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Abstract
Mission task elements (MTEs) are commonly used to evaluate the handling qualities (HQs) of rotorcraft. However, the tradi-
tional approach of physical ground courses faces challenges due to evolving rotorcraft designs and flight profiles. Infrastructure
limitations and lack of flexibility for research pose significant obstacles, particularly for high-speed tasks. The emergence of
new air vehicles, such as eVTOLs in the civil sector and future vertical lift configurations in the military domain, requires
an adapted visual cueing process for previously unaddressed mission profiles. This paper proposes an innovative solution: an
augmented reality (AR) system utilizing a head-mounted display to create virtual MTE courses called holographic visual cues
(HVCs). A piloted simulation campaign performed at DLR’s AVES simulator compares the effectiveness of HVCs with dome
projection-based visual cues, evaluating the performance of the AR system. The study investigated the impact of holographic
visual cues on pilot handling qualities, workload ratings, and task performance, finding that although these cues typically do
not significantly alter pilot ratings, individual responses varied, highlighting both the technology’s potential and the need for
further refinement.

Keywords Handling qualities (HQ) ⋅ Mission task element (MTE) ⋅ Visual cues (VC) ⋅ Augmented reality (AR) ⋅ Future
vertical lift (FVL), Urban air mobility (UAM)

Abbreviations

V Velocity [kn]
H Altitude [ft]
�H Relative altitude [ft]
�x Relative longitudinal position [ft]
�y Relative lateral position [ft]
�� Relative heading [deg]
δx Cyclic longitudinal input [%]
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δy Cyclic lateral input [%]
θ Pitch attitude angle [deg]
φ Roll attitude angle [deg]
ψ Yaw attitude angle [deg]
τ Phase delay [ms]
ωn Natural frequency [rad]
ζ Damping ratio [-]

1 Introduction

For many years, the mission task elements (MTEs) method
has served as a cornerstone in the qualitative assessment of
rotorcraft handling qualities (HQs) during flight tests [1].
MTEs are specific flight maneuvers or tasks that pilots exe-
cute to evaluate the handling qualities of helicopters and
other rotorcraft. These elements are meticulously crafted
to test the aircraft’s performance in scenarios that mimic
real-world operational or combatmissions. Through the eval-
uation of MTEs, it is possible to gauge how effectively a
rotorcraft meets essential standards for maneuverability, sta-
bility, and overall ease of operation across various conditions.
Each MTE is carefully chosen to align with the intended
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roles and missions of the rotorcraft. These tasks may include
maneuvers such as hovering, slalom, nap-of-the-earth flight
(low-level, terrain-hugging flight), and other precision tasks
that demand substantial pilot skill and interaction with the
aircraft’s control systems. The fundamental aim of incorpo-
rating MTEs in handling quality evaluations is to verify that
the rotorcraft can be operated safely and efficiently in the
gamut of anticipated operational environments. Systematic
assessment of handling qualities throughMTEs enables eval-
uators to pinpoint potential deficiencies in aircraft design or
performance, thereby guiding enhancements that boost both
pilot safety and mission effectiveness.

To carry out these evaluations for maneuvers at low
speeds or during hover, intricate ground courses are typi-
cally required, as demonstrated in Figs. 1 and 2 during an
MTE evaluation campaign performed with an ultralight heli-
copter [2]. However, this traditional approach poses several
significant challenges in the face of the changing landscape
of rotorcraft design and flight profiles:

Infrastructure requirements ImplementingphysicalMTE
courses for HQ evaluation requires considerable infrastruc-
ture [3]. This could include setting up specific geographical
features or constructing physical markers for the course
[4]. Furthermore, it could involve acquiring or allocating
dedicated airspace for these tests. The development, main-
tenance, and management of such infrastructure can be
time-consuming, and costly, and may necessitate approvals
or permits from regulatory bodies.

Limited to low-speed tasks Physical MTE courses have
their limitations, especially when it comes to evaluating tasks
for higher speeds. They are most suitable for low-speed
maneuvers or hovering tasks close to the ground. High-speed
or complex maneuvers might not be feasible or could pose
safety risks, thereby restricting the scope of the tests. As a
consequence, most high-speed testing has to be performed
using heads-down displays (HDD) [5], [6]. As a result, the
full range of a rotorcraft’s capabilities in operationally rele-
vant tasks might not be evaluated effectively.

Inflexibility for research The physical nature of MTE
courses makes them less adaptable to changes or advance-
ments in rotorcraft design and technology. Adjustments or
modifications to the course to accommodate new research
findings or to test different aspects of HQs could involve con-
siderable manufacturing efforts, which can be both time and
resource intensive [2]. This lack of flexibility can hinder the
quick testing and iteration of innovative designs or technolo-
gies. In addition, the fixed nature of physical courses may not
allow for easy replication or standardization across different
testing sites or conditions, which is critical for robust and
reliable research outcomes.

As rotorcraft designs become more advanced and flight
profiles with specific demands on system HQs become
available, the drawbacks mentioned above are becoming

increasingly significant in both civil and military aerospace
domains. The following paragraphs give a short introduc-
tion to current and future HQ evaluation drivers of the two
domains:

1.1 Civil applications

The emergence of new air vehicles, such as urban airmobility
(UAM) vehicles, has sparked a multitude of vertical takeoff
and landing (VTOL) vehicle designs. These designs include
electric vehicles (eVTOL), many of which have significant
funding and are in various stages of prototyping and testing.
These vehicles, aimed for use in transportation in congested
urban environments, will primarily feature advanced fly-
by-wire flight control systems. However, the processes and
regulations necessary for certifying these vehicles are still
under development.

To support this certification process, The European Orga-
nization for Civil Aviation Equipment (EUROCAE) is
developing a flight task maneuvers (FTM) approach. This
approach provides preliminary guidelines for HQ testing for
VTOL, including a set of flight tasks intended for means of
compliance (MoC) demonstration [7], as part of the EASA
SC-VTOL [8] certification program. These FTMs utilize a
scaling technique based on the vehicle’s size, inspired by
the MTE approach from ADS-33E [9], and reflect opera-
tional requirements [10]. At the same time, US authorities
are also adopting a mission-oriented approach to define and
assess MTEs, which will serve as MoCs for FAA’s flight
test certification [11]. This means that, for the first time in
civil rotorcraft aviation, handling quality evaluation will be
a mandatory part of the certification process. This creates a
significant additional responsibility for manufacturers, espe-
cially considering the already extensive flight hours required
for certification. Furthermore, given the prevalence of electric
engine solutions and lengthy recharge periods, a streamlined
testing environment could save flight test time and reduce
overall certification costs.

A shift away from physical task cueing toward a digital
solution for HQ evaluation could lead to a more uniform
testing environment across manufacturers and reduce test-
ing time. For instance, adjustments to test courses could be
made more swiftly, eliminating the need for repositioning in
between hovering tasks.

1.2 Military applications

BothNATO’sNextGenerationRotorcraftCapability (NGRC)
and the US Future Vertical Lift (FVL) programs are focus-
ing on upgrading military rotorcraft designs. Their goal is
to engineer advanced configurations that outperform tradi-
tional helicopters in terms of speed, range, and efficiency.
They are considering unique designs such as lift-offset coax-

123



Holographic visual cues...

