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ABSTRACT

Low situational awareness (SA) when operating close to terrain and obstacles significantly increases risk by dra-
matically 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 aims to enhance the safety and efficiency of low-altitude ro-
torcraft operations. This study proposes an outer-loop guidance methodology and decision logic to facilitate a smooth
transition between turn, climb, and deceleration maneuvers under appropriate circumstances during flight. Several
desktop simulations are performed in the MATLAB/Simulink environment using different pilot models to test the
performance in terms of obstacle avoidance and mission completion within the specified time interval. The primary
objective of these studies is to lay the groundwork for future pilot-in-the-loop simulations by designing a framework
to integrate this guidance method into a simulator, where visual cues are presented as a 3D conformal symbology set
using a Heads-Up Display (HUD) to support the "heads-up, eyes-out’ interface philosophy. The proposed 3D confor-
mal symbology set is explained. 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.
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INTRODUCTION

Obstacle avoidance is a widely studied problem for all types
of controllable dynamic systems, with solutions developed
over the years using various methods: optimal trajectory gen-
eration (Ref. 1), panel method-based path planning (Ref. 2),
pilot cueing (Ref. 3), and others (Refs. 4-9). Binet and Rako-
tomamonjy (Ref. 3) developed an obstacle avoidance method-
ology using the Tau theory (Ref. 10), which was used to es-
tablish haptic cueing by generating a force bias on the lateral
cyclic. Inspired by this work (Ref. 3), a bank angle guidance
method based on Tau theory was proposed for obstacle avoid-
ance (Ref. 10) in (Ref. 11). This study presents a method for
generating a bank angle guidance to enable a pilot to make
a coordinated turn away from an 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 it
is assumed that the obstacle has infinite height, restricting the
methodology to the two-dimensional (2D) plane. Therefore,
additional adjustments are required to extend the method to a
three-dimensional (3D) space.

Padfield (Ref. 12) explains that when pilots approach obsta-
cles, they have three options: turn away, climb over, or stop
before reaching the obstacle. For time-critical missions, stop-
ping is the least favorable option, as it risks compromising
mission completion. In DVE conditions, the pilot may be ad-
vised to decelerate if the bank angle or rate of climb command
exceeds the helicopter’s operational limits. To improve safety
at low altitudes or in degraded visual environments, an algo-
rithm with three guidance methods has been developed: bank
angle guidance, climb rate guidance, and deceleration guid-
ance, along with decision logic for smooth transitions between
them to help pilots avoid obstacles in DVE conditions. While
the bank angle guidance method introduced in (Ref. 11) ad-
dresses obstacle avoidance in the 2D plane, the rate of climb
guidance extends this capability to the 3D space. Addition-
ally, deceleration guidance and decision logic that integrates
these methods are further elaborated in (Ref. 13). Tau The-
ory (Ref. 10) forms the foundation for developing the algo-
rithms that generate the bank angle, rate of climb, and decel-
eration guidance. The deceleration guidance algorithm, which
calculates the deceleration trajectory while keeping the rate of
change of T constant, is based on Lee’s (Ref. 10) investigation
of how time-to-collision information influences visual con-
trol of braking in traffic. Once the deceleration trajectory is
generated, it is transformed into pitch angle guidance through
dynamic inversion (DI), as described in (Ref. 14). Finally,

the decision logic, shown in (Ref. 13), completes the algo-
rithm, ensuring smooth transitions between guidance meth-
ods based on desktop simulations that test the individual per-
formance of the bank angle and rate of climb guidance algo-
rithms. This ensures that the helicopter stays within its opera-
tional limits while safely navigating around obstacles. Within
the scope of this study, several desktop simulations were con-
ducted to evaluate the performance of the methodology in
terms of obstacle avoidance and mission completion within
the specified time interval. Both the LTI model, extracted us-
ing the FLIGHTLAB generic helicopter model, and the non-
linear model were used for this purpose. The simulations were
conducted in the MATLAB/Simulink environment, utilizing
pilot models that represented both experienced and inexpe-
rienced pilots. These pilot models, based on the crossover
model (Ref. 15), were used to issue commands throughout the
simulations. These simulations indicate that the mission can
be completed without hitting the obstacle, while maintaining
a target mission duration for most experimental cases.

