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The variety of vehicle performance in upper Class E airspace requires a method that
can efficiently compute the minimum safe operational boundary between aircraft. This work
presents a mathematical method to define the minimum safe operational boundary needed
for aerial vehicles operating in upper Class E airspace. This method focuses on the extra
separation required by vehicle maneuverability, communication delay, and control/operator
response time. A sensitivity study is then performed to provide a general understanding of the
impact of these factors on the extra separation needed. Experiments with pairwise encounters
are conducted to verify the results generated by the proposed methods.

I. Introduction
High altitude operations above 60,000 feet allow broader service area coverage than at ground level and have attracted
many commercial applications. Balloons [1], airships [2], and high altitude long endurance (HALE) high-aspect-ratio
wing aerial vehicles [3, 4] have been developed to provide platforms to enable these high-altitude operations. Many
existing military and scientific operations make use of high altitude airspace, and future supersonic commercial
operations [5, 6] are envisioned to use these higher altitudes as well. As stated in the FAA upper Class E Traffic
Management (ETM) concept of operations [7], the increasing demand of upper Class E operations, combined with
disparate vehicle performance characteristics, present a great challenge to currently limited airspace management service
in upper Class E. While the concept of cooperative operations is prevalent among ETM stakeholders [7–9], defining the
minimum safe operational boundary remains as the first critical task to enable successful upper Class E operations.
The minimum safe operational boundary refers to the safe boundary between two aerial vehicles, within which the
violation of separation becomes inevitable. Many factors contribute to the minimum safe operational boundary shown
as multiple-layer rings in Fig. 1. The first layer is caused by the error of the intruder’s relative position acquired by
the ownship aerial vehicle. Depending on the approach that the ownship applied to obtain the relative position of the
intruder, errors may originate from a vehicle-to-vehicle communication like ADS-B, navigation system, or onboard or
ground-based radars. When there are multiple sources for position information, data fusion algorithms may be applied
to reduce the errors. The second layer protects both ownship and intruder aircraft from the wake, vortex, or pressure
fluctuation generated by the other aircraft. Although the vortex-induced separation typically applies when an aircraft is
trailing another aircraft in current manned aviation, it may also apply in different situations in upper Class E operations.
For instance, when a fixed-wing aircraft passes by a balloon or airship, or when a supersonic aircraft passes by a HALE
aircraft, these HALE vehicles might be sensitive to the wake, vortex, or air pressure fluctuation within a certain range.
The third factor is the limited maneuverability of the ownship. Because the aircraft cannot instantaneously change its
heading, speed, or altitude, extra space and time are needed for such a transition. The fourth factor is the information
update rate, which refers to the interval between two consecutive intruder positions/states acquired by the ownship. The
fifth factor is the control response time, which is defined as the time needed from when the information is acquired to
when a resolution is executed. The response time could vary due to the actions of remote pilots in many ETM vehicles.
The separation required by the first two factors is decided by position acquisition and aerodynamics, and they can be
measured separately. For simplicity, the separation required by these two factors is assumed to be a constant in this work
and will be called minimum separation through this paper. This work focuses on the latter three factors as their impact
is more dynamic.
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Fig. 1

Factors contributing to the minimum safe operational boundary

Recently, there has been much research on well-clear definition - a definition similar to the minimum safe operational
boundary caused by maneuverability - for large and small UAVs [10–13]. The typical approach adopted in those studies
is: scenarios were first generated either based on predicted missions [10, 11] or using millions of complementary
pairwise encounters [12]; then several predefined candidate definitions were examined with simulations, which often
include radar and communication models, to quantify the risks and identify the best candidate. However, there are two
main drawbacks of this type of approach. First, they are only suitable for finding a one-size-fits-all well-clear definition,
and given the diversity of the vehicle performance in upper Class E operations, a dynamic minimum safe operational
boundary will be necessary for different encounter scenarios. Second, candidate definitions are provided based on
past experiences. For the wide range of upper Class E vehicles, it would not be plausible and efficient to generate the
number of initial guesses of candidate definitions needed for various encounter situations prior to running experiments.
Therefore, developing a more versatile method to define the minimum safe operational boundary for different encounter
situations is necessary. Meanwhile, the method can also help understand the impact and sensitivity of these factors and
to provide accurate estimations prior to simulations.
This work develops a mathematical method to define the minimum safe operational boundary considering vehicle
maneuverability, information update rate, and response delays. A sensitivity study of these factors is presented to
obtain a fundamental understanding of their impacts on the buffer size. Finally, selected results are verified using
simulations. The paper is organized as follows: Section II presents the methods and demonstrative results. Section III
shows the sensitivity of the minimum safe boundary to several key parameters. Section IV uses simulations with
different encounter scenarios to verify a selected safe boundary calculated using the proposed algorithm. Section V
concludes this work.