Fig. 1 CoAX2D during hover
MTE evaluation [2].
Hoverboards, cones, and ground
markings are used as visual cues

Fig. 2 CoAX2D during
acceleration/deceleration MTE
evaluation [2]. Cones and
ground markings are used as
visual cues

ial compound helicopters [12], tilt rotors [13], and single
main rotor helicopterswithwings [14]. Additionally, they are
researching new solutions for human–machine interfaces and
pilot assistance systems. These advanced designs, with their
enhanced maneuverability, speed, and user-friendliness, are
expected to pave the way for entirely newmissions and flight
scenarios. To ensure these potential enhancements translate
into effective mission performance, it is vital to create and
validate HQ requirements that align with these new designs
and mission profiles, especially at higher speeds [15], [16].

According to ADS-33E, all forward-flying tasks are clas-
sified as "up and away" tasks. This means no additional
visual cues beyond the primary flight display (PFD) are nec-
essary. However, several future mission profiles of interest
are primarily categorized as "eyes out" tasks, such as nap-
of-the-Earth (NOE) flight, contour flight (CF), or air-to-air
refueling (AAR).

The use of head-down-displays for showing task per-
formance could interfere with the pilot’s natural scanning
pattern so much that it fails to accurately reflect the pilot–
cockpit interaction during the mission task. Moreover, for
forward flight or high-altitude tasks, providing physical
visual cues is just not feasible. For example, the Break Turn
MTE recommends using geographical features such as rail-
road crossings or airport runways as visual cues [17], [18].
This severely limits flight testing feasibility if these features
are not readily available or if the airspace above them is
restricted for testing. This underscores the need for alterna-
tive solutions to the visual cueing issue when conducting HQ

evaluations under the MTE process for the next generation
of military rotorcraft.

1.3 Holographic visual cue approach

DLR has designed a novel approach to HQ evaluation, aimed
at reducing reliance on physical courses, adapting to evolv-
ing regulations, and simplifying the testing process. This
involves using an augmented reality (AR) system to give
test pilots a virtual visual experience of the MTE courses.
The head-mounted display (HMD) utilized in this study is
theMicrosoft HoloLens 2 [19]. This HMD is a mixed-reality
headset designed for use in enterprise and industrial settings.
It uses holographic displays to create the illusion of digi-
tal objects existing in the real/simulator world. The virtual
objects displayed on this device are often referred to as “holo-
grams” 1. Consequently, in this context, we will refer to the
visual cues provided by the device as "Holographic Visual
Cues", or HVC for short.

1 The visual elements displayed in the HoloLens 2 are not true holo-
grams in the traditional sense. Holograms are three-dimensional images
created through the interference of light waves. They capture depth and
spatial information, allowing viewers to perceive lifelike representa-
tions of objects or scenes. By splitting a laser beam and recombining
it with reflected light, holograms recreate the original subject in a way
that appears three dimensional [20]. The HoloLens 2 creates virtual
objects in the real world using stereoscopic vision. It employs separate
displays for each eye, presenting slightly different images to simulate
depth perception. This creates a three-dimensional experience where
virtual objects appear integrated into the user’s surroundings [21].
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The system is intended to not interfere with the pilot’s
natural visual scanning, as the display elements are fixed in
the outside viewing space of the pilots, and position changes
are driven by the aircraft’s actual movements in flight, or
by data from a flight simulator during ground testing. This
AR approach intends to assist in demonstrating compliance
with MTE-based requirements for SC-VTOL and Part 23
eVTOL certification. Furthermore, it supports research into
evaluating HQ for FVL vehicles, particularly during high-
speed forward flight.

This paper explores the effectiveness of the AR system
by presenting results from a piloted simulation campaign.
The study compares holographic and dome-projected visual
cues for two established ADS-33E MTEs, analyzing pilot
ratings and task performance. The objective is to validate the
feasibility of this technology as a tool for HQ evaluation.

1.4 Previous work

Head-mounted displays, also known as augmented reality or
conformal displays, have been a subject of extensive research
atDLRsince the 1990s [22]. Studies conducted over the years
have shown numerous advantages to integrating HMDs in
cockpits. These benefits include reducing the time required
for pilots to scan between instrument information and the out-
side world [23], decreasing instances of attentional capture,
and enhancing situational awareness.

On the other hand, the use of HMDs can also lead to disad-
vantages such as increased weight causing pilot discomfort,
cognitive overload from excessive information, visual inter-
ference obscuring visibility, reliability issues due to system
failures, and a significant training and adaptation period for
pilots.

The Institute of Flight Systems at DLR has been work-
ing on the use of HMDs as part of two significant projects:
HELMA (Helicopter Flight Safety in Maritime Environ-
ments) andHEDELA(HelicopterDeckLandingAssistance).
Both of these projects are designed to enhance flight safety
and operational availability in offshore environments. The
methods employed involve evaluating and utilizing various
visual and guidance assistance systems. While the HELMA
project is mainly concerned with offshore wind farms, the
focus of the HEDELA project is centered around helicopter
ship deck landings [24], [25], [26]. Following a thorough
investigation and testing process, the Microsoft HoloLens
2 was selected as the foundational technology for further
development within these projects [27]. The HoloLens 2
was seamlessly integrated into DLR’s air vehicle simula-
tor (AVES) as shown in Fig. 3, a research flight simulation
facility that offers a six-degree-of-freedom hexapod motion
system and the ability to use multiple cockpit layouts [28].
Drawing upon valuable insights gained from these exten-
sive integration and evaluation endeavors, the HoloLens 2

Fig. 3 Microsoft HoloLens 2 as HMD in DLRs ACT/FHS cockpit

emerged as the optimal choice for theHVC integration show-
cased in the presented study.

Schulze et al. recently introduced an innovative cockpit
display technology designed for HQ assessments in UAM
and rotorcraft vehicles [29]. The presented technology is a
tablet-based cockpit display. It provides virtual courses for
MTEs, against which vehicles can be evaluated. The sys-
tem is proposed as an alternative to physical test courses,
reducing infrastructure needs and creating more efficient test
campaigns. A piloted simulation study found a first-person
display to be insufficient due to a lack of adequate visual
cueing. A top-down display was successful, but provided
potentially excessive cues, which might oversimplify the
task. Amulti-view display also led to successful task comple-
tion, but pilots often used it like the top-down view. While
these displays show promise, they need further refinement
to ensure adequate visual cueing without diminishing task
complexity.

The authors of this paper thoughtfully consider the impli-
cations of using a head-downdisplay (HDD)view, noting that
it could meaningfully alter the pilot’s information flow and
potentially require different control strategies, which might
affect handling quality (HQ) assessments compared to tra-
ditional "eyes out" visual cues. This study aims to explore
the feasibility of helmet-mounted displays (HMDs) as an
alternative, by integrating insights from previous tests of the
HoloLens 2 for pilot assistance systems along with the con-
cepts presented by Schulze et al., and carefully evaluating the
potential disadvantages of HMD systems to determine their
effectiveness for the MTE evaluation process.

