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ABSTRACT

The application of flight simulators is a standard practice in aerospace research. At the German Aerospace Center
(DLR), these tools are employed to validate systems prior to their integration into the research helicopter ACT/FHS.
Recently, the development toolchain for the experimental system of ACT/FHS was augmented by the addition of the
Dual Pilot Active Sidestick Demonstrator (2PASD) simulator. Originally designed for research on active inceptors,
2PASD was expanded to replicate the experimental system of ACT/FHS. The integration of a MATLAB/Simulink
development environment with 2PASD’s real-time simulation framework enables the simulator to serve as a rapid
prototyping platform for flight control systems development. Furthermore, 2PASD’s visual system was enhanced
by the incorporation of Virtual Reality and Mixed Reality environments, thereby broadening its applicability in new
research contexts. Additionally, latency measurements were conducted using a non-invasive setup to identify sources
of time delay between pilot inputs and the response of the visual system. The results provide a baseline for optimizing

the simulator’s performance.

NOTATION

Acronyms

2D two-dimensional

2PASD Dual Pilot Active Sidestick Demonstrator

3D three-dimensional

ACS Active Control System

ACT/FHS Active Control Technology/Flying Heli-
copter Simulator

AVES Air VEhicle Simulator

CDF Common Data Format

CDU Control Display Unit

CLS Control Loading System

COS Core System

CS-FSTD(H) Certification Specification for Helicopter
Flight Simulation Training Devices

DLR German Aerospace Center

EC Experiment Computer
ECC Experiment Co-Computer
EKF Extended Kalman Filter
EP Experimental Pilot

FCS Flight Control System
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FLI First Limit Indicator

FOv Field Of View

GC Graphics Computer

GUI Graphical User Interface

IC Interface Computer

ICD Interface Control Document
LCD Liquid Crystal Display

MR Mixed Reality

MRC Mixed Reality Computer
NAV Navigation Control System
PFD Primary Flight Display
ROS Robot Operating System
ROSC Robot Operating System Computer
SCM System Control Module
SDK Software Development Kit
TCP Transport Control Protocol
UDP User Datagram Protocol
VE Virtual Environment

VR Virtual Reality

INTRODUCTION

Flight simulators are a common tool used by researchers for
studying various aspects related to flight. These simulators
replicate the experience of flying an aircraft, allowing for
controlled experiments to investigate pilot performance under
specific tasks or conditions. Moreover, flight simulators can
also be employed to test new technologies, for example pilot
assistance systems, in a safe and controlled environment. For
research facilities that conduct experiments with real aircraft,
flight simulators provide a valuable tool to evaluate new sys-



tems before testing them in real flight.

At the German Aerospace Center (DLR), the main platform
for research on helicopters is the Active Control Technol-
ogy/Flying Helicopter Simulator (ACT/FHS) (Ref. 1). The
aircraft is a strongly modified EC135 helicopter equipped
with a fly-by-wire system that allows to evaluate experimental
software with extensive authority to the flight control system.
Research conducted with the ACT/FHS covers a wide range
of topics, including flight control and pilot assistance, such
as basic stabilization, autopilot functions and path planning,
as well as the investigation of active control inceptor systems.
Therefore, in addition to conventional control inceptors, it is
equipped with active sidesticks on the cyclic and collective
control axes.

Preparation of flight tests with the aircraft as well as simula-
tor evaluations in general are carried out at the Air VEhicle
Simulator (AVES) facility (Ref. 2). This simulator features a
dome projection system, motion platform and multiple cock-
pit mockups that resemble DLR’s research aircraft such as the
Airbus A320 and Airbus Helicopters EC135. The AVES also
includes a replication of the flight experimental system of the
ACT/FHS with identical hardware to replicate the behavior of
the research aircraft together with the experimental software
during simulation.

The software for the experimental flight control functions is
being developed in MATLAB/Simulink in a desktop envi-
ronment. To run the software in AVES, a code generation
toolchain is used that translates the code to C/C++ and then
compiles binaries for the target hardware. While this provides
hardware-in-the-loop and software-in-the-loop simulation ca-
pabilities, it has limited possibilities for software debugging
compared to the desktop simulation. On the other hand, the
desktop simulation environment lacks in terms of interacting
with the software during execution as it does not provide con-
trol inceptors or a visual environment of the simulation.

The Dual Pilot Active Sidestick Demonstrator (2PASD)
(Ref. 3) was added to the development toolchain to bridge
the gap between desktop simulation and real-time simula-
tion. 2PASD’s original use case was in developing algo-
rithms for active control inceptors, such as tactile cueing
(Refs. 4,5). However, its capabilities were recently expanded
by combining the flexibility of modifying software in MAT-
LAB/Simulink with the possibility of running a real-time sim-
ulation with the simulator mockup. To achieve this, the exist-
ing 2PASD simulation framework was significantly modified
and extended to allow for direct integration and debugging
of software within the MATLAB/Simulink development envi-
ronment.

Another new application for 2PASD is the usage of Virtual
Reality (VR) and Mixed Reality (MR) headsets as an alter-
native to the original visual system. New interfaces were
created to integrate such hardware into the simulation frame-
work. As the VR/MR headsets are being used both in 2PASD
and AVES, the interfaces were designed to provide compati-
bility between both simulators.

This paper presents the expansion of the 2PASD simulator to-
wards a flexible rapid prototyping platform for research flight
simulations. It provides an overview of the general architec-
ture and software framework, followed by the integration of a
replicated experimental system from the ACT/FHS, the devel-
opment of a debugging environment for tactile cueing func-
tions, and the creation of a VR/MR simulation environment.
The simulator’s real-time performance is evaluated by mea-
suring latency between pilot inputs and the visual response.
The paper concludes with a summary of the findings.

