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ABSTRACT

Low situational awareness (SA) when operating close to terrain and obstacles significantly increases risk by dramat-
ically reducing reaction times. This study aims to facilitate real-time trajectory adjustments and improve pilot SA
without increasing cognitive load by focusing on the specific challenge of maneuvering around obstacles in hostile
and degraded visual environments (DVE). This methodology is intended to improve the safety and efficiency of low-
altitude rotorcraft missions. In addition to the bank angle cueing methodology, this study proposes a deceleration and
rate of climb cueing methodology and decision logic to provide a smooth transition between each cue under appropri-
ate circumstances. A 3D conformal symbology is designed using the Blender software, a basic simulation environment
is created in Unreal Engine, and several desktop simulations are performed in the MATLAB/Simulink environment
using pilot models. The primary objective of these studies is to lay the groundwork for future pilot-in-the-loop sim-
ulations by designing a framework that could potentially integrate this cueing method into a simulator environment
where the cues are presented to the pilot as a 3D conformal symbology set using a Heads-Up Display (HUD). This
preliminary work is intended to enhance the potential effectiveness of the pilot’s cueing system in hostile and degraded
visual environments once actual testing and implementation are underway.

NOTATION T time-to-collision (or time-to-contact), s

Symbols t©  rate of change of T

T, margin value of 7, s
Hp  Obstacle Height, f1 t,,  margin value of %
Ry Radius of the sphere surrounding the helicopter, f?

t time, s

D(t) Closing deceleration on the obstacle, £t /s> Acronyms

V(z) Closing velocity on the obstacle, ft/s
Z(t) Distance from an obstacle, f DVE  Degraded Visual Environment

HAT Height Above Terrain

- HUD Heads-Up Display
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INTRODUCTION

Obstacle avoidance is a widely studied problem for different
types of controllable dynamic systems. It has been solved
over the years using many different methods: optimal tra-
jectory generation (Ref. 1), panel method-based path plan-
ning (Ref. 2), pilot cueing (Ref. 3), and others (Refs. 4-9).

Binet and Rakotomamonjy (Ref. 3) developed an obstacle
avoidance methodology using the Tau theory (Ref. 10), which
was used to establish haptic cueing by generating force bias
on the lateral cyclic. Inspired by this work (Ref. 3), a visual
cueing method based on the Tau theory (Ref. 10) for obstacle
avoidance was proposed in (Ref. 11). This study presented
a method to generate a bank angle cue for a pilot to make a
coordinated turn away from the obstacle and safely change
the helicopter’s trajectory to avoid a collision. In this method,
the altitude and speed of the rotorcraft are maintained and the
height of the obstacle is assumed to be infinite. Therefore,
this method is limited to the 2D plane. However, additional
adjustments are required to extend the method to 3D space.

Padfield (Ref. 12) states that pilots have three options when
approaching obstacles. They can either turn away from the
obstacle, climb over the obstacle, or stop before reaching the
obstacle. For time-critical missions, stopping should be the
last option to complete the mission in time. Therefore, in DVE
conditions, in situations where the bank angle or rate of climb
command exceeds the helicopter’s limits, the pilot may be ad-
vised to decelerate to reduce the load on the helicopter or the
engine torque. For this purpose, this paper presents a visual
cueing method that combines all three options.

METHODOLOGY

An algorithm with three guidance methods and a logic that
provides a smooth transition between them, allowing the pi-
lot to avoid obstacles in DVE conditions, has been developed
to increase safety in low altitude, hostile environments. The
bank angle guidance method defined in (Ref. 11) was de-
signed to avoid the obstacle in the 2D plane only. In addition
to bank angle guidance, deceleration guidance, rate of climb
guidance that allow obstacle avoidance in 3D space, and the
decision logic that combines them are explained in this sec-
tion.

Bank Angle Guidance

The Tau theory (Ref. 10) is used in the development of the
algorithm to generate bank angle guidance. The geometric
approach is illustrated in Figure 1. In (Ref. 1 1), the algorithm
and the notations are described in detail.