II. Method
Assuming the minimum separation mandated by the position error and wake vortex considerations is a known
constant, this section presents a mathematical method for the other three factors: vehicle maneuverability, information
update interval and control response delay. Section II.A describes the method for extra separation required by vehicle
maneuverability, and Section II.B shows the method for separation needed by information update interval and control
response delay.
A. Separation Required by Vehicle Maneuverability
A mathematical method is proposed in this subsection to compute the boundary caused by the vehicle maneuverability.
Mathematical methods have been developed in the past to address the separation caused by vehicle maneuverability.
Tomlin et al. [14] calculated the minimal unsafe operating region for an aircraft with angular and linear velocities
as control actions, respectively. A Hamilton-Jacobi-Isaacs equation was constructed based on a relative aircraft
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configuration model to identify the minimal unsafe operating region. However, the computation of the boundary is in
general difficult. Duffield et al. [13] derived an analytical solution only for the worst case where two vehicles are in a
head-on situation. Although the calculation is efficient, a comprehensive understanding of the separation mandated by
vehicle maneuverability is needed. This work proposes an efficient method that uses the kinetic vehicle model and
simple optimization to identify the complete minimum safe operational boundary needed due to the limit of vehicle
maneuverability. In this work, the horizontal heading change or angular velocity is assumed to be the conflict resolution
maneuver option.
1. Algorithm
Assuming 𝑣 𝑜 and 𝜓𝑜 are the magnitude and direction of ownship’s velocity, respectively and 𝑣 𝑖 and 𝜓𝑖 are the
magnitude and direction for intruder’s velocity, respectively, for any turn rate 𝜔 of the ownship, the relative velocity
vector 𝑉®𝑟 (relative to the intruder) can be expressed as Eqn. 1. For simplicity, 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑜 , and 𝜓𝑖 will not be shown as
arguments on the left side of the following equations.
"
#
𝑣 𝑜 sin(𝜓𝑜 + 𝜔𝑡) − 𝑣 𝑖 sin 𝜓𝑖
®
𝑉𝑟 (𝜔, 𝑡) =
(1)
𝑣 𝑜 cos(𝜓𝑜 + 𝜔𝑡) − 𝑣 𝑖 cos 𝜓𝑖
The relative distance to the intruder at any given time would be a function shown in Eqn. 2 for any given 𝑑𝑟 and
𝜃 𝑟 , where 𝑑𝑟 and 𝜃 𝑟 are the magnitude and direction of the relative distance between the ownship to the intruder,
respectively.
"
# ∫
𝑡
𝑑
sin
𝜃
𝑟
𝑟
𝐷®𝑟 (𝜔, 𝑑𝑟 , 𝜃 𝑟 , 𝑡) =
+
𝑉®𝑟 (𝜔, 𝑡)𝑑𝑡
(2)
𝑑𝑟 cos 𝜃 𝑟
0
For any turn rate 𝜔, the time for the ownship to arrive at the closest point of approach to the intruder will be the time
that can minimize the relative distance, 𝐷®𝑟 ( as shown in Eqn. 3 ). Newton’s method can be utilized to find the time
associated with the minimum. If there are multiple solutions, the minimum positive value should be chosen.
𝑡 ∗ (𝜔, 𝑑𝑟 , 𝜃 𝑟 ) = min



argmin

𝐷® 𝑟 (𝜔, 𝑑𝑟 , 𝜃 𝑟 , 𝑡)

(3)

𝑡 ∈ [0,2 𝜋/𝜔)