1.5 TheMR spectrum

Mixed reality (MR), augmented reality (AR), and augmented
virtuality (AV) are all immersive technologies that blend the
physical and digital worlds in different ways. Some argue
that MR serves as an umbrella term, covering a spectrum
that ranges from AR, closer to the fully real environment, to
AV, closer to the fully virtual environment. Other definitions
follow the argument that AR overlays digital elements onto
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the real world, and in contrast, MR not only overlays but
also anchors digital objects to the real world, allowing them
to interact with the physical environment.

In the context of this work, the HVC implementation uti-
lizes digital objects that are anchored to the real world, but do
not offer interactive capabilities. These digital objects main-
tain a consistent, fixed position relative to real-world objects,
but do not react to or interactwith the physical environment or
the user. While some might classify such experiences as MR
due to the anchoring of digital objects, the authors decided to
categorize this application as AR. This decision reflects the
alignment with the perspective that AR involves the over-
lay of digital elements onto the physical world, with limited
interaction between the digital and physical elements.

However, it is important to note that the terminology is
still evolving and can be somewhat subjective as these tech-
nologies continue to develop and mature. The classification
of these experiences largely depends on where one chooses
to draw the lines within the MR continuum.

2 Task selection and visual cueing

The intention of the presented work is to evaluate a solu-
tion that aims to transition from physical MTE visual cues to
HMD-based digital visual cues. It is important to note that the
aim is not to fully recreate the test scene on the display, but
rather to provide an adequate visual cueing environment that
allows for a comprehensive evaluation of the vehicle’s han-
dling characteristics. An environment offering insufficient or
excessive cueing is considered equally disadvantageous.

Utilizing a multi-role helicopter as a reference, an ini-
tial batch of MTEs was selected from the ADS-33E catalog.
The focus was on maneuvers that apply across all helicopter
categories to ensure wide applicability during testing. It is
imperative to create HVC representations for both hover
or slow flight and forward flight maneuvers to examine the
capabilities and limitations of virtual representations under
varying flight conditions. The MTE Slalom was identified
as the most suitable forward flight maneuver due to its high
demands on agility andPFDcross-checks. This in turn should
provoke a high degree of head movement by the pilot, thus
highlighting deficits with the HMD setup. The MTE Hover
was chosen based on its scope for future expansion and appli-
cability. For instance, the visual cue setup can be used directly
for the Landing MTE, and in an expanded form for the Hov-
ering Turn and Vertical Maneuver MTEs. This makes the
Hover course a versatile choice that can easily be adapted for
four different tasks in future work.

2.1 Mission task elements

For reference, short descriptions of the selected MTEs taken
from ADS-33E [30] are provided in the following section.
The detailed task descriptions are provided in Appendix A.

The MTE Hover task involves initiating a maneuver at
a ground speed of 6–10 knots and an altitude of less than
20 feet, aiming to precisely hover over a target point ori-
ented approximately 45 degrees relative to the rotorcraft’s
heading. This task tests the pilot’s ability to smoothly transi-
tion from translating flight to a stabilized hover, maintaining
precise control of the rotorcraft’s position, heading, and alti-
tude under moderate wind conditions, as well as in calm
winds, ensuring precise maneuverability and stability in var-
ied environmental conditions. The detailed task description
is provided in Appendix A.1.

The MTE Slalom task involves performing a maneuver
starting from level unaccelerated flight, aligned with the cen-
terline of the test course, and executing a series of smooth,
coordinated turns at 500 feet intervals, with at least two turns
to each side of the course. These turns must be made at least
50 feet from the centerline and maintain a maximum lateral
error of 50 feet. The objective is to complete the maneuver
below a specific reference altitude, finishing on the center-
line in a straight flight. This task assesses the pilot’s ability to
handle the rotorcraft aggressively and smoothly in forward
flight whilemaintaining precise coordination andmonitoring
for any unwanted interactions between control axes during
dynamic maneuvering. The detailed task description is pro-
vided in Appendix A.2.

2.2 Visual cues

The followinggives a detailedoverviewof the different visual
cue setups used for comparison during the piloted simulation
campaign described in Sect. 3.

2.2.1 Dome projection (DP)

The baseline case is designed to emulate a real-world envi-
ronment, serving as a proxy for live evaluations in an actual
vehicle. In the simulator, the pilots were presented with a
conventional dome-projected view (see Sect. 3.1 for further
information) along with the suggested visual cues. Figure4
shows the dome-projected setup for the MTE Hover (H-DP)
and follows the design guidelines provided by ADS-33E as
shown in Fig. 19.
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Fig. 4 MTE Hover course
layout for AVES dome
projection (H-DP)

Fig. 5 MTE Slalom course
layout for AVES dome
projection (S-DP)

Figure5 shows the dome-projected setup for the MTE
Slalom (S-DP) and follows the design guidelines provided
by ADS-33E as shown in Fig. 20.

2.2.2 Holographic standard visual cues (AR1)

The holographic standard cues are meant to represent a
replica of the baseline environment on the HMD.

For AR integration of MTE visual cues, a heads-up dis-
play was used in the form of the Microsoft HoloLens 2 as
explained in Sect. 1.3.

An example of the running application in AVES (as seen
through the HMD) is shown in Fig. 6, which replicates the
Hover MTE course. The MTE Hover holographic standard
cue setup (H-AR1) consists of essential elements like a hover
point (1), guide cone field (2), target direction (3), and a
hoverboard (4). Guide cones visibly mark the start and end
points.

Per ADS-33E, the approach corridor is a grid of guide
cones, and the distance between this and the hover point
equals the length of the approach path. The hover point is
distinctly marked and encircled by two squares in the HMD
display to indicate the permissible position deviation while
hovering. The guide cone field indicates the longitudinal

Fig. 6 Holographic standard cues for the MTE Hover course as seen
through the HMD (H-AR1)

position deviation. This field is symmetrically established on
both sides of the hover point, offering the pilot a bidirectional
view. The target direction is indicated by a line extending
from the outer square of the hover point to the hoverboard.
An additional parallel line is provided at the start point for
alignment.

Figure7 shows the running application in AVES (as seen
through the HMD) for the SlalomMTE course (S-AR1). Par-
allel running start and finish lines (1) act as ground markers
and are interconnected by a centerline (2). The design follows
the ADS-33E suggestions for MTE Slalom, mandating two
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Fig. 7 Holographic standard cues for the MTE Slalom course as seen
through the HMD (S-AR1)

Fig. 8 Holographic advanced cues for the MTE Hover course as seen
through the HMD (H-AR2)

side turns. The start and finish lines host gates, represented
by guide cones. These gates, along with four additional ones
(3), mark the two slalom turns per side.

2.2.3 Holographic advanced visual cues (AR2)

To evaluate the benefits and potential pitfalls of the design
freedom within AR visual cueing, “advanced” courses have
been implemented which provide the pilot with additional
data regarding the current task performance.