In this algorithm, an obstacle of any shape is surrounded by a
red circle with radius R and center O. There is a safety bub-
ble outside the obstacle, shown as a green circle with a radius
of Rs. This is one of the design parameters whose value can
be set via extensive simulations for a successful avoidance.
The helicopter is also inside a black circle with radius Ry and
has center C, which is the center of gravity of the helicopter.
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Figure 1. Visualization of the geometric approach for ob-
stacle avoidance (Ref. 11)

Three angle definitions are used to build this algorithm. One
is X, the heading angle, which indicates the direction of the
helicopter’s ground speed, which does not include the vertical
speed. It can be seen as the green solid arrow as Vi in Fig-
ure 1. Next is ¥, which is the argument of the vector drawn
from the helicopter’s center of gravity to the center of the ob-
stacle in the inertial frame. The other is &, which is half the
angle between two intersecting tangent lines between the he-
licopter and the safety bubble, as shown in Figure 1.

The goal is to clear the obstacle by making a coordinated turn
until the ground velocity and the tangent line between the he-
licopter and the safety bubble are parallel to each other. The
pilot is expected to perform a turn maneuver to follow the
brown dash-dot-dash line shown in Figure 1.

To calculate the time-to-collision estimate, known as 7, the
distance over velocity formulation is used (Ref. 10). The reac-
tion distance is calculated as the distance between the centers
of the obstacle and the bubble minus their radii. The time-
to-collision is estimated using this reaction distance over the
ground velocity component parallel to the line of sight from
the helicopter to the obstacle. The required turn rate is deter-
mined using the time-to-collision estimate.

The location of the obstacle with respect to the helicopter’s
trajectory is determined by the relationship between %, 7, and
6. In addition, how much angle to turn in a certain amount of
time is also calculated using these angles. In this method, the
direction of the turn rate is chosen according to the smallest
turn rate.

After the turn rate is found, the bank angle cue can be found.
The bank angle cue begins to be shown to the pilot when the
estimated time-to-collision is less than a threshold time, T,
(margin value of the 7), chosen after performing the sensi-
tivity analysis described in (Ref. 11). This is the second de-
sign parameter to be selected. This threshold time can also be
translated as the threshold distance at which the bank angle



cue begins to be displayed. However, in this study, instead of
displaying the visual cues according to the threshold distance,
the threshold time, 7,,, is used to start displaying the cues.

In (Ref. 11), the performance of the method is tested by per-
forming sensitivity analysis to different 7, values, assum-
ing sufficient initial distance when approaching the obstacles,
changing the size of the obstacles, and changing the position
of the obstacles with respect to the helicopter’s trajectory. The
desktop simulations are performed in the MATLAB/Simulink
environment. The Linear Time-Invariant (LTI) model used
in the simulations was extracted from the FLIGHTLAB®
generic helicopter model at 80 knots, zero sideslip, and for-
ward flight trim condition. These initial simulations were
performed with simulated pilot models representing a student
pilot and an experienced pilot. This allowed the method to
be tested on a variety of pilot skill levels as they represented
the two extremes. The pilot models based on the crossover
model (Refs. 13, 14) were used to give commands. Details
about the pilot models can be found in (Ref. 11). It is found
that the best performance of this method can be obtained when
the cue is generated 10 seconds before the predicted collision
(T = 10 s) and the safety bubble around the obstacle has an
adaptive radius that changes with the radius of the obstacle as
explained in (Ref. 11). The table of required bubble radii can
be found in (Ref. 11).

Rate of Climb Guidance

Similarly, the rate of climb guidance algorithm is developed
based on the Tau theory (Ref. 10). The illustration is given in
Figure 2.
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Figure 2. Side view of the visualization of the geometric
approach for obstacle avoidance (Ref. 11)

Figure 2 is a side view of Figure 1. In 3D space, it is assumed
that the helicopter is inside a sphere with radius Ry and the
obstacle with any shape is inside a cylinder with radius Rop
and height Hp. Figure 2 shows the side view of the cylinder
outside the obstacle as a red rectangle and the safety bubble
extruded to the height of the obstacle as a green rectangle.
The radius of the safety bubble is determined by extensive
simulations as described in (Ref. 11).