This research considers an approach to rotorcraft cueing that
integrates 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 four-dimensional (4D) perspective. This
approach is particularly relevant in DVE conditions. Since
the obstacle avoidance guidance algorithm is designed to be
implemented as a 4D conformal pilot cueing system, a 3D
conformal symbology set is required. Therefore, the three vi-
sual cues comprising all the guidance algorithms have been
proposed in (Ref. 13). Figures | and 2 provide a visual rep-
resentation of the developed cue symbology. The bank angle
cue and pitch angle cue symbology are inspired by standard
flight directors. The bank angle cue indicates the required
bank angle for a coordinated turn maneuver that clears an ob-
stacle, while the pitch angle cue shows the necessary pitch
angle to decelerate to the extent needed in executing a turn
maneuver within limits. The cue is visually represented by
two wing-like bars connected by a semicircle, while the he-
licopter’s actual bank and pitch angles are depicted by a bar
with a central circle that can fit within the gap of the afore-
mentioned cue. Pilots follow the obstacle avoidance cue by
aligning the attitude indicator bar with the cue indicator bar.
When the bank angle cue is active, the wing-like bars tilt left
or right; when the pitch angle cue is generated, they move up
or down. These cues are successfully followed when the pilot
maintains the bar within the cue indicator bar. Both the cueing
symbology set and attitude indicators are centrally positioned
on the head-up display (HUD) at the pilot’s eye level. The rate
of climb cue indicates the required climb rate to clear an ob-
stacle without collision. This symbology is represented by a
green cylinder overlaid on the Vertical Speed Indicator on the
right side of the HUD, with markings indicating a maximum
climb rate of 4,000 feet per minute (fpm). The height of the
cylinder expands as the rate of climb cue increases. As the he-
licopter increases its climb rate to match the rate of climb cue,



the Vertical Speed Indicator bar follows the green cylinder. Fi-
nally, the safety zone cue outlines a no-go zone extending to
30 ft above the obstacle’s height, visually indicating the area
that must be avoided. The implementation of the symbology
set in the Unreal Engine world is illustrated in Figures 1 and
2. In Figure 1, the helicopter approaches the obstacle from
a lower level, causing the bank angle cue to be activated. In
Figure 2, the helicopter approaches the same obstacle from
a higher level, so the rate of climb cue is activated. In both
figures, the safety zone can be seen around the obstacle. The
orange arrows on the figures indicate the symbols.

Figure 1. Bank angle and pitch angle cue and safety zone
shown in a footage of preliminary pilot-in-the-loop testing
in the GT high-fidelity, fixed-base rotorcraft flight simula-
tor

Figure 2. Rate of climb cue shown in a footage of prelimi-
nary pilot-in-the-loop testing in the GT high-fidelity, fixed-
base rotorcraft flight simulator

Although inner-loop guidance, which includes bank angle,
pitch angle, and rate of climb guidance, performs well in
desktop simulations using a pilot model, unofficial pilot in-
terviews indicate that it is highly time-sensitive, leaving pilots
with almost no reaction time. This increases workload and
necessitates an outer-loop guidance set for three maneuvers:
turn, climb, and decelerate. To address this, a novel outer-

loop guidance method is developed in this study. As in the
development phase of the inner-loop guidance, the outer-loop
guidance is also first tested on the desktop using the same pi-
lot models. In this paper, a 3D conformal visual cueing set
has been proposed comprising all the outer-loop guidance al-
gorithms to be tested in the GT high-fidelity, fixed-base rotor-
craft flight simulator. The goal is to be able to show the pilot
a preview of the intended trajectory.

METHODOLOGY

The outer-loop guidance methodology, which involves three
obstacle avoidance maneuvers — turning, climbing, and de-
celeration —is explained in the following sections.

Outer Loop Guidance

The outer-loop guidance consists of heading angle guidance
for turning, flight path angle guidance for climbing, and de-
celeration trajectory guidance for reducing the vehicle speed.

Heading Angle Guidance The heading angle guidance,
Xcemd» 1s found using the bank angle guidance, (Refs. 11, 13),
as shown in Eq. 1.

Xemd = ———=71 (D

Flight Path Angle Guidance The flight path angle guid-
ance, Y.uq4, is found by using the rate of climb guidance,
(Ref. 13), as shown in Eq. 2.

Yemd = =1 (2)

Trajectory Guidance for Deceleration The purpose of the
deceleration trajectory guidance is to follow the commanded
deceleration velocity given in Eq. 3 during climbing or turn-
ing in obstacle avoidance maneuvers. It is the outer-loop form
of the pitch angle guidance (Ref. 13).

t,U(0)

U(t) =U(0) 1+

3)
Since U(¢) is along the line-of-sight between the vehicle and

the obstacle, the component of U(¢) along the x-axis of the
body-fixed frame should be used as ;.