When a conflict is about to occur, the closest safe distance to the intruder only happens when the ownship takes the
maximum left (−𝜔 𝑚𝑎𝑥 ) or right turn rate (𝜔 𝑚𝑎𝑥 ), assuming the intruder maintains its original course. The closest safe
distance can be selected from these two extreme turns using Eqn. 4:
𝜌(𝑑𝑟 , 𝜃 𝑟 , 𝜔 𝑚𝑎𝑥 ) = max

n

𝐷® 𝑟 (−𝜔 𝑚𝑎𝑥 , 𝑑𝑟 , 𝜃 𝑟 , 𝑡 ∗ (−𝜔 𝑚𝑎𝑥 , 𝑑𝑟 , 𝜃 𝑟 )) , 𝐷® 𝑟 (𝜔 𝑚𝑎𝑥 , 𝑑𝑟 , 𝜃 𝑟 , 𝑡 ∗ (𝜔 𝑚𝑎𝑥 , 𝑑𝑟 , 𝜃 𝑟 )

o

(4)

A simple root-finding algorithm like the Bisection method can be applied to find the minimum safe distance to
the intruder, 𝑑𝑟∗ , which can make the closest distance to the intruder, 𝜌, equal to the minimum separation, 𝑅𝑚𝑖𝑛 . By
including initial setting of 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , and 𝜓𝑜 as arguments on the left side and assuming the relative heading angle
𝜓𝑟 = 𝜓𝑜 − 𝜓𝑖 , the closest distance can then be written as:

𝑑𝑟∗ (𝜃 𝑟 , 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜓𝑟 , 𝜔 𝑚𝑎𝑥 , 𝑅𝑚𝑖𝑛 ) = argmin 𝜌(𝑑𝑟 , 𝜃 𝑟 , 𝜔 𝑚𝑎𝑥 ) − 𝑅𝑚𝑖𝑛

(5)

𝑑𝑟∗

The set 𝑠, which contains for all relative position angle 𝜃 𝑟 , then forms the minimum safe operational boundary
around the intruder for given 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜓𝑟 , and 𝑅𝑚𝑖𝑛 . Since the maximum turn rate of the ownship aircraft is essentially
decided by the aircraft speed 𝑣 𝑜 and its maximum bank angle 𝜙 𝑚𝑎𝑥 , the set 𝑠 can be expressed as:

𝑠(𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜓𝑟 , 𝜙 𝑚𝑎𝑥 , 𝑅𝑚𝑖𝑛 ) = 𝑑𝑟∗ (𝜃 𝑟 , 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜓𝑟 , 𝜙 𝑚𝑎𝑥 , 𝑅𝑚𝑖𝑛 ), ∀𝜃 𝑟 ∈ [0, 2𝜋)

(6)

Finally, the set S then forms the aggregated minimum safe operational boundary around the intruder for the ownship
coming from any direction (𝜓𝑟 ) around the intruder, given a set of 𝑣 𝑜 , 𝑣 𝑖 , and 𝑅𝑚𝑖𝑛 :

𝑆(𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜙 𝑚𝑎𝑥 , 𝑅𝑚𝑖𝑛 ) = 𝑠(𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜓𝑟 , 𝜙 𝑚𝑎𝑥 , 𝑅𝑚𝑖𝑛 ), ∀𝜓𝑟 ∈ [0, 2𝜋)
(7)

3

2. Demonstration with three different pairwise encounters
Several typical pairwise encounter examples are presented to demonstrate the proposed algorithm. Fig. 2 presents a
pairwise encounter between a balloon and a fixed-wing Global Hawk aircraft, where the balloon is static and the Global
Hawk flies at 340 kts with a maximum bank angle of 14.8◦ . Fig. 3 shows an example between a HALE high aspect ratio
aircraft and a Global Hawk, where the HALE aircraft cruises at a speed of 60 kts. In these two scenarios, the minimum
separation 𝑅𝑚𝑖𝑛 (represented by red circles around the balloon and HALE, respectively) is set to 3 nmi.