The running application in AVES (as seen through the
HMD) for the advanced MTE Hover cues (H-AR2) is shown
in Fig. 8. The primary objective of the design is to ensure that
pilots receive comprehensive task performance information
within a unified direction, mitigating any potential loss of
information caused by the limited FOV of the HMD and the
inability to display task-related information in the peripheral
view.

The image highlights an approach tunnel semicircular in
shape (1), which starts from a platform and ends at a hover
point (2), defined by a desired frame.

Fig. 9 Holographic advanced cues for the MTE Slalom course as seen
through the HMD (S-AR2)

This tunnel is intended to help guide height maintenance
and highlight the approach corridor through intentional over-
cueing.

The starting platform is a square area, equal to the accept-
able lateral and longitudinal deviation. This platform, along
with two squares surrounding the target point, helps visu-
alize the permitted positional deviation during hovering.
An inclusive hover performance display is also included,
containing three indicators. The display is designed as a two-
dimensional square with an inner desired area and a square
reference symbol (3). Finally, two displays of longitudinal
position are introduced to the side of the hover display (4).
These help separate the longitudinal and sideway movement
information, reducing information overload. In addition, a
semicircular course display is implemented above the hover
display (5). All displays have dynamically colored frames to
alert pilots of any boundary value violations.

The running application in AVES (as seen through the
HMD) for the advancedMTE Slalom cues (S-AR2) is shown
in Fig. 9.

The primary design objective was to provide the pilot
with additional altitude performance information to coun-
teract any potential loss of visibility on the primary flight
display (PFD), which could arise due to the darkening effect
of the HMD screen. This supplementary altitude information
is crucial for ensuring the pilot can meet the altitude require-
ments specified in the MTE procedures, particularly when
the PFD’s readability is compromised.

The MTE Slalom advanced cues include a start and finish
line (1), a central line (2), and holographic slalom gates (3).
Additional intersection lines (4) are placed midway between
slalom turns, serving as visual aids for pilots. The gates,
allowing collision-free passage, define the acceptable area
for a turn. To further assist pilots, a horizontal height line (5)
is added to the gates, providing an additional visual indicator
of maximum permissible flight height.
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Table 1 Tested MTEs & Visual cue configurations

Test point MTE Visual system Description Abbreviation Figure

1 Hover Dome projection (Baseline) Replicating the visual cueing as suggested by ADS-33E H-DP 4

2 Hover HoloLens 2 (AR config. 1) Replicating the visual cueing as suggested by ADS-33E H-AR1 6

3 Hover HoloLens 2 (AR config. 2) Advanced visual cueing including an approach tunnel H-AR2 8

and lateral position indicator

4 Slalom Dome projection (baseline) Replicating the visual cueing as suggested by ADS-33E S-DP 5

5 Slalom HoloLens 2 (AR config. 1) Replicating the visual cueing as suggested by ADS-33E S-AR1 7

6 Slalom HoloLens 2 (AR config. 2) Advanced visual cueing including altitude S-AR2 9

information via closed gates

Table 2 Experience of pilots in
the study

Pilot Total flight hours [h] Test pilot HMD Experience Cooper–Harper Scale Exposure

A 6700 Yes Yes Yes

B 9000 No No Yes

C 80 No No Yes

D 2600 Yes Yes Yes

E 5000 Yes Yes Yes

3 Test approach

The overall approach of this study aimed to clarify whether
suitable visual references can be created and used for HQ
evaluation with an AR representation, and how the technical
limitations like field of view (FOV) and of the HMD and
diminished legibility of the PFD impact the HQ ratings and
the perceived workload of the pilots. To do so, two AR visual
cue setups were compared against the baseline dome projec-
tion. Table 1 provides an overview of the different MTEs and
visual cueing setups that have been tested and compared, as
discussed in Sect. 2.2.

A total of five pilots participated in the simulation study,
with their experiences detailed in Table 2. Alongside the
three test pilots (A, D, and E) required for qualitative HQ
evaluations, the study also incorporated feedback from two
additional pilots. One was a novice with a low number of
flight hours (C), and the other was an exceptionally experi-
enced operational pilot (B). This was done to diversify the
feedback and better understand howacceptance levels toward
new technologies may vary in relation to the flight experi-
ence.

All participating pilots were previously familiar with both
the Cooper–Harper Handling Quality Rating Scale and the
BedfordWorkloadRating Scale. Specifically, Pilot C, despite
accumulating limited flight hours, has acquired substantial
exposure to the Cooper Harper rating principles and mission
task element (MTE) evaluations, facilitated by a comprehen-
sive background in HQ research.

The three test pilots (A, D , and E) all had either military
and/or research flight backgrounds and were familiar with

different kinds of current HMD technologies for in-flight
usage.

3.1 Simulation environment

The simulation facility AVES is shown in Fig. 10. The sim-
ulator features three interchangeable modules: an Airbus
A320, a Eurocopter EC135 cockpit as well as a single aisle
passenger cabin. These modules can be exchanged via a
roll-on/roll-off system to utilize a full-sized six-degree of
freedom, hexapod motion platform, or a fixed-base platform.
For the investigations described within this paper, the EC135
cockpit on the fixed-base platform was used. The projection
system in both platforms consists of nine LED projectors
each with a resolution of 1920x1200 which provide a hori-
zontal FOV of 240◦ and a vertical FOV of -55◦ to 40◦ [28].
All hardware and software systems within the AVES can
easily be modified, which qualifies the simulator for a broad
spectrum of research activities. In the development process
of new systems and applications, the AVES is used as the
test platform after a desktop simulation and before the flight
testing using DLR’s research helicopter ACT/FHS (active
control technology/flying helicopter simulator).

3.2 Flight model description

The flight dynamics of the helicopter were calculated using
the HeliWorX real-time model [31]. This model is devel-
oped in line with the flight dynamics of the ACT/FHS. To
conduct the simulator studies, a flight stability and control
augmentation system (FCS) was implemented on top of the
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Fig. 10 The air vehicle simulator (AVES) at DLR Braunschweig

Table 3 Predicted handling qualities at low speeds

HQ Criteria Level

Bandwidth: pitch & roll Level 1 (full attention)

Bandwidth: yaw Level 1/2 (full attention)

Cross-coupling Level 1

Quickness Level 1

Dynamic stability Level 2 (full attention)

Control power (all axes) Level 1

inherent airframe dynamics. This system offers attitude com-
mand and hold for the pitch and roll axis (ACAH), a stability
augmentation system (SAS) for the yaw axis (SAS), and
direct control for the collective axis (DI). This type of con-
trol system is typically preferred for low-speed and hover
operations. Themodelwas evaluated against a range ofADS-
33E objective requirements to determine its overall predicted
handling qualities (PHQs). The results of the ADS-33E cri-
teria analyzed are listed in Table 3. The findings suggest
that the vehicle is likely to achieve Level 2 HQs when per-
formingMTEs defined by ADS-33E. This implies that while
certain deficiencies were identified that could benefit from
improvements, these were not deemed necessary. Despite
the HQ deficiencies, the vehicle should still be able to meet
the desired performance standards. The detailed results are
replicated in Appendix B and were first published by Atci et
al. [32].