SIMULATOR OVERVIEW

2PASD is a fixed base simulator featuring two pilot stations,
each equipped with cyclic and collective sidesticks and pedal
inceptors, see Figure 1. Five TV screens are used as the pri-
mary vision system, supplemented by additional monitors dis-
playing cockpit instruments. The operator station for configu-
ration and simulation control is located behind the simulator.
The pilot stations allow for flexible arrangement due to their
separate bases. Besides the typical side-by-side setup, for ex-
ample single pilot or tandem configurations are possible. The
following sections detail the hardware setup, specifically fo-
cusing on the Control Loading System (CLS) and the visual
system. Additionally, the simulation framework used to oper-
ate the 2PASD simulator is discussed in depth.

Figure 1: 2PASD simulator

Control Loading System

Each of the two pilot stations is outfitted with two sidesticks
and one set of pedals, as depicted in Figure 2. Both sidesticks
provide two degrees of freedom for longitudinal and lateral
stick displacement. The righthand sidestick serves for cyclic
control, while the lefthand sidestick is used for collective con-
trol. It offers an additional degree of freedom, enabling yaw
control as an alternative to the pedals. Overall, the CLS pro-
vides ten control inceptor axes, five per pilot station.

2PASD implements active inceptors that are provided by
the manufacturer Wittenstein motion control GmbH. Their
main mechanical characteristics are listed in Table 1. These



Figure 2: Active inceptors

active inceptors generate control forces through integrated
electromechanical actuators and enable arbitrary force-feel-
characteristics to be defined via user and data interfaces. For
instance, the global force-deflection curve can be defined via
lookup tables. Additionally, detents, gates, or stick shakers
can be specified or the friction and damping of the incep-
tor can be modified. This allows for replicating the force-
feel-characteristics of various aircraft. Also, pairwise cou-
pling of control axes is possible, to replicate a physical con-
nection between them, known as “electronic rod”. This was
demonstrated by previous research carried out with 2PASD
(Refs. 6,7). Furthermore, the active inceptors can be utilized
for tactile cueing (Ref. 8), which is an ongoing research topic
at DLR. Development and evaluation of tactile cueing for he-
licopters was the driver for creating 2PASD and is one main
application of the simulator, see Section Tactile Cueing Func-
tions Development.

Parameter Sidesticks Pedals
Travel range +18.5° +18°
Nominal force 155N 535N
(@ grip ref. 170 mm)
Deflection rate  121°/s 126 °/s

Table 1: CLS mechanical characteristics

Both sidestick grips are identical to those used at the Ex-
perimental Pilot (EP) seat of the ACT/FHS. The grip of the
right hand sidestick replicates the original EC135 cyclic grip,
while the left hand grip was specifically manufactured for
the ACT/FHS active sidestick. Both grips are equipped with
various switches such as force trim release, beep trim and
switches that can be used arbitrarily.

Visual System

2PASD’s primary vision system consists of five Liquid Crys-
tal Display (LCD) TV screens with a screen diagonal size of
55inch (139 cm) each, operating at a resolution of 1920 x
1080 with a image refresh rate of 60 Hz. These screens are
arranged in an arc around the pilot stations, see Figure 3.

Figure 3: View into the cockpit

The center screen is placed in landscape orientation while the
four outer screens are placed in portrait orientation. This
arrangement covers a Field Of View (FOV) of 150° x 50°
(horizontal x vertical) and is plotted in Figure 4.

-90

Figure 4: Field of view from right seat

To display flight instruments, a set of screens is mounted on
the pilot stations in front of the seats. A 17 inch (34 cm) screen
with a resolution of 1280x 1024 at 60 Hz is placed in front of
each pilot seat, typically displaying a Primary Flight Display
(PFD). A smaller 10inch (25 cm) screen with a resolution of
768 x 1024 at 60 Hz is placed between the two larger screens
and displays the First Limit Indicator (FLI), i.e. engine limit
gauge. A second 10 inch screen is placed underneath the FLI
display and provides indicators and touch buttons to monitor
and control the state of the simulation. This allows the user
to start and stop the simulation, trim the control inceptors and
enable or disable pairwise coupling between the pilot stations
directly in the cockpit.

Simulation Framework

The 2PASD simulation framework connects the CLS and vi-
sual system hardware with the software modules required to
run the flight simulation, such as the flight dynamics model.
This framework is implemented as a distributed system with



multiple computers, see Figure 5. 2PASD is based on the
simulation framework 2Simulate (Ref. 9), which was initially
developed for AVES. Using the same simulation framework
enables the exchange of software modules between both sim-
ulators.

Basic simulation ¢
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Figure 5: 2PASD system architecture

The 2Simulate framework provides a software library for real-
time scheduling of simulation tasks and inter-process commu-
nication. A central task, called the interface software, con-
nects various software modules running on different comput-
ers. In 2PASD, the interface software is executed on the In-
terface Computer (IC), which runs on the real-time operat-
ing system QNX Neutrino 7, see Fig. 5. The IC software
defines different simulation tasks that are executed at config-
urable frame rates. For the communication with other mod-
ules, each task can establish a network connection using an
User Datagram Protocol (UDP) driver provided by the 2Sim-
ulate library.