(a) The closest points of approach with maximum left and right turns

(b) The closest safe distance 𝑑𝑟∗

(c) The minimum safe operational boundary 𝑠 for a given 𝜓𝑟

(d) The aggregated minimum safe operational boundary 𝑆 for all 𝜓𝑟

Fig. 2

Scenario I: 𝑣 𝑖 = 0 kts, 𝑣 𝑜 = 340 kts, 𝜓𝑟 = −90◦ , 𝜙 𝑚𝑎𝑥 = 14.8◦ , and 𝑅𝑚𝑖𝑛 = 3.0 nmi

The times to the closest point of approach, 𝑡 ∗ (𝜔 𝑚𝑎𝑥 ) and 𝑡 ∗ (−𝜔 𝑚𝑎𝑥 ) calculated using Eqn. 3 are marked in
Figures 2(a) and 3(a). 𝑡 ∗ (𝜔 𝑚𝑎𝑥 ) is the time when the Global Hawk is taking a right turn with the maximum bank angle
and 𝑡 ∗ (−𝜔 𝑚𝑎𝑥 ) corresponds to the time when a left turn with the maximum bank angle is taken. Figures 2(b) and 3(b)
show the resultant closest safe distances 𝑑𝑟∗ calculated using Eqn. 5, which refers to the closest distance the Global
Hawk can be before it can avoid the intruder with the maximum turn rate. When the intruder is nonzero as in Fig. 3(b)
in Scenario II, the closest distance happens when the ownship turns right because a right with the maximum turn rate
allows the ownship to stay closer than a left turn.
The boundary 𝑠 for all relative position angle 𝜃 𝑟 at a given relative heading angle 𝜓𝑟 can then be computed using
Eqn. 6 for each scenario and the boundaries are shown in Figures 2(c) and 3(c) for Scenario I and II, respectively.
Fig. 2(c) shows that when the Global Hawk aircraft is heading towards the balloon, a minimum separation of 6.87 nmi is
required due to the maximum bank angle limit (𝜙 𝑚𝑎𝑥 ) of the Global Hawk. Since the speed of the high aspect ratio
aircraft in Scenario II is still pretty slow, the boundary 𝑠 in Scenario II is close to the one in Scenario I. To show the
difference between these two, Fig. 3(c) puts them together with the blue and red curves representing 𝑠 in Scenario II and
I, respectively.
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(a) The closest points of approach with maximum left and right turns

(b) The closest safe distance 𝑑𝑟∗

(c) The minimum safe operational boundary 𝑠 for a given 𝜓𝑟

(d) The aggregated minimum safe operational boundary 𝑆 for all 𝜓𝑟

Fig. 3

Scenario II: 𝑣 𝑖 = 60 kts, 𝑣 𝑜 = 340 kts, 𝜓𝑟 = −30◦ , 𝜙 𝑚𝑎𝑥 = 14.8◦ , and 𝑅𝑚𝑖𝑛 = 3.0 nmi

Given 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜙 𝑚𝑎𝑥 , and 𝑅𝑚𝑖𝑛 , if the ownship is assumed to come from any direction (𝜓𝑟 ), an aggregated
minimum safe operational boundary 𝑆 can be calculated using Eqn. 6. Figures 2(d) and 3(d) present such aggregated
minimum safe operational boundaries for Scenario I and II, respectively. In Scenario I, since the balloon is static, the
𝑆 is essentially a circle (a cylinder if considering a constant vertical separation) with the radius of 6.87 nmi, which
means the 14.8◦ bank angle limit needs 3.87 nmi extra separation buffer. When the intruder speed is nonzero, the extra
separation caused by the limited maneuverability increases when two vehicles fly in the opposite direction. And the
extra separation decreases when the ownship trails the intruder as shown in Fig. 3(d). The aggregated boundary 𝑆
is conservative and assumes the relative heading is unknown, however, the boundary 𝑠 should be applied when both
aircraft headings are certain. On the other hand, if aircraft headings are not deterministic, a probabilistic boundary can
also be derived based on the Eqn. 6.
When two aerial vehicles are flying at similar speeds, the situation becomes a bit complex. However, the proposed
method can be simply applied to calculate the boundaries. Scenario III presents an encounter scenario with two aircraft
flying at 120 knots with 𝑅𝑚𝑖𝑛 = 1, 200 ft and the maximum bank angle 𝜙 𝑚𝑎𝑥 = 25◦ . Using Eqn. 3, the minimum
positive times computed for 𝜔 𝑚𝑎𝑥 and 𝜔 𝑚𝑖𝑛 are the times to the closest point of approach, 𝑡 ∗ (𝜔 𝑚𝑎𝑥 ) and 𝑡 ∗ (−𝜔 𝑚𝑎𝑥 ),
respectively, as shown in Fig. 4(a). The closest safe distances 𝑑𝑟∗ can then be identified (Fig. 4(b)). The boundary 𝑠 for
all relative position angle 𝜃 𝑟 at the same relative heading angle 𝜓𝑟 is shown in Fig. 4(c). If the heading of ownship
aircraft is unknown, Fig. 4(d) presents the aggregated minimum safe operational boundary. It’s noted that when the
ownship aircraft is trailing the intruder, no extra separation is needed for the limited maneuverability, whereas the extra
buffer reaches the maximum when two aircraft are heading towards each other.
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(a) The closest points of approach with maximum left and right turns