3.3 HoloLens 2 integration

The HoloLens 2 was integrated into DLR’s air vehicle sim-
ulator (AVES). It uses WiFi to receive data, such as the
helicopter’s model state data. The application is built using
the Unity3D game engine and is written in the C# scripting
language.

One of the challenges is the alignment of the outsideworld
presented on the simulator screenwith the holographic world
inside the HoloLens 2. The dome projection of the simula-

tor is a transformation of the generated world onto a sphere.
This transformation needs to be repeated for the holograms
in the HoloLens 2. To position the hologram sphere at the
same position as the simulator dome sphere, a calibration
process is necessary. The head tracking of the HoloLens 2
is an inside-out tracking system that relies on an IMU and
four environmental cameras. In various tests, it has been
determined that the internal tracking is suitable within a sta-
tionary environment (i.e., a fixed-base simulation facility).
To use the system within a dynamic environment (e.g., mov-
ing platform, vehicle), additional compensation or external
head tracking is required.

A detailed technical description of the integration process
can be found in the work published by Walko [27].

4 Results and discussion

The following material summarizes the results of the formal
piloted evaluations conducted during the piloted simulations
in AVES. The analysis results (i.e., handling quality and
workload ratings, task performance, control activity and pilot
comments) are broken into separate sections. Multiple prac-
tice runs were made available to the pilot to ensure they
were well acquainted with the task, controls, and simulation
environment including the use of the HMD before taking
evaluation runs.

During the trials, pilots were not subjected to simulator
sessions exceeding 1 h without a subsequent break of 15–
30min, depending on task intensity. During these sessions,
no instances of simulator sickness or any other physiological
issues were reported, nor did any pilots express discomfort
or experience eye strain while using the HMD.

4.1 Handling qualities and workload

HQ ratings and perceived pilot workload ratings were eval-
uated using the Cooper–Harper Handling Qualities Rating
Scale [33] and Bedford Workload Scale [34], respectively,
and can be found in Tables 4 and 5. The scales are provided
for reference in Appendix C.

4.1.1 Baseline validation

The baseline case is designed to emulate a real-world envi-
ronment, serving as a proxy for live evaluations in an actual
vehicle. In the simulator, the pilot was given a conventional
dome-projected view along with the standard task cues, as
explained in Sect. 2.2. The average Cooper–Harper Han-
dling Qualities Ratings (HQR) for the dome projection (DP),
shown in Table 4, are given by HQR 3.75 (Level 1/2) for
MTE Hover and HQR 4.6 (Level 2) for MTE Slalom, which
aligns with the predicted ratings based on objective require-
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Table 4 Cooper–Harper Handling Quality Ratings awarded by pilots

HQR

Hover Slalom

Pilot DP AR1 AR2 DP AR1 AR2

A 3 3 7 3 3 3

B 3 4 3 5 5 5

C 5 5 - 6 6 5

D 4 3 5 4 4 4

E – – - 5 5 6

Mean 3.75 3.75 5 4.6 4.6 4.6

Table 5 Bedford Workload Scale Ratings awarded by pilots

BWR

Hover Slalom

Pilot DP AR1 AR2 DP AR1 AR2

A 4 3 10 4 3 3

B 2 4 4 5 4 3

C 4 5 - 6 6 5

D 4 3 5 4 4 4

E – – - 6 4 6

Mean 3.5 3.75 6.3 5 4.4 4.4

ments as discussed in Sect. 3.2. This alignment, coupled with
the absence of any substantial negative feedback from the
pilots regarding the dome-projected visual setup, validates
the setup’s effectiveness as a reliable baseline comparison
for the HVCs.

4.1.2 MTE Hover

Figure11 presents the Bedford Workload Ratings (BWRs)
and HQRs assigned by the pilots for the MTE Hover. When
evaluating the mean ratings from all pilots, the visual cues
in the H-AR1 setup, symbolized as "▼", yielded almost
identical ratings to those of the baseline dome projection,
designated as H-DP or "★". Contrarily, the visual cues in
the H-AR2 setup, denoted as "�", were rated as HQR+1 and
BWR+2 above the baseline. This suggests a significant rise in
workload and a higher level of compensation required from
the pilots, compared to the baseline setup.

When delving into individual pilot ratings, it becomes
clear that pilots’ assessments diverge. For instance, Pilot A
discerned marginal differences between the baseline H-DP
and H-AR1 setup, both represented in green (”⭐” and "▽").
However, Pilot A also assigned theH-AR2 setup, represented
as a green "□", a maximum of BWR 10 and a Level 3 rating
with an HQR 7 and commented:

“ I found myself trying to manipulate the display to opti-
mize my performance, which is not ideal and threw me off.
”

Pilot D, on the other hand, rated the H-AR1 setup, marked
as a blue "▽", slightly better than the baseline shown as a
blue "⭐" (with BWR-1 and HQR-1 under baseline), and H-
AR2, symbolized as a blue "□", slightly worse (with BWR+1
and HQR+1 over baseline). Pilot D commented:

“ I found this [H-AR1] experience to be more enjoyable
and preferable to using the dome projection. ”

and continued that
“ ... presenting three-dimensional information in a two-

dimensional form [H-AR2] feels a bit off, it does not translate
well. ”

Conversely, Pilot B noticed no difference in HQRs
between the baseline, depicted as a red "⭐", and the H-AR2
setup, denoted as a red "□". However, Pilot B rate H-AR1,
shown as a red "▽", marginally worse with an HQR+1 over
baseline. The pilot argued that

“ I prefer to have the lateral and longitudinal position
information centered in my field of view, as is the case here
[H-AR2]. ”

The broad range of these pilot ratings underlines the sen-
sitivity of the hover task to various pilot control and visual
scanning strategies. Clearly, the H-AR2 setup proved the
most contentious among the pilots, exhibiting substantial
deviations from the baseline ratings.

Contrastingly, the H-AR1 setup, on an individual basis
yielded very similar results for most of the pilots and on
average (HQR 3.75 and BWR 3.75), received almost identi-
cal ratings to the baseline (HQR 3.75 and BWR 3.5) in terms
of workload and required pilot compensation. This suggests
that H-AR1 presents a suitable alternative visual cue envi-
ronment for HQ evaluation under the Hover MTE.

4.1.3 MTE Slalom

Figure12 presents the BWRs and HQRs assigned by the
pilots for the MTE Slalom. When considering the mean
average ratings across all pilots, the visual cues from both
the S-AR1 and S-AR2 setups, represented by "▼" and "�",
respectively, achieve an HQR 4.6. This is identical to the
baseline dome projection S-DP, denoted by "★". The subtle
difference lies in the workload, where the dome-projected
cues result in a slightly higher average workload.