For the basic simulation setup, the IC is connected to the
System Control Module (SCM), which runs the control soft-
ware for the active inceptors. The stick forces and displace-
ments provided by the pilots are processed on the SCM and
transferred to the IC. Besides the interface software, the IC
also runs the aircraft model, implemented with the 2Simulate
framework. This model receives pilot commands from the in-
terface software and returns the aircraft response. The model
is implemented with C++ and resembles the dynamics of the
ACT/FHS. It is the same model being used in AVES and in-
cludes models for the main rotor with dynamic inflow, tail ro-
tor, fuselage, engine and flight control actuators (Ref. 10). The
aircraft response from the model is fed to the interface soft-
ware and sent from the IC to three Graphics Computers (GCs),
that render the simulation view and drive the visual system of

the simulator. One GC supplies the center TV screen and in-
strument displays while the other two GCs each supply two
TV screens.

The user may configure the simulation with the simulation
control software, which is executed in a desktop environment
on the Experiment Computer (EC) behind the simulator cock-
pit, see Figure 1. This software includes a Graphical User
Interface (GUI) that allows for remotely powering the com-
puters needed for simulation and starting different software
modules on the remote computers. A build history of soft-
ware modules is kept available to allow the user to recreate
previous simulation setups.

In addition to the standard visual system, 2PASD allows users
to use MR/VR headsets to render the visual environment by
configuring the interface software to send the aircraft model’s
output to the Robot Operating System Computer (ROSC),
which translates received UDP datagrams to Robot Operating
System (ROS) topics. The ROS messages are then transferred
to the Mixed Reality Computer (MRC) running the MR/VR
software toolchain. Details of the MR/VR setup and toolchain
are described in Section Mixed and Virtual Reality Setup .

To include the ACT/FHS experimental system in the simula-
tion, the experimental software is executed on the EC and the
interface software is configured to send inceptor signals from
the SCM to the experimental software. The flight control al-
gorithms in the experimental software calculate actuator com-
mands and send them to the interface software, which feeds
them to the aircraft model. Additional software for the ex-
perimental system, such as path planning algorithms for auto-
matic guidance, is executed on the Experiment Co-Computer
(ECC). The architecture and implementation of the experi-
mental system are described in detail in the next section.

EXPERIMENTAL SYSTEM

The ACT/FHS flight control system comprises two main com-
ponents: a base system, referred to as the Core System (COS)
and an experimental system. The COS includes the pilot con-
trol inceptors, a redundant fly-by-wire architecture and elec-
tromechanical actuators at the main and tail rotors. This sys-
tem allows pilots to fly the bare airframe helicopter without
any experimental flight control functions. Furthermore, it in-
corporates a switch that facilitates communication between
the COS and the experimental system, allowing for the trans-
mission of pilot commands to the experimental system and
receipt of actuator commands from it.

The experimental system consists of a set of computers in-
tegrated into the aircraft and connected to the COS. It al-
lows for implementation of experimental flight control soft-
ware (Ref. 11).

The ACT/FHS experimental system software is divided into
two distinct components: system software and user software.
The system software, implemented in C, handles scheduling,
data acquisition and communication with the COS. In con-
trast, the user software, developed using MATLAB/Simulink,
implements the experimental flight control algorithms. A



code generation toolchain translates the user software into C
code and integrates it with the system software for execution.

The user software consists of multiple tasks that run in paral-
lel to each other, including those responsible for basic flight
control (Flight Control System - FCS), path following con-
trol (Navigation Control System - NAV), and control of active
sidesticks (Active Control System - ACS).

To evaluate user software code in real-time simulation, a
replication of the ACT/FHS experimental system is integrated
into AVES. This configuration utilizes identical hardware and
the same code generation toolchain as the original system to
facilitate hardware-in-the-loop simulation.

An additional replication of the ACT/FHS experimental sys-
tem has been integrated into 2PASD. To complement the abil-
ities of the AVES simulation, this setup allows for low-effort
and rapid changes to the user software. Instead of trans-
lating the MATLAB/Simulink user software with the code
generation toolchain, this implementation enables the user to
directly modify and debug their software within the MAT-
LAB/Simulink editor. As such, the experimental system
software replication for 2PASD was implemented in MAT-
LAB/Simulink and integrated with the simulator.

MATLAB/Simulink Implementation

The 2PASD replication of the experimental system consists
of a Simulink model running on the EC that implements the
core functionality of the original system. The model’s main
components and signal flow are depicted in Figure 6. This
section elaborates on the functions of these components and
details their implementation.

- User software
Experiment Data
configuration ECS Logger
~ /
_ COS ACS Aircraft
emulation model
W
EKF NAV CLS
>
emulation control
Interfaces (W
interface |
IC IC model
interface J interface
( 2PASD network )

Figure 6: 2PASD experimental system

Experiment Configuration
The user can configure the tasks of the user software utilizing

the experiment configuration block, which replicates the
Control Display Unit (CDU) used in the aircraft with a set of
Simulink masks providing a simple GUL

COS Emulation

In contrast to the original experimental system, the 2PASD
framework does not include a COS. Instead, a COS emulation
block is added to the experimental system implementation,
replicating the basic functions for mode handling and stick
trimming.

EKF Emulation

The original experimental system relies on an Extended
Kalman Filter (EKF) to estimate the aircraft state from fil-
tered and fused sensor data. In 2PASD, as there are no sen-
sor data available, the aircraft state is provided by the aircraft
model, thereby necessitating an EKF emulation block to gen-
erate outputs identical to those of the original EKF for the user
software.

Data Logging

To store flight test results, the original experimental system
implements a data logging function utilizing the CDU. In
2PASD, the data logging function is implemented using a
MATLAB function embedded within a Simulink block. The
user can select from two data format options: Common Data
Format (CDF) or MATLAB’s binary format (MAT). The
signal labels correspond to those of the original experimental
system, enabling users to process data generated in 2PASD
with the same tools used for analyzing data from ACT/FHS
or AVES.