The rate of climb guidance is calculated from the vertical dis-
tance between the height above terrain (HAT) of the lowest
point of the sphere surrounding the helicopter and the highest
point of the obstacle, which is the height of the cylinder out-
side the obstacle. The calculation of the rate of climb guid-
ance is given in Eq. 1.

Ho — (HAT —Rp)
T

ROCcyg =

)

Time-to-collision (7) is calculated as described in (Ref. 11),
which is Eq. 2.

. Dreact
=T
VG |cos(x —7)

where D,.. 1S the distance from an obstacle, also defined as
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Z(t) in this paper, \7(;1 is the ground velocity of the helicopter,
x is the heading angle, and ¥ is the half the angle between
two intersecting tangent lines between the helicopter and the
safety bubble, shown in Figure 1.

To determine the necessary safety margin above the obstacle
for the rate of climb guidance, a series of sensitivity analyses
are performed, similar to those performed for the bank angle
guidance investigation, except that 7,,, the pilot model, and the
relative location of the obstacle with respect to the helicopter’s
trajectory are held constant. In the sensitivity analysis simu-
lations, the rate of climb is followed while maintaining the
forward speed, bank angle, and sideslip. 7, is kept at 10 sec-
onds as determined in (Ref. 1 1). Only the student pilot model
is used to determine the largest safety margin that would be
required. All obstacles are centered on the trajectory of the
helicopter. It is assumed that there is sufficient initial distance
when approaching the obstacles. Finally, Ry is set to 150 ft
in these analyses and the HAT of the helicopter is at 150 ft
so that the vertical distance between the lowest point of the
sphere around the helicopter and the highest point of the ob-
stacle is always the height of the obstacle.

The sensitivity analyses are performed in the MAT-
LAB/Simulink environment using both the LTI model and the
nonlinear model. The LTI model used in the simulations is
extracted from the FLIGHTLAB® generic helicopter model
at 70 knots, zero sideslip, and forward flight trim conditions.
The forward speed is selected according to the best climbing
performance speed on the power curve of this generic heli-
copter in out-of-ground effect, sea level, and standard atmo-
spheric conditions, shown in Figure 3.

Sensitivity analyses are performed using obstacles with radii
of 50 ft, 100 ft, 150 ft, 300 ft, 500 ft, 1000 ft, and 2000 ft and
heights of 50 ft, 100 ft, 150 ft, 300 ft, 500 ft, 1000 ft, and 2000
ft. As a result, there is no pattern for a safety margin. There-
fore, no safety margin is implemented in the vertical direction.
However, it is observed that if the height of the obstacle is less
than 150 ft, the obstacle is cleared in all cases.

Figures 4 and 5, respectively, show LTI and nonlinear model
simulation results for a 50 ft radius, and 150 ft high obstacle
in isometric and side views.
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Deceleration Guidance

The study by Lee (Ref. 10) investigates the effect of time-to-
collision information on visual control of braking in traffic,
which concludes that the easiest type of information to con-
trol braking is visually perceived time-to-collision informa-
tion, rather than distance, speed, or deceleration/acceleration
and that the driver maintains a safe margin value of the deriva-
tive of the time-to-collision (%,) while controlling braking.
Therefore, the deceleration guidance algorithm, which calcu-
lates the deceleration trajectory while keeping 7 constant, is
based on this study. The derivation of the deceleration trajec-
tory is explained in detail in the appendix of (Ref. 10). As
described in (Ref. 10), the time to collision is defined by Eq.
3.

T=20 3)

“4)

where V(t) = —d(Z(t))/dt and D(t) = d*(Z(t))/dt*>. Tt is
assumed that the deceleration starts at r = 0, therefore, V(0)
is the speed at which the deceleration starts, and Z(0) is the
distance from the obstacle at t = 0.

The deceleration trajectory is found by solving Eq. 4 with
t = 1,,, which is given in Eq. 5.

®)

£V (0)r\ "
Z(0) )

V() =V(0) (1 +

gqﬁm’: /
-200
i . . [ | . . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500
X[ft)
LTI Model

Figure 4. Obstacle avoidance LTI model simulation using
the rate of climb guidance - 50 ft radius 150 ft high obsta-
cle

Figure 6 shows the deceleration trajectory for different safe
margin values of 7 (1) from —0.5 to —0.1. Since the slowest
deceleration occurs when 1, = —0.1, 7, is chosen as —0.1 to
avoid the abrupt changes in the cue.

