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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
Amathematical 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 E> and k> are the magnitude and direction of ownship’s velocity, respectively and E8 and k8 are the

magnitude and direction for intruder’s velocity, respectively, for any turn rate l of the ownship, the relative velocity
vector fi+A (relative to the intruder) can be expressed as Eqn. 1. For simplicity, E>, E8 , k>, and k8 will not be shown as
arguments on the left side of the following equations.

fi+A „l� C” =

"
E> sin„k> ‚ lC” � E8 sink8

E> cos„k> ‚ lC” � E8 cosk8

#
(1)

The relative distance to the intruder at any given time would be a function shown in Eqn. 2 for any given 3A and
\A , where 3A and \A are the magnitude and direction of the relative distance between the ownship to the intruder,
respectively.

fi�A „l� 3A � \A � C” =

"
3A sin \A

3A cos \A

#
‚

„ C

0
fi+A „l� C”3C (2)

For any turn rate l, 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,



 fi�A



 ( 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.

C� „l� 3A � \A ” = min
�
argmin

C 2»0�2c�l”



 fi�A „l� 3A � \A � C”


 	

(3)

When a conflict is about to occur, the closest safe distance to the intruder only happens when the ownship takes the
maximum left (�l<0G) or right turn rate (l<0G), assuming the intruder maintains its original course. The closest safe
distance can be selected from these two extreme turns using Eqn. 4:

d„3A � \A � l<0G” = max
n

 fi�A „�l<0G � 3A � \A � C

� „�l<0G � 3A � \A ””


� 

 fi�A „l<0G � 3A � \A � C

� „l<0G � 3A � \A ”


o (4)

A simple root-finding algorithm like the Bisection method can be applied to find the minimum safe distance to
the intruder, 3�A , which can make the closest distance to the intruder, d, equal to the minimum separation, ’<8=. By
including initial setting of E>, E8 , k8 , and k> as arguments on the left side and assuming the relative heading angle
kA = k> � k8 , the closest distance can then be written as:

3�A „\A � E>� E8 � k8 � kA � l<0G � ’<8=” = argmin
�

d„3A � \A � l<0G” � ’<8=



	 (5)

The set B, which contains 3�A for all relative position angle \A , then forms the minimum safe operational boundary
around the intruder for given E>, E8 , k8 , kA , and ’<8=. Since the maximum turn rate of the ownship aircraft is essentially
decided by the aircraft speed E> and its maximum bank angle q<0G , the set B can be expressed as:

B„E>� E8 � k8 � kA � q<0G � ’<8=” =
�
3�A „\A � E>� E8 � k8 � kA � q<0G � ’<8=”� 8\A 2 »0� 2c”

	
(6)

Finally, the set S then forms the aggregated minimum safe operational boundary around the intruder for the ownship
coming from any direction (kA ) around the intruder, given a set of E>, E8 , and ’<8=:

(„E>� E8 � k8 � q<0G � ’<8=” =
�
B„E>� E8 � k8 � kA � q<0G � ’<8=”� 8kA 2 »0� 2c”

	
(7)
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2. Demonstration with three di�erent 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 �xed-wing Global Hawk aircraft, where the balloon is static and the Global
Hawk �ies at 340 kts with a maximum bank angle of14•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' <8= (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 distance3 �
A

(c) The minimum safe operational boundaryBfor a givenk A (d) The aggregated minimum safe operational boundary( for all k A

Fig. 2 Scenario I:E8 = 0 kts, E> = 340kts, k A = � 90� , q<0G = 14•8� , and ' <8= = 3•0 nmi

The times to the closest point of approach,C� ¹l <0Gº andC� ¹� l <0Gº calculated using Eqn. 3 are marked in
Figures 2(a) and 3(a).C� ¹l <0Gº is the time when the Global Hawk is taking a right turn with the maximum bank angle
andC� ¹� l <0Gº 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 distances3�

A 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 boundaryBfor all relative position angle\ A at a given relative heading anglek A 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 (q<0G) of the Global Hawk. Since the speed of the high aspect ratio
aircraft in Scenario II is still pretty slow, the boundaryBin Scenario II is close to the one in Scenario I. To show the
di�erence between these two, Fig. 3(c) puts them together with the blue and red curves representingBin 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 distance3 �
A

(c) The minimum safe operational boundaryBfor a givenk A (d) The aggregated minimum safe operational boundary( for all k A

Fig. 3 Scenario II: E8 = 60kts, E> = 340kts, k A = � 30� , q<0G = 14•8� , and ' <8= = 3•0 nmi

Given E>, E8, k 8, q<0G, and ' <8=, if the ownship is assumed to come from any direction (k A), an aggregated
minimum safe operational boundary( 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
( is essentially a circle (a cylinder if considering a constant vertical separation) with the radius of 6.87 nmi, which
means the14•8� bank angle limit needs 3.87 nmi extra separation bu�er. When the intruder speed is nonzero, the extra
separation caused by the limited maneuverability increases when two vehicles �y in the opposite direction. And the
extra separation decreases when the ownship trails the intruder as shown in Fig. 3(d). The aggregated boundary(
is conservative and assumes the relative heading is unknown, however, the boundaryBshould 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 �ying 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
�ying at 120 knots with' <8= = 1–200 ft and the maximum bank angleq<0G = 25� . Using Eqn. 3, the minimum
positive times computed forl <0G andl <8= are the times to the closest point of approach,C� ¹l <0Gº andC� ¹� l <0Gº,
respectively, as shown in Fig. 4(a). The closest safe distances3�

A can then be identi�ed (Fig. 4(b)). The boundaryBfor
all relative position angle\ A at the same relative heading anglek A 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
bu�er reaches the maximum when two aircraft are heading towards each other.
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