of Flights per UAS Operator, Width of
Operational Volume Blocks, and Poisson Demand / Departure Rate (𝜆) for 135 Deg Incoming Crossing Angle

flights has been used as a metric to study the impact mentioned above. In this simulation study, incoming crossing angle
(𝜃 = 135 deg) of two routes, operational volume blocks length (l = 1000 m) and minimum departure time separation
(Δ𝑡Departure Port = 60 seconds) have been fixed, whereas on-demand departure rate (𝜆), operational volume blocks width
and number of flights per UAS operator have been varied. The traffic for each scenario is generated using Poisson
distribution as shown in Figure 10. From Figure 10, it can be seen that:

• with an increase in the number of flights per UAS operator, the average ground delay of overall UAS flights
increases.

• once the on-demand departure rate (𝜆) is higher than the minimum departure time separation rate (1/Δ𝑡Departure Port),
the on-demand departure rate is clamped to (1/Δ𝑡Departure Port), therefore, the average ground delay due to potential
conflicts at the crossing waypoint remains constant with any further increase in the on-demand departure rate (𝜆).

IV. Conclusions
In this research, analytical case studies are first performed to understand the parameters on which the minimum

temporal separation between unmanned aircraft at crossing waypoints is dependent for enabling strategic deconfliction.
The analytical studies suggest that the minimum temporal separation between the unmanned aircraft (sequencing second)
and operational volume blocks of the unmanned aircraft (sequencing the waypoint first) at a crossing waypoint to avoid
spatiotemporal overlapping is:

• directly proportional to the transit time of the unmanned aircraft (sequencing the waypoint first) in the active
operational volume block.

• a nonlinear function of the width of operational volume blocks and incoming crossing angle that depends on the
two unmanned aircraft’s relative positions of operational volume blocks.

Next, the parametric study shows that the impact of the incoming crossing angle on the minimum temporal separation at
a crossing waypoint increases with an increase in the width of the operational volume blocks.

Finally, simulation studies are performed to understand the impact of operational volume block sizing, on-demand
departure rate, minimum departure time separation, and the incoming crossing angle on the average ground delay of
unmanned aircraft traveling on two routes with a single crossing waypoint and identical on-demand departure rate.
Simulation study I suggests that:

• the impact of the minimum temporal separation at a crossing waypoint on the ground delay of flights is negligible
if the minimum departure time separation (Δ𝑡Departure Port) is at least two times the minimum temporal separation.
This is because when the minimum departure time separation (Δ𝑡Departure Port) at both depots is two times the
minimum temporal separation (Δ𝑡Crossing Waypoint), then both streams can be synced such that at the crossing
waypoint, unmanned aircraft on the two routes arrive (Δ𝑡Crossing Waypoint) apart.

• with an increase in minimum departure time separation (Δ𝑡Departure Port) at a depot, the impact of increased length
of operational volume blocks enclosing the crossing waypoint on the ground delay is offset to an extent. This
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observed behavior can be attributed to the fact that upon an increase in the minimum departure time separation
(Δ𝑡Departure Port), there is a larger time interval between flights, therefore less impact on the ground delay of one
flight on another.

Simulation study II suggests that:
• with an increase in the number of flights per operator, the average ground delay of overall flights increases for a

given on-demand departure rate (𝜆) and minimum departure time separation at two depots.
• once the on-demand departure rate (𝜆) is higher than the minimum departure time separation rate (1/Δ𝑡Departure Port),

the on-demand departure rate is clamped to (1/Δ𝑡Departure Port), therefore, the average ground delay due to the
potential conflict at the crossing waypoint remains constant with any further increase in the on-demand departure
rate (𝜆).
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