In terms of individual pilot ratings, compared to the MTE
Hover results, the ratings for the MTE Slalom are more
closely clustered. For example, Pilots A and D found no
discernible difference between the baseline S-DP, and the
S-AR1 and S-AR2 setups, all marked in green and blue,
respectively ("⭐,⭐", "▽,▽", and "□,□"). Pilot A com-
mented that:
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Fig. 11 Bedford Workload
Ratings and Cooper–Harper
Ratings for MTE Hover

Fig. 12 Bedford Workload
Ratings and Cooper–Harper
Ratings for MTE Slalom

“ It is pretty much the same experience as before, but I did
notice there’s more head movement compared to the dome
projection. ”

Pilot D added:
“ Although the limited field of view is noticeable, it is not

necessarily a problem, just something to adjust to. ”
Pilot B, however, rated differences in workload over the

same HQRs. The baseline, depicted as a red "⭐", was rated
as BWR5,while S-AR1, shown as a red "▽.", scored a BWR
4 and S-AR2, denoted as a red "□", a BWS 3. Pilot B argued
that:

“ I found myself estimating the height here [S-AR2] more
from the corner of my eye rather than looking at the PFD. ”

Pilots C and E gave identical HQRs for the baseline S-DP
and S-AR1, both marked in magenta and cyan ("⭐,⭐" and
"▽,▽"). However, Pilot C rated the advanced cues S-AR2,
depicted as amagenta "□", one rating better than the baseline.

Meanwhile, Pilot E assigned one rating higher to S-AR2,
shown as a cyan "□" and gave the following explanation:

“ The effect of the reference disappearing with headmove-
ment is more pronounced [S-AR2], which takes some getting
used to. ”

Overall, the range of these pilot ratings shows that MTE
Slalom seems to be less sensitive compared to the hover
task to various pilot control and visual scanning strategies.
Both the S-AR1 and S-AR2 setup, on an individual basis,
yielded very similar results for most of the pilots and on
average received identical ratings to the baseline in terms
of required pilot compensation. The workload was rated on
average BWR−0.5 below baseline for both HVC variants,
which is a surprising result. The author’s opinion is that this
could be due to a higher contrast of the visual cues provided
by the HMD compared to the dome projection. The defini-
tive determination of the underlying reason for this remains
inconclusive, primarily due to conflicting pilot comments
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Fig. 13 Time history
performance for MTE Hover

(a) Pilot A

0 10 20 30 40
-10

0

10

 x
 [f

t]

H-DP
H-AR1
H-AR2

0 10 20 30 40
-10

0

10

 y
 [f

t]

0 10 20 30 40
0

5

G
S 

[k
n]

0 10 20 30 40
-5

0

5

 H
 [f

t]

0 10 20 30 40
Time [s]

-10

0

10

 [d
eg

]

(b) Pilot D

on the matter. Although the observed difference is relatively
minor and may potentially be resolved through an increase
in collected ratings, further investigation is required in sub-
sequent research endeavors. The results suggest that both
S-AR1 and S-AR2 present a suitable alternative visual cue
environment for HQ evaluation under the Slalom MTE.

4.2 Task performance and visual cues discussion

The subsequent section presents a compilation of task per-
formance data and pilot comments. The authors specifically
chose exemplary evaluation data runs from individual pilots
(A, B, and D) that emphasize noteworthy aspects identified
and discussed during the simulation trials.

4.2.1 MTE Hover

Figure13a illustrates the task performance of Pilot A during
an evaluation run of the MTE Hover, while Fig. 13b does
the same for Pilot D. Here, the green areas represent the
desired task performance boundaries ( ), and the orange
areas represent adequate task performance boundaries ( ).

Figure14 displays the cyclic control activity for Pilot
A, and Fig. 15 that of Pilot D during the MTE Hover. The
extreme ends of the whiskers (⊤ ⊥) on the box plot repre-
sent the maximum andminimum values of control deflection
recorded during the 30-s hover sequence. The blue box out-
lines the 25th to 75th percentile range, with the red line
indicating the median value (−).

Pilot A’s control input on the lateral cyclic axis saw a
significant increase in both the maximum and minimum val-
ues during the H-AR2 configuration. This coincides with
the exceeding of the longitudinal position requirement. The
pilot also struggled to maintain the altitude and heading lim-
its within adequate boundaries. This performance highlights
the extraordinarily high workload and HQR assigned. Evi-
dently, the H-AR2 configuration introduced control effects
that reduced Pilot A’s performance to an unacceptable level.

On the other hand, PilotDachieved the desired task perfor-
mance onlywhen using theH-AR1 cue configuration. For the
H-DP andH-AR2 configurations, violations of the longitudi-
nal and lateral position, along with altitude, were observed.

Whenexamining the control activity, a significant decrease
in control activity on the lateral cyclic axis can be noted
when transitioning from DP cues to the HVCs. In addressing
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the observed variability in Pilot D’s H-DP inceptor activ-
ity, which was significantly higher compared to other visual
cues, it is critical to emphasize the adaptive nature of pilot
behavior in response to changing flight conditions. Research
into pilot dynamics has consistently demonstrated that pilots
are active, adaptive components within the aircraft’s feed-
back control system, capable of modifying their "gain"—the
level of responsiveness to control inputs relative to deviations
from desired flight states. This ability to adjust gain is a fun-
damental aspect of pilot interaction with aircraft dynamics.
From the foundational studies in the 1960s, which introduced
mathematical models of pilots as dynamic elements in con-
trol systems, to more recent investigations, the concept of
pilot gain has been a pivotal factor in understanding pilot
behavior. Notably, the research by Mitchell, Aponso, and
Hoh in the late 1980s highlighted not only the variability
of pilot gain across different pilots, but also within individ-
ual pilots who might change their control strategies during a
flight. These changes can be attributed to a range of factors
including differing aircraft behaviors, mission requirements,
or pilot perceptions of task complexity and risk. Pilot D’s
increased inceptor activity using H-DP cues likely indicates
a deliberate adjustment in gain ("high-gain pilot" vs. "low-
gain pilot"). The underlying reasons for the observed change
in gain remain ultimately unclear, as no specific comments
were provided by the pilot regarding this adjustment. It is pos-
sible that part of the explanation lies in the fact that the pilot
was missing critical information through the dome projec-
tion, details of which were not communicated. Additionally,
the pilot might have actively or subconsciously altered their
control strategy, either to enhance task performance or to
reduce workload during the task. This adjustment could have
occurred irrespective of the visual cues presented, indicat-
ing a complex interplay of cognitive factors and situational
awareness in pilot decision-making.

The H-AR2 cues were ranked lowest in terms of HQR
and BWR, but interestingly they still resulted in the smallest
control deflection overall. This suggests that the ratings were
not due to an increase in control activity-induced workload.

In summary, with the above, combined with other com-
ments collected from the pilot during the evaluations and in
rigorous debriefing, the following statements and potential
areas of improvement could be identified for the HVC con-
figurations:

Holographic standard cues (H-AR1)
Overall experience The pilots reported a more "comfort-

able" and "pleasant" flight experience using theH-AR1 setup,
which they found more "enjoyable" compared to the dome
projection visual cues. This indicates a positive reception of
the system’s current design in terms of contrast, FOV, and
ergonomics. A design change could be unnecessary in this
respect, considering the favorable pilot feedback.