After generating the deceleration trajectory, it is transformed
into a pitch angle guidance using nonlinear dynamic inversion
(NDI) as described in (Ref. 15).

LTI models are extracted at different forward speeds, and zero
sideslip trim conditions using FLIGHTLAB®’s generic heli-
copter model. The following Eq. 6 is the approximate LTI
model.

u=X,u—go (6)

where u is the velocity in the X direction of the body frame,
0 is the pitch angle, and g is the gravitational acceleration.
Figure 7 shows the block diagram of the transition from the
deceleration trajectory to the pitch angle guidance.

A first-order command model is used to designate the desired
response of the system, which is given in Eq. 7, where T is
the time constant. The time constant 7 is selected as 1 second
for this application.

1
C Ts+1

Gideal (S ) (7N
A PI controller is used for error compensation of the generated
deceleration trajectory, with the proportional gain Kp set to 0.3
and the integral gain Kj set to 0.13.

Decision Logic

Based on desktop simulations performed to test the perfor-
mance of the individual bank angle and rate of climb guid-
ance algorithms, the decision logic is implemented to prevent
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Figure 5. Obstacle avoidance nonlinear model simulation
using the rate of climb guidance - 50 ft radius 150 ft high
obstacle

the helicopter from reaching its limits while safely avoiding
the obstacle.

The need to generate the rate of climb and deceleration guid-
ance comes from the findings in (Ref. 11), where it is stated
that there is a need for alternative guidance methods for very
high bank angle guidance, although it is a very effective way
of obstacle avoidance. Therefore, the logic was mainly built
around the bank angle guidance algorithm. In the desktop
simulations, it is observed that if the vertical distance between
the lowest point of the sphere surrounding the helicopter and
the highest point of the obstacle is less than 150 feet, the ob-
stacles can be avoided when 7, is 10 seconds. Therefore, the
first step is to check the vertical distance. If it is less than 150
feet, the pilot is shown the rate of climb cue while maintain-
ing the helicopter’s speed at 70 knots. Generating the rate of
climb cue does not change the initial trajectory, which is im-
portant for time-sensitive missions. However, if the vertical
distance is greater than 150 feet, the bank angle cue is used to
clear the obstacle. Therefore, the second step must ensure that
the helicopter does not reach very high bank angles. Since the
load factor is 2 when the bank angle is 60° and it is seen in the
desktop simulations that the generic helicopter model that is
used in the simulations cannot make turns with a bank angle
higher than 60°, in the second checkpoint the magnitude of
the bank angle cue is examined. If it reaches 60°, the decel-
eration cue is displayed along with the bank angle cue until it
becomes less than 60°. This algorithm is developed for speeds
higher than 60 knots. For low-airspeed flight (<= 40 knots)
different obstacle avoidance algorithms should be used.

The logic is summarized in Figure 8. This flowchart com-
bines all three algorithms to provide a safe obstacle avoidance
methodology. This logic can be adapted according to the re-
quirements determined after the pilot-in-loop tests.
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Figure 7. Pitch angle guidance generation using NDI

DESCRIPTION OF 3D CONFORMAL
SYMBOLOGY SET

This research presents an approach to rotorcraft cueing that in-
tegrates time with spatial visualization to provide pilots with
an intuitive and comprehensive understanding of their imme-
diate flight environment and trajectory. The goal is to provide
pilots with a dynamic and predictive view of their environ-
ment, enabling them to make informed decisions quickly and
safely by adopting a 4D perspective. This approach is partic-
ularly relevant in DVE conditions. Since the obstacle avoid-
ance guidance algorithm is designed to be implemented as a
4D conformal pilot cueing system, a 3D conformal symbol-
ogy set is required. In this paper, three visual cues have been
proposed comprising all the guidance algorithms to be tested
in the GaTech high-fidelity, fixed-base rotorcraft flight simu-
lator.