CLS control

The CLS exhibits significant differences compared to the
ACT/FHS. In the aircraft, the primary control inceptors do
not provide active functions, but rather a set of active side-
sticks is added to the cockpit when necessary. Conversely,
2PASD provides a single set of control inceptors with ac-
tive functions available on all axes. The CLS control block
accounts for these different inceptor setups and abstracts the
2PASD CLS for the user software providing interfaces identi-
cal to those in the original experimental system. For utiliza-
tion of active functions, the block includes a translation layer
that converts generic tactile cueing elements into hardware
specific commands, see also Section Tactile Cueing Functions
Development.

Interfaces

The ACT/FHS experimental system supports to run software
on other computers, for example the ECC, in addition to the
experimental tasks that are executed on the EC, see Figure 5.
This additional software typically covers tasks like path plan-
ning, processing of optical sensor data, implementing extra
displays, etc. The experimental system utilizes UDP connec-
tions for communication with the additional computers.



To replicate network communication in 2PASD, the UDP
driver from the 2Simulate framework (Section Simulation
Framework) is implemented. Simulink’s code wrapper, called
S-Function (Ref. 12), is used to include the driver, which is
written in C++. The S-Function provides a Simulink block
that calls the compiled C/C++ code at runtime. A tool was de-
veloped that automatically generates the Simulink block for a
specific UDP connection based on a Interface Control Docu-
ment (ICD). Besides handling communication with the ECC,
a Simulink-UDP block is also used to provide the experimen-
tal system’s main interface with the IC, see Figure 5.

Model Referencing

The different tasks of the ACT/FHS experimental user soft-
ware (FCS, ACS, NAV) were originally implemented as
stand-alone Simulink models. In 2PASD, they are included
into the top-level experimental system model as Simulink ref-
erence models. Reference models act as links to other models,
allowing for code reuse (Ref. 13). By including the user soft-
ware tasks as reference models, 2PASD uses the same code
base as the desktop development environment and the code
generation toolchain. This enables any modifications made to
the user software 2PASD to be directly transferred to AVES
or ACT/FHS.

Real-Time Execution

In its default configuration, Simulink will execute a model
as fast as possible, i.e. when it has finished the calcula-
tion for one time step, it will immediately start with the next
one. However, this is not feasible for real-time simulation.
Simulink offers a function to slow down the simulation, this is
called pacing (Ref. 14). For real-time execution in 2PASD, the
pacing is configured such that 1 s of simulation time matches
1's of elapsed time on the machine running Simulink. This
setup ensures that the model execution rate remains synchro-
nized with the system’s clock, thereby enabling real-time ex-
ecution. If the computational resources available on the ma-
chine running Simulink exceed the simulation demands, the
real-time requirement will be met. For the 2PASD experi-
mental system it was found possible to execute the model in
real-time on a recent work station computer with Windows
operating system; for the machine’s specification see Table 2.
Experience showed the setup to be feasible in the context of
research flight simulation even in the absence of a dedicated
real-time operating system.

Component Value

Processor Intel 17-9700 @ 3 GHz

Memory 16 GB DDR4

Graphics card NVIDIA GeForce GT 730
Operating system  Microsoft Windows 10 Enterprise
MATLAB version R2020a

Table 2: Specification of the Experiment Computer running
the 2PASD experimental system

To decrease a model’s execution time, Simulink provides ac-
celerated modes (Ref. 15). Instead of executing interpreted
code as in normal mode, the accelerator mode compiles the
code before execution. This speeds up the simulation but in-
creases initialization time when editing the software, as the
code needs to be compiled every time it is changed. Also,
signal values cannot be viewed during simulation when ex-
ecuting in accelerator mode. The simulation mode (normal
vs. accelerated) can be set for an entire model or separately
for referenced models. For the 2PASD experimental system,
this allows the user to set the mode separately for the individ-
ual user software tasks and benefit from extended debugging
tools in normal mode and utilize higher performance in accel-
erator mode. Typically, a user will modify one software task
at a time and will therefore run this task in normal mode. By
executing the remaining tasks in accelerator mode, the overall
model initialization time is decreased and more computational
resources are available for debugging the task of interest, e.g.
viewing signal time histories.

Aircraft Modelling

In addition to replicating features of the ACT/FHS experimen-
tal system, the 2PASD experimental system implements the
ability to execute the aircraft flight dynamics model directly in
Simulink. For this use case, the standard aircraft model is dis-
abled (see Figure 5) and the interface software is configured to
receive the flight state from an additional UDP interface in the
experimental system, as depicted by the highlighted blocks
and signals in Figure 6. This allows for development of flight
dynamics models directly in Simulink and provides the user
to debug and evaluate models in hands-on flight.

Summary

The replication of the ACT/FHS experimental system with
a Simulink implementation significantly extends the usabil-
ity of the 2PASD simulator. It provides core functionalities
of the original implementation and enables users to develop
experimental flight control software in the simulator environ-
ment. Utilization of Simulink features like model referencing
for code reuse and accelerator mode for performance increase
together with plug-and-play network interfaces make it a flex-
ible and robust platform for simulator software development.
The new features strongly extend the debugging capabilities
compared to the existing desktop environment and AVES sim-
ulation, complementing the existing toolchain.



TACTILE CUEING FUNCTIONS
DEVELOPMENT

One of the main applications of 2PASD is the development of
tactile cueing functions. This involves the algorithms required
for calculation of inceptor limit positions as well as the design
of tactile cueing force patterns.