(b) The closest safe distance 𝑑𝑟∗

(c) The minimum safe operational boundary 𝑠 for a given 𝜓𝑟

(d) The aggregated minimum safe operational boundary for all 𝜓𝑟

Fig. 4

Scenario III: 𝑣 𝑖 = 𝑣 𝑜 = 120 kts, 𝜓𝑟 = −150◦ , 𝜙 𝑚𝑎𝑥 = 25◦ , and 𝑅𝑚𝑖𝑛 = 1, 200 ft

B. Separation required by delays caused by information update interval and control response
The information update interval refers to the time between two consecutive intruder positions/states acquired by the
ownship. There are many approaches to acquire the intruder’s positions/states, including air-to-air communications,
air-ground-air communication, onboard sensor, and ground surveillance system. Regardless of the approach used for
information acquisition, the model for calculating the resultant extra separation can be simply the product of the relative
velocity vector 𝑣®𝑟 and information update interval 𝜏𝑖 as in Eqn. 8. When 𝑣 𝑟 , 𝜃 𝑟 , and 𝜏𝑖 are all deterministic, the 𝑆 0 simply
expands 𝑆 at the direction of relative velocity as in Eqn. 8. If any or all of 𝑣 𝑟 , 𝜃 𝑟 , and 𝜏𝑖 are uncertain, a preliminary
probabilistic model can be derived based on Eqn. 8.
"
#
𝑣 𝑟 sin 𝜃 𝑟
0
𝑆 (𝜏𝑖 ) =
·𝜏𝑖
(8)
𝑣 𝑟 cos 𝜃 𝑟
The other factor is the control response time, defined as the time needed from when information is acquired to when
a resolution is executed by the ownship aircraft. It includes the time needed for the decision-making process and control
response, from an onboard pilot, a remote pilot/operator, or an autonomous onboard/remote control system. Similar
to the information update interval, the extra separation 𝑆 00 needed by this factor is simply the product of the relative
velocity vector 𝑣®𝑟 and the control response time 𝜏𝑐 as in Eqn. 9.
"
#
𝑣 𝑟 sin 𝜃 𝑟
00
𝑆 (𝜏𝑐 ) =
·𝜏𝑐
(9)
𝑣 𝑟 cos 𝜃 𝑟
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Although the update interval and control response delay are two different factors and are discussed separately, their
impacts are essentially the same, which is introducing delays. The information update interval introduces delays in the
information acquisition process, while the control response introduces delays in the decision-making and execution
process.