Bank Angle and Deceleration Cue

The bank angle cue and the deceleration cue symbologies,
which are translated into the symbology of the pitch angle cue,
are inspired by standard flight directors. While the cue is rep-
resented by two wing-like bars connected by a semicircle on
top of each other, the helicopter’s actual bank and pitch angles
are represented by a bar with a circle in the center of the bar.
The pilot ensures that the obstacle avoidance cue is followed
by keeping the attitude indicator bar within the cue indicator
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Figure 8. Decision making flow chart

bar. When the bank angle cue is generated, the wing-like bars
tilt left or right, and when the pitch angle cue is generated,
they move up or down together. If the pilot manages to keep
the bar inside the cue indicator bar, the cue will be followed
successfully. Both the cue and the actual attitude indicators
are placed in the center of the HUD, just in front of the pilot’s
eye level. A screenshot of the cue indicator design in Blender
is shown in Figure 9 and a screenshot of the bank angle and
pitch angle indicator design in Blender is shown in Figure 10.
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Figure 9. Bank angle and deceleration cue indicator design
shown in Blender

Rate of Climb Cue

The rate of climb cue symbology uses a hollow arrow point-
ing up in the upper left corner of the HUD. This indicates a
maximum climb rate of 4000 fpm. As the helicopter gains
climb rate, the hollow arrow fills with a vertical bar, in other
words, the helicopter’s actual climb rate value is displayed as
a bar that fills the hollow arrow indicating the rate of climb
cue. A screenshot of the rate of climb cue indicator design
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Figure 10. Bank angle and pitch angle indicator design
shown in Blender

and the actual rate of climb indicator in Blender is shown in
Figure 11.

Figure 11. Rate of climb cue indicator design and the ac-
tual rate of climb indicator shown in Blender

Glass Dome

The glass dome cue indicates a safety bubble around the ob-
stacle, extruded as high as the obstacle, and a hemisphere of
the same radius with the safety bubble on top. It is inspired
by the study (Ref. 16). The glass dome appears on the outside
of the obstacle to be avoided by the avoidance algorithm. A
screenshot of the glass dome cue indicator design in Blender
is shown in Figure 12.

SIMULATION

Environment in Unreal Engine

The simulation environment for initial tests is created in Un-
real Engine 5.1 and Unreal Engine 4.27 environment. The
simulation environment consists of cylindrical obstacles of
various sizes, realistic terrain imported from the Cesium plu-
gin, and a UH60 helicopter model found on the Epic Games
Marketplace.

Desktop Simulations

In order to test the performance of the methodology in terms
of obstacle avoidance and mission completion within the
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Figure 12. Glass dome design shown in Blender

specified time interval capability, several desktop simula-
tions are performed. Both the LTI model extracted using
the FLIGHTLAB® generic helicopter model and the nonlin-
ear model itself are used for this purpose. The simulations
are performed in the MATLAB/Simulink environment. Pi-
lot models representing experienced and inexperienced pilots
are used to complete the simulations. The pilot models based
on the crossover model (Refs. 13, 14) are used to give com-
mands. The transfer function of the pilot model is given in
Eq. 8, where K, is the pilot gain, Tz, and 77 are lead-lag time
constants and 7° is the time delay. Since the same pilot mod-
els are used in this study with the (Ref. | 1), details on the pilot
models can be found in (Ref. 11).

1+Tis s
=Ky .e
14 T;s

Yp(s)

®)

The architecture of the pilot model consists of four input chan-
nels. The collective channel tracks the rate of climb. The pi-
lot model finds the appropriate collective input. In the pedal
channel, zero lateral acceleration is achieved for a forward
speed greater than 60 knots. The pilot model finds the re-
quired pedal input for zero lateral acceleration. In the lon-
gitudinal cyclic channel, the pitch angle cue is followed. The
pilot model finds the required longitudinal cyclic input for that
pitch angle. In the lateral cyclic channel, the pilot model fol-
lows the bank angle command. A basic SAS with zero time
delay, zero noise, and unity transfer functions for SAS sen-
sors and actuators is implemented to increase stability during
simulations. Lead-lag time constants and time delay are kept
at zero except for the inner loops in the four input channels.
Figure 13 shows the controllers.