To effectively realize tactile cueing design concepts, it is es-
sential to translate them into suitable active inceptor config-
urations. This process typically introduces a trial-and-error
approach, as it requires to translate a desired feel into abstract
parameters. Also, several parameters might need to be com-
bined for the active inceptor to behave in the desired way.
Moreover, specific hardware constraints must be considered
to ensure correct operation. In some cases, users may struggle
to distinguish between undesirable behavior resulting from in-
adequate abstraction or undetected constraint violations.

To facilitate the translation of tactile cueing patterns into
hardware-specific parameters, an abstraction layer was im-
plemented into the CLS control module, see also Figure 6.
This layer enables the mapping of common cues, such as soft-
stops, onto hardware-specific configurations. A softstop is
a local force gradient used to cue a specific stick position,
that e.g. corresponds to a vehicle limit. Here, the generation
of a softstop at a specific position with desired intensity and
width requires the selection of appropriate parameters. For
the 2PASD CLS, this is achieved through the utilization of so
called addins. An addin is a manufacturer specific solution to
realize local and temporary modifications of the main curve.
It replaces a part of the main curve as an inset. Its position,
shape, force intensity and width can be configured freely.

To simplify the debugging process and accelerate design it-
erations, an emulation of the 2PASD inceptor hardware was
implemented using Simulink. This emulation is based on doc-
umented hardware constraints and observed responses to vari-
ous parameter inputs. The emulator instantaneously generates
a force deflection curve that would be realized by the incep-
tor for a given parameter set, while also performing sanity
checks to detect incorrect parameter inputs. Figure 7 illus-
trates examples of correct and incorrect input configurations.
In this example, two addins AO and A1 are used to define a
negative and a positive softstop. The system does not allow
for configuration of addins overlapping each other, therefore
the inceptor control software ignores any overlapping addins
provided by the user. In the upper graph, the configuration is
correct and the resulting overall curve would be accepted and
reflected by the real CLS. The lower graph shows a test case
with overlapping addins. The error is detected by the sanity
check, turning the plot’s frame to red and displaying an er-
ror message on the canvas. The CLS emulation can be used
standalone or in combination with the real CLS hardware.

60 7
—— overall curve
O trim
40T A0
— Al
20 1
z
ol 0
S
&9
_20 41
_40 41
—60 : : >
-50 -25 0 25 50
Position (%)
(a) CLS emulation: correct
60
—— overall curve
O trim
40 1 AO
— Al
20
z
8 0
g
=
_20 i
At least two addins overlapping
740 i
—60 ‘ :
-50 =25 0 25 50

Position (%)

(b) CLS emulation: failure

Figure 7: CLS emulation output: commanded elements and
resulting overall curve

MIXED AND VIRTUAL REALITY SETUP

The training of helicopter pilots is essential to ensure safe he-
licopter operations. In addition to training with real aircraft,
simulation is already an integral part of helicopter pilot train-
ing. The availability of VR and MR headsets has opened
up new possibilities in aviation training, making it possible
to recreate real-life scenarios in a controlled, safe and cost-
effective environment (Figure 8). Unlike full flight simula-
tors with dome projection systems, VR/MR simulators have



the potential to be small, require less maintenance and may be
mounted on mobile platforms for easy displacement.

Virtual Reality and Mixed Reality are defined according to
(Ref. 16) within the Reality-Virtuality Continuum. In this
context, VR, respectively Virtual Environment (VE), refers to
a synthetic environment in which a user is fully immersed,
whereas the real world is limited by physical laws. MR, on
the other hand, blends elements from both the real and virtual
worlds, allowing for various combinations and interactions.

Mixed Reality Headset

For the 2PASD MR setup, the Varjo XR-3 Focal Edition
(Ref. 17), monitor-based headset with a FOV of 115° and 95°
(horizontally x vertically), is used. The focal distance ranges
from 30 cm to 80 cm, mirroring the typical distance between
a pilot’s eyes and the flight instruments situated within the
cockpit. The image refresh rate is 90 Hz. The utilization of
the Varjo XR-3 headset relies on the use of the Varjo Base
Software, a proprietary application provided by the manufac-
turer.

In 2PASD, chroma key is used to create an immersive MR
experience with the Varjo XR-3 headset. Chroma key, also
known as green screen techniques, is a visual-effect method
for layering two separately created images together based on
color hues.

Figure 8: 2PASD Mixed Reality setup

Hardware Setup

Due to 2PASD’s flexible cockpit arrangement, either single
or dual pilot cockpits can be utilized for the MR experience.
In Figure 9 an example of a MR setup is shown for a sin-
gle pilot setup. The pilot’s seat is surrounded on all sides by
the green screen. Other structures, such as the beams for the
flight instrument displays, are covered with additional green
fabric so that they are not displayed in the VE. For the head
tracking, two HTC Vive Basis Tracking stations (Ref. 18) are

used and are mounted on top of the green screen providing an
unobstructed view towards the pilot seat. An additional light
source was installed to provide bright illumination.

Figure 9: Green screen for Mixed Reality setup

Rendering Software

In order to generate the VE, two softwares were utilized:
Unity and Prepar3D.

Unity is a game engine capable of rendering both two-
dimensional (2D) and three-dimensional (3D) games for var-
ious platforms, making it a popular choice among game de-
velopers, architects, and designers. Within Unity, the virtual
environment can be created as required, allowing for the cus-
tomization of 3D helicopter cockpits, an example is illustrated
in Figure 10.