Fig. 14 Pilot A time history cyclic control activity for MTE Hover
during the 30-s stable hover phase

Fig. 15 Pilot D time history cyclic control activity for MTE Hover
during the 30-s stable hover phase

Impact of peripheral vision For navigation and position
maintenance during flight, pilots mainly depend on the visual
references provided and their peripheral vision. Contrary to
initial assumptions, the impact of information loss resulting
from the limited horizontal FOVof theHMDand the inability
to display task-related information in the peripheral view, on
average, did not significantly influence pilot ratings. Still,
possible improvements could include enhancing the visual
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Fig. 16 Time history
performance for MTE Slalom

cues and optimizing the system to better support horizontal
peripheral vision.

Need for improved ground texture Some pilots noted
that the ground texture in the simulator lacked quality and
impacted overall hover performance due to a lack of drift
information compared to the real aircraft. This suggests a
need for a design upgrade focused on enriching the visual
details of the ground texture in the simulator to provide a
more realistic flight experience.

Holographic advanced cues (H-AR2)
User interface simplificationSeveral pilots have expressed

that they find certain aspects of the system, such as the
approach tunnel, to be disconcerting and distracting. Further-
more, they believe that standard visual cues are sufficient
for their needs. Based on these comments, one potential
design change could involve simplifying the user interface
and reducing the complexity of visual cues to minimize dis-
traction and increase user-friendliness.

Longitudinal performance information Pilots suggest
that the position in the longitudinal axis should ideally be dis-
playedon thehorizontal plane insteadof the vertical (from the
pilot’s point of view). Design changes could focus on pre-
senting three-dimensional information more intuitively by

integrating axis and height data more cohesively and intu-
itively

Relevance of advanced cues Based on the findings, it
may be concluded that the provision of advanced cues is
unnecessary. Despite initial assumptions, the average impact
of information loss due to the limited horizontal FOV of the
HMD and the inability to display task-related information
in the peripheral view did not have a substantial influence
on pilot ratings. Therefore, the inclusion of additional cues
beyond H-AR1 appears to be unwarranted.

4.2.2 MTE Slalom

Figure16a illustrates the task performance of Pilot A during
an evaluation run of the MTE Slalom, while Fig. 16b does
the same for Pilot B.

Figure17 displays the cyclic control activity for Pilots A,
and Fig. 18 that of Pilot B during the MTE Slalom.

During the use of HVCs, Pilot A’s control input signif-
icantly increases, reaching a peak with nearly full-range
control inputs for the S-AR2 configuration. Comparing this
with the achieved task performance, it is clear that this height-
ened control aggression corresponds to higher ground speeds
during the maneuver. All visual cues received the same rat-
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Fig. 17 Pilot A time history cyclic control activity for MTE Slalom

ing in terms of HQR and BWR, suggesting that the pilot
felt more confident and thus increased aggression during the
maneuver.

The pilot argued that this was because the height reference
supplied by S-AR2 made it possible to concentrate fully on
increasing cornering speeds, eliminating the need for occa-
sional altimeter cross-checks. While the pilot believed that
altitude is typically assessed intuitively during maneuver-
ing, the additional height information in the gates removed
any guesswork, freeing up mental resources to enhance task
performance. Interestingly, the pilots did not consider this
to negatively impact the nature of the task, despite a clear
change in control strategy. This underscores the idea that a
change in control strategy and activity is not necessarily an
indicator of deviation in task design goals. Instead, it should
be evaluated in conjunction with the pilot’s intentions and
task aggression.

After getting familiar with the highest level of perfor-
mance achievable through training runs, Pilot B chose to
prioritize adequate performance right from the start. It was
decided to lower the target ground speed to 50 knots for all
evaluation runs. Comparing Pilot B’s control behavior with
Pilot A’s, it was observed that there were no significant vari-
ations in control input intensity when transitioning between
visual cues. Pilot B also mentioned that having an additional
height reference in S-AR2 was beneficial. However, unlike
Pilot A, who used the extra available compensation capacity
to increase task aggression, Pilot B decided to maintain a
consistent level of aggression and instead chose to decrease
the BWRs for the HVCs.

In summary, with the above, combined with other com-
ments collected from the pilot during the evaluations and

Fig. 18 Pilot B time history cyclic control activity for MTE Slalom

in rigorous debriefing the following statements and poten-
tial areas of improvement could be identified for the HVC
configurations:

Holographic standard cues (S-AR1)
Diminished legibility of PFD Pilots noted the dark glass

tinting of the HoloLens 2 during PFD scans.While it was not
necessarily a problem, it was a noticeable feature. A design
change could be unnecessary in this respect, considering the
favorable pilot feedback.

Losing sight of gates during cornering
Pilots observed that during tight turns and rapid head

movements to focus on subsequent gates, the limited hor-
izontal field of view (FOV) of the HMD occasionally caused
the gates to disappear from their peripheral vision. Although
this phenomenon did not significantly impact pilot ratings, it
was identified as a notable characteristic of the current setup.
To address this issue, design enhancements could prioritize
either improving the system’s horizontal FOV or incorporat-
ing additional scene elements to support peripheral vision.
These adjustments may offer a more feasible implementa-
tion compared to adopting a new HMD with an increased
horizontal FOV.

Losing sight of gates during PFD scan The limited
vertical FOV of the HMD resulted in pilots encountering
challenges while attempting to maintain track of the gates
during PFD scans. This information gap necessitates design
improvements to enhance the vertical FOV capabilities of the
HMD, enabling pilots to maintain better situational aware-
ness and more effectively track the gates during their PFD
scans. To address this concern, potential design enhance-
ments could prioritize improving the system’s vertical field
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of view (FOV), taking advantage of an alternative HMDwith
an expanded vertical FOV.

Holographic advanced cues (S-AR2)
Disappearance of gates during head movements Pilots

noted that the disappearance of references with head move-
ment was even more pronounced and required adjustment.
This suggests that the system’s visual dynamics might be a
little challenging for new users. A potential design change
could involve developingmore stable or persistent visual ref-
erences that do not change drastically with head movement.

Object within the direct flight path The comments indi-
cated that the pilots were able to navigate around and through
the objects in the flight fieldwithout any problems. Therewas
the consideration that pilots may be reluctant to fly through
"solid" objects such as the S-AR2 gates which was not the
case. This suggests that the system’s current object rendering
and placement are effective and may not require significant
modifications.

Conclusion

This research examined the effects of holographic visual cues
(HVCs) on pilot handling qualities ratings, workload ratings,
and task performance during piloted simulations, particularly
within the MTE Hover and the MTE Slalom tasks. Although
the presented analysis indicates that HVCs, when appropri-
ately designed, on average do not significantly affect the
ratings of pilots, individual reactions varied. The findings
underscore the potential of this technology as an alternative
visual cue environment forHQevaluations, but also highlight
areas for improvement and further exploration.

Handlingqualities assessment Pilots demonstrated com-
parable handling qualities ratings when using holographic
visual cues compared to the traditional dome projection
setup. However, individual pilot ratings highlighted the influ-
ence of task sensitivity, personal control, and visual scanning
strategies on these ratings. Some pilots expressed a prefer-
ence for the holographic standard cues (H-AR1 and S-AR1),
while others found the advanced cues distracting or even
unsettling. Notably, the H-AR2 setup introduced control
effects that some pilots deemed unacceptable. These findings
suggest that H-AR1 provides a suitable alternative visual cue
environment for handling qualities evaluation in the Hover
MTE. Additionally, both S-AR1 and S-AR2 are indicated as
suitable alternatives for handling qualities evaluation in the
Slalom MTE.