Simulation Results and Discussion

Desktop simulations start with 80 knots forward flight trim
conditions with zero sideslip. In all simulations, the mission
is plotted as the helicopter moves from (x,y) = (0,1000)[f7]
coordinates in the inertial frame at 150 ft altitude to the tar-
get point (x,y) = (10000, 1000)[f?] coordinates in the inertial
frame at 150 ft altitude. In the simulations, the number, size,
and location of obstacles are kept as variables, resulting in
different terrain scenarios. The results of a sample simulation
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performed using the nonlinear model are shown from the top,
side, and isometric views in Figures 14, 15, and 16, respec-
tively.
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Figure 15. Side view of the helicopter’s trajectory

For this simulation, the obstacle specifications are given in
Table 1.

The bank angle cue and the helicopter’s actual bank angle and
lateral cyclic values are shown in Figure 17. Because the bank
angle cue did not exceed 60 degrees in this simulation, the
helicopter maintained 80 knots throughout the mission, ex-
cept during a climb maneuver while avoiding the fourth ob-
stacle, where the helicopter slowed to and maintained a for-
ward speed of 70 knots. Similarly, the pitch angle cue, the
helicopter’s actual pitch angle, and the longitudinal cyclic can
be seen in Figure 18 and the rate of climb cue, the helicopter’s
actual rate of climb, and the collective input are shown in Fig-
ure 19.

One can find the lateral acceleration and compensating pedal
input during this simulation in Figure 20.

In these simulations, it is seen that the mission could be com-
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Figure 16. Isometric view of the helicopter’s trajectory

Table 1. Obstacle’s Description

Radius [f(] Height [fi] {*fi’]ca“o“ (oY)
1000 500 (4000, 150)

250 900 (6000, 1200)
750 700 (8000, 500)

500 150 (2000, 1100)

pleted without hitting the obstacle and close to the target mis-
sion duration most of the time. Therefore, the methodology
is ready to be tested in the simulator environment with the
pilots. However, as it is seen that the results are highly depen-
dent on the pilot models, the results are not conclusive until
the pilot-in-the-loop tests are conducted.

The desktop simulations have shown that the methodology
works, but the pitch angle cue is highly variable, so the tran-
sition from deceleration trajectory to pitch angle guidance
should be fine-tuned before implementation in the simulator.
A fluctuating pitch angle cue not only results in an oscillating
forward speed but also makes it more difficult to follow the
rate of climb cue without descending.

As concluded in (Ref. 11), the bank angle cue works with high
accuracy and it promises great safety together with the rate of
climb cue and the deceleration cue, which makes it possible
to avoid obstacles without exceeding the helicopter’s limits.

CONCLUSIONS

This study proposes a deceleration and rate of climb guidance
methodology and decision logic to provide a smooth transi-
tion between each cue under appropriate circumstances, in
addition to the bank angle guidance methodology explained
in (Ref. 11). With this study, the method has been transformed
into a possible 3D conformal symbology using the Blender
software, and a basic simulation environment is created in
Unreal Engine to design the test environment and test scenar-
i0s. The results of the various desktop simulations performed
in MATLAB/Simulink using the Flighlab generic helicopter
model are discussed. The findings are listed below:

1) The mission could be completed without hitting the obsta-
cle and close to the target mission duration most of the time.
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Therefore, the methodology is ready to be tested in the simu-
lator environment with the pilots.

2) The desktop simulations have confirmed that the method-
ology works, but the pitch angle cue is highly variable, so the
transition from deceleration trajectory to pitch angle guidance
should be fine-tuned before implementation in the simulator.
A fluctuating pitch angle cue not only results in an oscillating
forward speed but also makes it more difficult to follow the
rate of climb cue without descending.

3) As concluded in (Ref. 11), the bank angle cue works with
high accuracy and it promises great safety together with the
rate of climb cue and the deceleration cue, making it possible
to avoid obstacles without exceeding the helicopter’s limits.

4) Since the simulation results are highly dependent on the
pilot models, the results are not conclusive until the pilot-in-
loop tests are performed.
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FUTURE WORK

In future work, the visual cueing method will be implemented
in the GaTech’s high-fidelity fixed-base rotorcraft flight sim-
ulator, and pilot-in-the-loop simulations will be conducted to
further refine the parameters and feasibility of this method.
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