Figure 10: Cockpit view with MR setup



Prepar3D is a visual flight simulator software. It simulates a
wide range of aircraft in various environments, including air-
ports, mountains, and coastal areas. Additionally, it features
realistic weather conditions, atmospheric effects, and other
environmental factors. Prepar3D implements the SimConnect
Software Development Kit (SDK) allowing for modifications
of 3D objects and data exchange with external software such
as the 2PASD simulation framework.

While both Unity and Prepar3D can be run independently,
each providing its own VE, it is also possible to combine
them. For instance, an adapted helicopter cockpit can be ren-
dered in Unity and displayed as an overlay within the rendered
scenery of Prepar3D. The combination of these features has
the potential to create highly immersive and realistic VR ex-
periences that simulate real-world environments and scenar-
ios.

Data Flow for Displaying Mixed Reality

In order to enable the dynamic rendering of VR imagery in
response to pilot inputs, it is necessary to obtain and integrate
flight state data from 2PASD’s simulation framework (Fig-
ure 5).

To enable communication between 2PASD and the MRC ren-
dering the image on the headset, the Robot Operating Sys-
tem is being used (see Figure 11). Initially developed for the
purpose of creating robotics applications, ROS offers a com-
prehensive suite of software libraries and tools. ROS uses a
message-based communication system, where software mod-
ules called nodes exchange messages with each other. Nodes
are small programs performing specific tasks. In this case,
ROS is employed as a communications middleware between
the simulator and the MRC to transmit simulation data, i.e.
the helicopter state vector calculated by the aircraft dynamics
model.

The ROS bridge receives the helicopter flight state from the
interface software and translates it to a ROS message. The
ROSC transmits the message to the MRC where it is pro-
cessed by the ROS Transport Control Protocol (TCP) Con-
nector, which is integrated with Unity. The ROS TCP Con-
nector enables sending and receiving ROS messages within
Unity and therefore, it is possible to render the helicopter po-
sition and orientation within Unity accordingly to the flight
state data. Furthermore, Varjo provides a dedicated plugin
for Unity, specifically designed for integration with Varjo’s
technology. The execution of a Unity application is managed
through Varjo Base Software, which enables the rendering of
the VR content on the MR headset.

Prepar3D also receives the flight state data via the same ROS
message. A receiver node is integrated into the SimConnect
simulation framework of Prepar3D as an Addon ROS sub-
scriber, which enables the provision of the flight state data
as input for the helicopter position and orientation within the
virtual environment (VE). When initiating the Prepar3D ap-
plication with VR settings, the MR experience is launched
through Varjo Base Software.

The Varjo Base Software incorporates the multi-application
feature enabling the concurrent execution of multiple applica-
tions, thereby allowing for the simultaneous display of, for in-
stance, a Unity-based helicopter cockpit as an overlay within
the Prepar3D scenery.

MRC
Unity Cockpit
Varjo Unity overlay
Flight plugin
ROSC  state
ROS | (ROS) |ROSTCP| |VarjoBase Varjo
bridge connector software headset
Flight Prepar3D
state Addon ROS
(UDP) subscriber Flight
scenery
( Simulator network J

Figure 11: MR/VR system architecture

2PASD advantages and disadvantages for MR/VR

The development of MR/VR applications with 2PASD has
several advantages in contrast to a full flight simulator like
AVES:

» The cockpit’s flexible arrangement enables experimenta-
tion with diverse pilot configurations, such as single or
dual pilot scenarios.

¢ Clear space around the cockpit allows for setting up am-
ple green screen environments, thereby ensuring optimal
head tracker functionality and minimizing shadows cast
by lighting systems.

* The setup provides a reproducible test environment for
experiments or pilot campaigns, characterized by uni-
form illumination conditions and the absence of reflec-
tive surfaces.

* The facility allows for exploring alternative spatial ar-
rangements for head tracking and lighting.

* The ability of rapidly entering and exiting the cockpit
and the possibility of implementing experiments directly
from a desktop-based setup facilitates efficient testing.

Nevertheless, the flexible simulation setup of 2PASD intro-
duces some limitations:

* The absence of a fully equipped cockpit with physical
switches and buttons reduces the possibilities for haptic
pilot interaction and thus limits the experience in terms
of realism and immersion.



* There is no motion platform available for examining the
interaction between the MR headset’s visual functional-
ity and motion cues.

* The 2PASD currently features only a simple 3D model.
For a more detailed cockpit an advanced model would be
necessary.

AVES advantages and disadvantages for MR/VR

In contrast to 2PASD, the AVES simulator setup offers fol-
lowing advantages:

* The fully equipped EC135 cockpit offers significant ad-
vantages in terms of pilot interaction with the cockpit,
providing a more realistic and immersive experience.

* The motion platform featured in AVES may enhance the
overall immersion of the flight simulation, making it feel
even more like actual flying.

e It is not required to create a 3D model of a helicopter
cockpit for rendering within the VE.

However, the following challenges are associated with AVES:

» Forced proximity of the head tracking stations to the
headset due to the compact cockpit hinders optimal per-
formance, as e.g. line of sight between base stations may
be obscured.

The cockpit window glass may interfere with the base
station’s signals, introducing another challenge in in-
stalling head tracking technology.

Additional light sources can introduce unintended reflec-
tions caused by the windows within the cockpit, compro-
mising the overall immersion and realism of the simula-
tion.

Summary

The 2PASD simulator exhibits dual functionality, serving as
both an effective development platform and a helicopter sim-
ulator suitable for piloted campaigns. Furthermore, the out-
puts generated through implementation on the 2PASD system
can be directly applied to the AVES system, thereby reducing
overall development time and allowing for the utilization of
advantages inherent in both simulators.