III. Sensitivity analysis
As discussed in the previous section, the minimum safe operational boundary is affected by multiple parameters. For
maneuverability alone, there are already five parameters including 𝑣 𝑜 , 𝑣 𝑖 , 𝜓𝑖 , 𝜓𝑟 , 𝜙 𝑚𝑎𝑥 , and 𝑅𝑚𝑖𝑛 . In order to gain a
better understanding of the impact of these parameters, sensitivity analysis is conducted using the proposed algorithm. A
simple encounter scenario with a stationary balloon as the intruder is used for this sensitivity study. Factors investigated
in this section are the speed of the ownship aircraft 𝑣 𝑜 , the maximum allowable bank angle of the ownship 𝜙 𝑚𝑎𝑥 , the
minimum separation 𝑅𝑚𝑖𝑛 , and the time delays due to information update interval and control response.
A. Sensitivity to the speed of ownship aircraft 𝑣 𝑜
Fig. 5 shows the boundary 𝑠 needed when the maximum allowable bank angle is fixed at 25◦ . The speed of the
ownship aircraft shown in this figure varies from 340 knots to 2.0 Mach at FL600 representing the speed range of
possible fixed-wing aircraft in future upper Class E airspace. It is noticed that when the ownship aircraft is flying
directly towards the balloon, the extra separation distance (distance between the tip of the boundary to the dashed circle)
required by the limited maneuverability of the ownship aircraft, can be anywhere between 2.54 nmi and 13 nmi in
addition to the minimum separation. For instance, for a supersonic commercial aircraft flying at 2.0 Mach, it would
need 16 nmi to stay clear from the balloon, assuming it can take a turn with a 25◦ bank angle. Fig. 6(a) depicts the extra
separation needed (at the tip of the boundary shown in Fig. 5) from a different perspective, which reveals a quasi-linear
relationship between the extra separation and 𝑣 𝑜 given the specific setting in this study. As a reference, the dashed lines
represents a linear relationship.

Fig. 5

Minimum Safe Operational Boundary 𝑠 with varying 𝑣 𝑜 @ 𝜙 𝑚𝑎𝑥 = 25◦
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(a) Sensitivity to 𝑣𝑜

Fig. 6

(b) Sensitivity to 𝜙𝑚𝑎𝑥

The sensitivity of extra separation needed for maneuverability to 𝑣 𝑜 and 𝜙 𝑚𝑎𝑥

B. Sensitivity to the maximum bank angle 𝜙 𝑚𝑎𝑥
With the speed of ownship aircraft fixed at 500 kts, Fig. 7 shows the safe boundary 𝑠 when the maximum allowable
bank angle changes from 15◦ to 25◦ . The extra separation needed for the limited maneuverability will be 4.5 nmi if the
ownship can take a 25◦ turn. Whereas the extra separation required by a 15◦ turn would be 6.5 nmi. Fig. 6(b) shows that
the relationship between the extra separation needed for the limited maneuverability and the bank angle is nonlinear.

Fig. 7

Minimum Safe Operational Boundary 𝑠 with varying 𝜙 𝑚𝑎𝑥 @ 𝑣 𝑜 = 500 kts

C. Sensitivity to the minimum separation 𝑅𝑚𝑖𝑛
Fig. 8 shows the boundaries 𝑠 when 𝑅𝑚𝑖𝑛 is varied from 3.0 nmi to 8.0 nmi while keeping 𝑣 𝑜 at 500 kts and 𝜓 𝑚𝑎𝑥 at
25◦ . As expected the extra separation required by the limited bank angle increases with 𝑅𝑚𝑖𝑛 . The extra separation
seems to be proportional to the 𝑅𝑚𝑖𝑛 . For instance, the extra separation is about 2.6 nmi when 𝑅𝑚𝑖𝑛 is 3 nmi, and
it increases to 8 nmi when 𝑅𝑚𝑖𝑛 is 8 nmi. Fig. 9 reveals that the relationship between the extra separation and the
minimum separation is close to but not purely linear (the dashed straight line in the figure serves as a reference).
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Fig. 8

The minimum safe operational boundaries with various 𝑅𝑚𝑖𝑛

Fig. 9

Sensitivity to the minimum separation 𝑅𝑚𝑖𝑛

D. Sensitivity to delays caused by information update interval and control response
Both information update interval and control response time introduce time delays. Therefore the effects from both
factors are essentially caused by time delay. Fig. 10 shows the linear relationship between the time delay (either caused
by information update interval or control response time) and the extra separation needed for compensating for the time
delay. The slope is essentially the ownship speed (as the intruder is a static balloon in this sensitivity study). If the time
delay is 60 seconds, the extra separation needed for the delay is about 6 nmi.
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Fig. 10