Design implications Pilots primarily rely on visual ref-
erences and peripheral vision for flight navigation and
maintaining position. Surprisingly, the limited horizontal
field of view (FOV) and inability to display task-related infor-
mation in the peripheral view did not significantly affect
pilot ratings as initially assumed. However, the HMD’s lim-

ited vertical field of view (FOV) posed challenges for pilots
in tracking gates during PFD scans. To improve situational
awareness, design enhancements should focus on expand-
ing the vertical FOV of the HMD. Considering alternative
HMD options, with an improved vertical FOV could address
this concern. Furthermore, pilots’ feedback indicated that
they successfully navigated around and through objects in
the flight field without encountering difficulties. Contrary
to expectations, pilots did not hesitate to fly through "solid"
objects like the S-AR2 gates. Finally, pilots observed the dark
glass tinting of the HoloLens 2 during PFD scans. Although
it was noticeable, it did not pose a significant issue. Based
on positive pilot feedback, it may not be necessary to make
design changes in this regard.

Future work
While this study provides valuable insights into the influ-

ence of holographic visual cues on the handling qualities
assessment process, further research is required for vali-
dation. Future studies should address identified hardware
limitations, increase pilot sample sizes, and consider addi-
tional potential confounding factors such as pilot experience.
Expanding holographic representation concepts to other
maneuvers from ADS-33E and EASA SC-VTOL Handling
Qualities MOCs would establish a foundation for compre-
hensive simulator studies and subsequent flight tests.

To enhance the validation process, future work will
incorporate eye-tracking technology to analyze the visual
behavior of pilots, allowing for a comparison of how pilots
interact with different visual cueing hardware solutions.
This approach will provide a deeper understanding of their
engagement and attentional focus during maneuvers. By
examining specific areas where pilots direct their gaze and
the duration of their fixations on certain cues, insights can
be gained into the effectiveness of holographic visual cues
and any discrepancies in pilot performance can be identi-
fied. This targeted analysis will address the variability in
pilot responses, contribute to refining the integration and
design of visual cueing systems in simulators and flight tests,
overcome hardware limitations, account for factors such as
pilot experience, and support the expansion of holographic
representation concepts to other critical maneuvers, thus
establishing a more robust foundation for future evaluations.

The next steps for advancing the system involves conduct-
ingflight tests, forwhich initial integration testinghas already
been carried out. Feedback from these preliminary tests indi-
cates the necessity for several improvements. Pilots have
noted issues such as the poor visibility of green elements,
which could be mistaken for the flight path marker or other
established green-colored visual elements, suggesting a need
for color adaptations. Additionally, while the incorporation
of a 20% light transmissivity foil improved the readability
of the primary flight display (PFD), visibility issues persist
with standby instruments, particularly after extended use,
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highlighting the importance of further enhancing the dis-
play features for long-duration flights. Significant technical
challenges with the internal head tracker of the HoloLens
2, such as drift in heading and gravity swim in pitch and
roll during vehicle accelerations, have prompted the integra-
tion of an external head tracking system. This system aims
to mitigate the latency and stability issues observed with the
internal inertialmeasurement unit (IMU), ensuringmore reli-
able and accurate tracking capabilities essential for dynamic
flight conditions. With these adjustments, future flight tests
will critically assess the refined HMD technology in various
MTE evaluations.

Appendix A: Mission task elements

A.1 MTE Hover

Task description Initiate the maneuver at a ground speed of
between 6 kt and 10 kt, at an altitude less than 20 ft. The target
hover point shall be oriented approximately 45◦ relative to the
heading of the rotorcraft (Fig. 19). The target hover point is
a repeatable, ground-referenced point from which rotorcraft
deviations are measured. The ground track should be such
that the rotorcraft will arrive over the target hover point.

Task objectives

• Check the ability to transition from translating flight to a
stabilized hover with precision and a reasonable amount
of aggressiveness.

• Check ability to maintain precise position, heading, and
altitude (Table 6) in the presence of a moderate wind
from the most critical direction in the GVE, and with
calm winds allowed in the DVE.

Fig. 19 Suggested course for
MTE Hover [30]
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Table 6 MTE Hover performance standards [30]

Cargo/Utility - GVE
Performance Des Adq

• Attain a stabilized hover within X s of initiation of
deceleration

5 8

• Maintain a stabilized hover for at least X s 30 30

• Maintain the longitudinal and lateral position within ±X ft of
a point on the ground

3 6

• Maintain altitude within ±X ft 2 4

• Maintain heading within ±X deg 5 10

• There shall be no objectionable oscillations in any axis either
during the transition to hover or the stabilized hover

✓ ✓

A.2 MTE Slalom

Task description Initiate the maneuver in level unacceler-
ated flight and lined up with the center-line of the test course.
Perform a series of smooth turns at 500 ft intervals (at least
twice to each side of the course, Fig. 20). The turns shall be
at least 50 ft from the centerline, with a maximum lateral
error of 50 ft. The maneuver is to be accomplished below the
reference altitude (Table 7). Complete the maneuver on the
centerline, in a coordinated straight flight.

Task objectives

• Check ability to maneuver aggressively in forward flight
and with respect to objects on the ground.

• Check turn coordination for moderately aggressive for-
ward flight maneuvering.

• Check for objectionable inter-axis coupling during mod-
erately aggressive forward flight maneuvering.

Appendix B: Predicted HQ levels

Figures 21–26 show the predicted handling qualities levels
of the flight model used in this study (refer to ADS-33E [30]
for the used symbols, acronyms, and descriptions given in
parentheses)

Fig. 21 Bandwidth/phase delay–pitch axis (all other MTEs–UCE=1
and fully attended operations)

Fig. 20 Suggested course for
MTE Slalom [30]

Table 7 MTE Slalom performance standards [30]

Cargo/Utility—GVE
Performance Des Adq

• Maintain an airspeed of at least X kn throughout the course 60 40

• Accomplish maneuver below reference altitude of X ft Lesser of twice rotor diameter or 100 100
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Fig. 22 Bandwidth/phase delay–roll axis (all other MTEs–UCE=1 and
fully attended operations)

Fig. 23 Dynamic stability–pitch axis (fully attended operations in
Hover)

Fig. 24 Dynamic stability–roll axis (fully attendedoperations inHover)

Fig. 25 Bandwidth/phase delay–yaw axis (all other MTEs—hover and
low speed)

Fig. 26 Attitude quickness criterion–yaw axis (all other MTEs)
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Appendix C: Rating scales

Fig. 27 Cooper–Harper Handling Qualities Rating Scale (HQR) [33]—level categorization according to ADS-33E [30]
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Fig. 28 Bedford Workload Scale (BWS) [34]—workload categorization according to NASA-STD-3001
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