LATENCY MEASUREMENT

One key parameter for evaluating the real-time performance
of a flight simulator is the latency, i.e. the time delay between
a pilot input and the output reaction from visual, auditory,
or motion systems. The Certification Specification for Heli-
copter Flight Simulation Training Devices (CS-FSTD(H)) de-
fines an acceptable latency for full-flight simulators to be less
than 100 ms (Ref. 19). The latency of a flight simulator can be

10

attributed to multiple sources. Firstly, the computational time
consumed by software components, such as processing pi-
lot input, calculating aircraft response, and rendering the vir-
tual environment generates time delay. Additionally, network
communication transport delays and asynchronous software
execution on distributed machines contribute to the overall la-
tency. To assess the performance of 2PASD, its end-to-end
time delay was measured.

Measurement method

An end-to-end time delay measurement was conducted be-
tween control inceptor inputs and the visual system’s reac-
tion. A non-invasive setup was employed to minimize soft-
ware modifications, allowing for the evaluation of both the
standard visual system utilizing TV screens and the setup in-
corporating the VR/MR headset. A high-speed camera was
utilized to capture images of control inceptor movements and
visual system responses.

To generate reproducible inputs, the cyclic sidestick was con-
figured to generate lateral step inputs. To obtain a distinct vi-
sual response to this input, not influenced by aircraft model
dynamics, the model response was overwritten by a step
signal-like response in the roll axis. The output roll angle ¢
responds to a change of the stick position §, with

—45° for 6, < —0.1%
p=1{0° for —0.1% < 6,<0.1% (D
45° for 8, > 0.1% .

By applying this relation, the visual system generates a dis-
tinct and reproducible response for small stick displacements,
easily identifiable in the recorded video images.

To determine the time delay for individual vision system com-
ponents from the image stream, an analysis tool was devel-
oped using MATLAB. The user selects points in the image
exhibiting strong changes in color or brightness during the
step response. Figure 12 displays camera images recorded
during the measurement, with the upper image (12a) showing
the idle state and the lower image (12b) showing the state af-
ter a step input. The cyclic stick is visible in the right half of
the image, exhibiting a lateral displacement to the left in the
lower image due to the step input. In the left portion of the im-
ages, the VR/MR headset can be observed, oriented such that
its displays are facing the camera. The headset is configured
to display a simple horizon, showing either blue color when
above the horizon or orange color when below. In the back-
ground, the PFD display and the TV screens are visible. One
can clearly identify the distinct rotations against the horizon
in both the simulated environment and the instrument display.
The red markers indicate four characteristic points selected by
the user for analysis. The image processing tool operates on a
frame-by-frame basis, capturing timestamps when the bright-
ness of the marker on the stick increases significantly, indica-
tive of the stick’s movement to the left. The tool then proceeds
to step through the video, capturing individual timestamps and



(a) Initial state

(b) State after step response

Figure 12: Time delay analysis

calculating time delays for the other markers when the pixel
color changes significantly, i.e. when the step response is de-
tected.

The camera utilized for data acquisition operates at a frame
rate of f = 240Hz, resulting in a temporal resolution of the
measurement of 7, = 1/f = 4.2ms. Due to the possibility that
both the stick’s initial movement and the visual system’s step
response may occur at any time between consecutive frames,
the worst-case accuracy is determined to be #, = 2¢, = 8.4 ms.

Setup and results

The time delay measurement was carried out to identify the
time delay associated with different simulation setups. The
experiments were performed using the two simulation modes:
the basic simulation mode and the simulation with experimen-
tal system enabled. Additionally, the measurement included
both operating modes of the VR/MR headset. Each simulation
setup was evaluated by recording at least 50 step responses to
allow for statistical analysis and robustness evaluation. The
signal flow differed between the basic simulation mode and
the experimental system mode. Figure 13 illustrates the sig-
nal routing for the basic simulation mode.

In this configuration, the step input generated by the inceptor
is processed by the SCM and sent to the IC. The interface soft-
ware routes the signal to the aircraft model which responds
with the step response defined in (1). The step response is then
fed back to the interface software, which distributes it to the
various components of the visual system, as indicated by color
highlighting in the plot. The signal is transmitted to the image
generators, which render both the images for the instrument
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displays and the simulated environment displayed on the TV
screens. Furthermore, the image is sent to the ROSC, which
translates UDP datagrams into ROS messages and sends them
to the the MRC for rendering the image for the VR/MR head-
set.

I1C
Active Aircraft TV ,Instrument
inceptors mddlel screens || displays

1 7

SICM y v GCS
ncepto ) > Tnage
control > >

software generators
software

EC ROSC

Simulation ROS

control ridge
ECC MRC ¥
Additional Experimental MR/VR
software software software

Figure 13: Step signal flow in basic simulation setup

This basic simulation setup was evaluated for both the MR and
the VR configurations of the headset, yielding four end-to-end
time delay values. These results are depicted in Figure 14.
As observed in the plot, the latency for the TV screens ex-
hibits the highest value, with a median of 154 ms. In contrast,
the instrument display and MR headset configuration demon-
strate significantly shorter time delays of 92 ms, followed by
VR configuration with 100 ms.