Decision Logic

A decision-making algorithm is implemented to determine
whether a helicopter should perform a climb or turn maneu-
ver to avoid detected obstacles, while staying within its oper-
ational limits. The process begins by detecting all obstacles
within a specified range from the helicopter’s current posi-
tion. For each obstacle, the algorithm calculates its relative



position and evaluates its proximity in horizontal and vertical
directions.

In this study, guidance algorithms are developed for speeds
higher than 60 knots. Different guidance algorithms should
be used for low-airspeed flight (<40 knots).

Turn Maneuver Evaluation The decision logic evaluates all
obstacles on the helicopter’s trajectory and selects the closest
obstacle with the steepest required flight path angle (FPA) for
which a climb maneuver is not possible within 7 seconds, us-
ing the excess power at the best climb rate speed. This obsta-
cle becomes a hard constraint, requiring a turn maneuver. The
required flight path angle to avoid obstacles by climbing is de-
termined by examining the horizontal and vertical distances to
the helicopter.

The turn guidance is generated by identifying the closest gap
that is wide enough for the helicopter to pass through. In other
words, if there is an obstacle that the helicopter must turn to
avoid, all the obstacles around it are checked, and the safest
and closest heading to turn to is found.

In high-speed flight, the turning maneuver is mainly limited
by the retreating blade stall. Therefore, the Equivalent Re-
treating Indicated Tip Speed (ERITS) parameter is checked
at each time step during the turn maneuver to avoid the re-
treating blade stall. If the ERITS parameter is less than the
selected value for the onset of the retreating blade stall, then
the deceleration guidance is initiated.

Limited by Rotor Stall The ERITS parameter is an empirical
metric developed by Sikorsky to support real-time rotor stall
detection in helicopters. It is defined as in Eq. 4.

e W
Py, W
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where Wy is a nominal reference weight, W is the current air-
craft weight, N, is the load factor, p is the air density at the
flight altitude, pgs, is the standard sea-level air density, Q is
the rotor angular speed, R is the rotor radius, and V; is the in-
dicated airspeed. The derivation of the ERITS expression is
given in (Ref. 16). The ERITS parameter correlates inversely
with the lift coefficient at the retreating blade tip at approx-
imately 270° azimuth, under the simplifying assumption of
a uniform lift distribution across the blade. As such, a low
ERITS value is expected to indicate a high retreating blade
lift coefficient, which can be a precursor to retreating blade
stall. Although the parameter is physics-based, the thresh-
old for detecting stall, i.e., the ERITS limit, is empirically
determined. This approach has been shown to be conserva-
tive, sometimes indicating stall in conditions where none is
observed, particularly in maneuvers where dynamic blade in-
teractions complicate the interpretation of control loads. Nev-
ertheless, the simplicity of ERITS makes it a practical param-
eter for onboard implementation, especially when augmented
with additional context such as altitude or load factor adjust-
ments (Refs. 16,17).

Climb Maneuver Evaluation After determining that a di-
rect climb over the steepest obstacle is not feasible, the algo-
rithm evaluates other obstacles that are closer to the helicopter.
For each such obstacle, the required flight path angle is com-
puted, and the system identifies the one with the steepest FPA
that the helicopter might still be able to clear.

The algorithm then checks whether the available excess power
is sufficient to achieve the required climb in 7 seconds. If
not, it assesses whether sufficient excess power can be recov-
ered through deceleration, based on the approximation that
the power required for forward flight scales with the cube of
airspeed above the best climb rate speed. If deceleration en-
ables the helicopter to generate the required excess power, the
deceleration guidance is initiated. If deceleration still does
not yield sufficient excess power, then the next closest obsta-
cle, requiring the next steepest FPA, becomes the new hard
constraint requiring a turn maneuver.

At each time step, all maneuvers required to avoid detected
obstacles on the helicopter’s trajectory are recalculated from
the beginning, taking into account the current flight condition
and all detected obstacles.

Limited by Engine Power To climb a vertical distance AH,
the required gravitational potential energy is given by:

Erequired =WAH o)

To achieve this climb in 7 seconds, the required average power
is:

Ercquired
6
. (6)

Prequired =

The available excess power is computed as:

Pexcess = 0.9 Nengine Omax — Qengine Qengine @)

where Tengine is the engine efficiency, Omax is the maximum
continuous torque, Qengine 1S the current engine torque, and
Qengine 18 the engine power turbine angular speed. It is as-
sumed that approximately 90% of the total engine power is
delivered to the main rotor.