Sensitivity to the delay caused by information update interval and/or control response

IV. Simulation
To verify the boundaries computed by the proposed analytical method, simulations are conducted for the selected
encounter scenario between a balloon and a Global Hawk aircraft. The Fe3 fast-time simulator [15] is utilized after new
vehicle trajectory models were incorporated into the simulator.
A. Vehicle trajectory model
Two new vehicle trajectory models were developed in Fe3 for the balloon and Global Hawk. The three-dimensional
balloon only considers translational dynamics of the balloon with a proportional-integral controller to track the desired
altitude. Similar to past works [16, 17], a kinetic point mass model was used for the Global Hawk, in which proportional
and proportional-derivative controllers are used to track desired airspeed, horizontal path, and vertical profile. According
to Global Hawk’s dynamics [18], the bank angle was limited to 14.8◦ when the PD controller is trying to follow the
desired horizontal heading.
B. Conflict detection and resolution
Fe3 updates the trajectory every half second and generates conflict resolution or avoidance maneuvers (if needed)
based on predefined rules or logic. In the experiment, the Global Hawk is assigned to be responsible to avoid any
detected conflict and heading angle change is the only available resolution maneuver option. The parallel computing
mechanism in Fe3 allows the Global Hawk to check all possible heading changes and select a heading change that can
avoid the detected conflict but have the minimum deviation from the original path. This conflict detection and resolution
process also happens every half second.
C. Experiment setup
Thousands of pairwise encounters between a balloon and a Global Hawk are created. The balloon is assumed to be
floating statically at the origin of the coordinates. The Global Hawk is set to fly towards the west at 340 kts starting
from different locations relative to the balloon. In each pairwise encounter, the Global Hawk is assumed to start from
one grid point shown in Fig. 11 (near the boundary computed using the proposed algorithm) and head towards the west.
Therefore, the only varying independent variable is the initial location of the Global Hawk. These locations are selected
by changing the relative direction (every 1◦ , 2◦ , or 5◦ ) and relative distance (10 at each direction) around the boundary
calculated using the proposed method. The total number of these initial locations is 1,166, as shown in Fig. 11.
D. Experiment results
Simulation results of these 1,166 encounters are shown in Fig. 12. If the Global Hawk failed to keep the minimum
separation (the dashed circle), its initial location is then marked as a red point. Fig. 12 shows that when the Global
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Fig. 11

Encounters with the balloon at the origin and the Global Hawk at different initial location

Hawk starts from any location within the calculated boundary and flies towards the west, the minimum separation will
be violated. Whereas if the Global Hawk starts from any initial locations outside the boundary, it then can maintain the
minimum separation by turning left or right. Among the safe initial locations, if the left turn was taken by the Global
Hawk to stay out of the separation violation, that location is in green. If the right turn was taken to avoid the loss of
separation, the initial location is in blue. If the Global Hawk starts from initial locations with the magenta color, it then
has both left turn and right turn options to keep the minimum separation. One may note that when the initial location is
on the boundary, the results showed that the Global Hawk can maintain minimum separation if it is on the right side of
the balloon. That is caused by the setup of the Fe3 simulator, which only starts to check for conflict after the first half
second. Overall, the simulation experiments show that the boundary calculated by the proposed algorithm is accurate.

Fig. 12

Results of encounter scenarios with the Global Hawk at different initial locations
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V. Conclusions
High altitude operations above FL600 allow broader service area coverage than at ground level and have attracted
many commercial applications. Balloons, airships, high-altitude long-endurance (HALE) aerial vehicles, and supersonic
aircraft have been developed to provide platforms to enable these high-altitude operations. Defining the minimum safe
operational boundary for disparate vehicles is a critical step to improve currently limited airspace management service
in upper Class E.
This work presented a mathematical method to define the minimum safe operational boundary needed for aerial
vehicles operating in upper Class E airspace. This method calculates the extra separation required by vehicle
maneuverability, communication delay, and control/operator response time. A sensitivity study was performed to
gain insight into the relationship between these factors and the extra separation needed. Simulation experiments with
pairwise encounters were conducted for selected scenarios, and results verified the correctness of the safe operational
boundary calculated by the proposed method.
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