Notably, the comparison between the TV screen latency and
instrument latency suggests that rendering the simulated en-
vironment requires at least 50 ms, assuming both systems re-
ceive the step input simultaneously. This finding is reason-
able, considering the signal path is identical for both sys-
tems. In contrast to the TV screens, the VR/MR headset
presents the image significantly faster, despite a longer sig-
nal path. This difference in time delay may be caused by dif-
ferent display technologies used in the LCD TV screens and
the VR/MR headset and/or longer processing time of the TV
screens image generator software compared to the VR/MR
rendering software. To minimize time delay introduced by
the TV screens, they are set to ”gaming mode”, a configu-
ration provided by many TVs disabling image enhancement
algorithms in favor of increased responsiveness. The GC’s
hardware used for image rendering is strongly outdated com-
pared to the MRC’s hardware. An upgrade to recent compo-
nents may reduce the overall latency of the TV screen setup.

The second measurement configuration incorporates the ex-
perimental system into the simulation, as depicted in Fig-
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Figure 14: Time delays in basic simulation setup

ure 15. Again, input from the inceptor is processed by the
SCM and sent to the IC. The interface software then routes the
signal to the EC, where it is received by the experimental sys-
tem implemented in Simulink (Section MATLAB/Simulink
Implementation). The experimental system, typically execut-
ing a flight controller algorithm, is configured to return the
signal without modification, thereby preserving the original
shape of the step input. The signal is then sent back to the
IC and routed to the aircraft model. Subsequently, the signal
flow follows the same path as in the previous measurement
setup: the aircraft model calculates a step response according
to (1), and the interface software distributes the response to
the various components of the visual system.

I1C
Active Aircraft TV ) Instrument
inceptors mddlel screens || displays
A t g
SICM y v GCS
neepto > htdrfase image
control -
>soffware generators
software
EC ROSC
Simulation ROS
control ridge
ECC MRC
Additional --Eafperimental MR/VR
software >r—software software

Figure 15: Step signal flow with experimental system enabled
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The results of the time delay measurements conducted with
the experimental system enabled are depicted in Figure 16.
As before, this measurement was performed for both VR and
MR configurations. Again, the time delay of the TV screens
exhibit the highest median time delay of 219 ms, while the
instrument display introduces a delay of 154 ms. The VR
headset configuration shows a time delay of 167 ms, whereas
the VR headset configuration demonstrates a time delay of
158 ms.

Notably, the end-to-end latency for all four signal paths is in-
creased by 58 ms to 75 ms compared to the first setup. Given
that the simulator configuration remains identical to the first
measurement, except for the addition of the experimental sys-
tem, one can infer that the time delay introduced by the exper-
imental system itself is approximately 67 ms.

Opposed to the first measurement with experimental system
disabled, the time delay for the MR configuration is slightly
higher than the VR configuration. As the signal route for VR
and MR is the same and is not altered by the experimental sys-
tem, this indicates that the analysis tool used for evaluating the
camera images introduces some variation to the results.
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Figure 16: Time delays with experimental system enabled

Discussion

The video-based delay measurement setup offers a straight-
forward means to assess the end-to-end latency of the visual
system components within 2PASD. The results indicate that
there is room for improvement with respect to the time de-
lay requirements defined by the CS-FSTD(H). Although the
2PASD is intended for research and development purposes
rather than pilot training, it is advisable to address these de-
lays.

Specifically, the image generators and experimental system
introduce significant delays that require optimization. To ad-
dress this issue, the hardware components of the image gen-
erators are being replaced, which may reduce the associated



delay.

For the measurements, the experimental system was exe-
cuted in normal execution mode. However, it is hypothesized
that running the model in accelerator mode (Section MAT-
LAB/Simulink Implementation) could potentially reduce the
delay. This aspect has yet to be investigated.

It is important to note that the end-to-end measurement only
provides relative delay times. To gather more detailed infor-
mation on a module-level basis, the video-based setup is in-
sufficient. One potential approach to further investigate de-
lays involves modifying the software of the simulation com-
ponents. Due to the centralized structure, it would be suffi-
cient to modify the interface software to measure the elapsed
time between sending a data packet to another module and re-
ceiving the response. This modification would facilitate iden-
tifying time delays of individual simulation modules.

The conducted measurements provide a valid baseline for op-
timizations. Various measures can now be applied to reduce
latency, and their effects on the overall latency can be mea-
sured.

CONCLUSIONS

This paper provides an overview of progress made with the
Dual Pilot Active Sidestick Demonstrator (2PASD). The sim-
ulator’s capabilities have been strongly extended towards a
flexible platform for rapid prototyping. A replication of
DLR’s research helicopter’s experimental system has been
added to the simulator. Unlike the original system, it is imple-
mented with MATLAB/Simulink and enables users to develop
experimental flight control software in the simulator environ-
ment. 2PASD’s capabilities regarding tactile cueing develop-
ment were further extended by implementing an emulation of
the Control Loading System hardware, supporting users dur-
ing development of active functions. Furthermore, the simula-
tor’s portfolio was extended by implementing a Virtual Real-
ity/Mixed Reality headset as an alternative to the standard TV
screen visual system. In addition, the simulators performance
was investigated by analyzing the end-to-end latency between
control inceptor inputs and the visual system’s response. A
minimal invasive video-based measurement system was es-
tablished for that purpose.

The most relevant conclusions derived from this paper are:

1. Flexible flight simulator configurations such as 2PASD
offer a versatile environment for experimental flight soft-
ware development, thereby complementing the capabili-
ties of full-flight simulators.

MATLAB/Simulink is a suitable tool for development of
experimental flight control software embedded in real-
time simulation frameworks.

Emulation of Control Loading System hardware charac-
teristics increases efficiency of the development process
for tactile cueing functions.
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4. Open and flexible simulator arrangements provide sev-
eral benefits for setting up VR/MR simulation environ-
ments compared to full-flight simulators.

Latency measurement with a video-based, non-invasive
setup provides valuable insights for identifying sources
of time delay.
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