If Prequired > Pexcess> the system evaluates whether the nec-
essary excess power can be recovered through deceleration.
This is approximated by assuming that the power required to
maintain forward flight scales with the cube of airspeed above
the best climb rate speed. If deceleration yields sufficient ex-
cess power to meet Prequired, the deceleration guidance is initi-
ated.

DESKTOP SIMULATIONS

To test the performance of the methodology in terms of ob-
stacle avoidance and mission completion within the specified
time interval capability, several desktop simulations were per-
formed. FLIGHTLAB® nonlinear generic helicopter model



is used for this purpose. The simulations are performed in the
MATLAB/Simulink environment. Pilot models representing
different pilots are used to complete the simulations. The pilot
models based on the crossover model (Refs. 15, 18) are used
to give commands. The transfer function of the pilot model is
given in Eq. 8, wher&;, is the pilot gain,T. andT, are lead-

lag time constants, arnd is the time delay. These parameters
for each pilot are selected as listed in Table 1.

1+ T|_S_

Yp(s) = Kp 1+ Ts

e tes (8)

Table 1. Pilot models.

Pilot T [s] Ty [s] tels] . .
Pilot A 0.2 0.2 0.2 Figure 3. Outer-loop controller architecture.
Pilot B 0.1 0.3 0.3

(x;91) = (0;0) ft coordinates in the inertial frame at 150 ft
The architecture of the pilot model consists of four input changltitude to the target poiritx ;y;) = ( 1200Q0) ft coordinates
nels. The following control architecture is used for the outefin the inertial frame at 150 ft altitude. The number, size, and
loop simulations: location of obstacles are kept as variables, generating different
_ terrain scenarios. In the simulations, the radius of the sphere
« In the collective channel, the cascaded controller stru&urrounding the helicopter is set to 50 ft. Finatly, is xed
ture is used. The outer loop controls the ight path angleyy 30 seconds; in other words, the obstacle avoidance algo-

and the inner loop controls the vertical speed. rithm starts working when the time-to-impact is less than 30
* Inthe pedal channel, the pilot model achieves zero later§fconds.
acceleration. The results of the simulation performed for the outer-loop

o . guidance from the top, side, and isometric views are shown in
* The longitudinal cyclic channel uses the cascaded COgg res 4, 5, and 6, respectively. For this simulation, the ob-

troller structure. The deceleration trajectory guidance igi;je speci cations are given in Table 3. The obstacle num-
followed in the outer loop. The inner loop controls theberS can be seen in Figures 4, 5, and 6.

pitch angle.
¢ In the lateral cyclic channel, the cascaded controller Table 3. Obstacle data.

structure is used. The outer loop controls the headi 90bstacle Radius Height Location

angle, and the inner loop controls the bank angle. Number [ft] [ft] oay) 7]
Lead-lag time constants and time delay are kept at zero exceé 228 288 Egggg 20)
for the inner loops in the four input channels. The outer-loop '
controller architecture is given in Figure 3 3 250 400 (8500, 100)

9 gure . 4 400 800 (10500, -50)

The gains of the outer-loop pilot models used in this study
are given in Table 2. Gains of the outer-loop pilot models
are selected arbitrarily to achieve successful obstacle avoid-
ance maneuvers with minimal control movements and without
compromising stability.

Table 2. Outer-loop controller gains.
Kp1 Kp2 Kpz Kpa Kps Kpe Kp7
1 -15 30 50 150 | -0.01 | 2

Figure 4. Top view of the obstacle avoidance trajectory.

Figures 7 and 8 show the obstacle avoidance maneuvers, as
well as turn, climb, and deceleration commands for outer-loop
guidance simulations. It also illustrates the obstacles that are
avoided by performing these maneuvers. Figures 9, 10, 11,
ﬁnd 12 show the helicopter response in all four channels.

Simulation Results and Discussion

Desktop simulations begin with 80 knots forward ight trim
conditions with zero sideslip. These simulations are pe
formed using the "Pilot A” pilot models. In all simula- As shown in Figures 7—12, the helicopter performs three types
tions, the mission is plotted as the helicopter moves froraf obstacle avoidance maneuvers while navigating toward the
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Figure 5. Side view of the obstacle avoidance trajectory.

Figure 8. Outer-loop guidance obstacle avoidance maneu-

. L . . vers and the obstacle numbers that are avoided.
Figure 6. Isometric view of the obstacle avoidance trajec-

tory.

Figure 9. Outer-loop guidance responses in collective

Figure 7. Outer-loop guidance turn-climb-deceleration channel.

commands.

target: turning, climbing, and decelerating. It rst initiates

a climb maneuver to avoid Obstacle #1. Then, it attempts
to climb over Obstacle #2; however, even with deceleration,
this becomes infeasible as the helicopter approaches the ob-
stacle. Because the helicopter does not perfectly follow the
commanded ight path angle, as illustrated in Figure 9, it
is unable to complete the climb in the remainingeconds.
Consequently, at around 38 seconds, the system initiates a turn
maneuver to avoid Obstacle #2. The helicopter then encoun-
ters Obstacles #3 and #4. It brie y attempts to climb over
Obstacle #4, but this also proves infeasible. As a result, it rst
turns to avoid Obstacle #3, then again to avoid Obstacle #4.
Ultimately, the helicopter reaches the target successfully at 86
seconds.

As the purpose of the desktop simulations is to prepare

the algorithm for seamless simulator integration, it can bEigure 10. Outer-loop guidance responses in lateral cyclic
concluded that, according to these results, the method@hannel.

ogy provides a promising solution for low-altitude, high-
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Tunnel in the Sky

Tunnel-in-the-Sky (TITS) displays provide pilots with a spa-
tial visualization of future 4D ight paths, aiding in trajectory
conformance and situational awareness during complex ap-
proaches. Compared to conventional 2D formats, these per-
spective displays reduce cognitive load and improve control
precision by intuitively integrating lateral, vertical, and tem-
poral information (Refs. 19, 20). Foundational work by The-
unissen, Mulder, and Wickens has shown that well-designed
TITS symbology can signi cantly enhance performance and
safety in future airspace environments (Refs. 21-23). TITS
supports both turning and climbing trajectories, providing pi-
lots with a clear, predictable path for safer and more ef-
cient maneuvering, as it dynamically adjusts in real-time. For
this study, equally-spaced, color-coded octagons represent the
TITS. Distance between the frames and the color of the frames
Figu_re 11. Outer-loop guidance responses in longitudinal changes according ta Table 4 shows the intervals bfand
cyclic channel. corresponding colors and distances.

Table 4. Tunnel-in-the-sky

t [s] Color Distance (x) [m]
0-5 Red 50
5-15 Amber 70
> 15 Blue 90

The heading angle guidance is used to generate the horizontal
position of the intended trajectory, and the ight path angle
guidance is used to generate the vertical position of the in-
tended trajectory.

Xir = %0 Ccmd) 9)
Figure 12. Outer-loop guidance responses in pedal chan- Yir = XiSin(Cemd) (10)
nel.
speed terrain-following ights, especially in obstacle-dense, Zir = X SiN(Gma) (12)

degraded visual environments. The actual performance of the

methodology can be assessed through pilot-in-the-loop simgquations 9, 10, and 11 give the, y;, andz coordinates
lations. Additionally, although the decision logic works wellof the trajectory in the inertial frame over a x ft distance of
in desktop simulations, it can be further re ned by incorporatcommanded trajectory. The subscript "i” represents the i-th
ing pilots, as determined by the requirements identi ed durinffame, starting with the closest one.

the pilot-in-loop tests. TITS symbology is accompanied by predictor symbology and
ight path vector symbology, both with the same color-coding

DESCRIPTION OF 3D CONFORMAL shown in Table 4. Predictor symbology is placed in the mid-
SYMBOLOGY dle of the closest frame, showing the midpoint both vertically

and horizontally, which enables easier frame following. The

The following 3D conformal symbologies are proposed foright path vector is placed on the same plane as the closest

use in visualizing the outer-loop guidance. Their performancféame a_lnd shows the 9L!”e”t headin_g and ight pat_h angle of
will be tested in GT high- delity, xed-base rotorcraft ight the helicopter. Coinciding the predictor and the ight path

simulator. The simulation environment for initial tests is creYector ensures accurate frame following. The symbologies

ated in Unreal Engine 5.1 environment. The simulation erf"€ Shown in Figure 14.

vironment consists of obstacles of various sizes, realistic teFhree variations of the TITS symbology will be evaluated via
rain imported from the Cesium plugin, and a UH60 helicopteobjective and subjective testing. One version will have an al-
model found on the Epic Games Marketplace. titude bar placed beneath the frames, and the frames will be
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