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Abstract

The article reviews the methods of determining the angular position of a pilot’s helmet
used on board modern aircraft, and analyzes the methods of determining the angular
position of an object used in aviation spatial orientation and inertial navigation systems.
A functional analysis of the NSC-1 Orion helmet-mounted targeting system developed
at AFIT was performed. The main part of the work consists of the development of new,
original mathematical models for determining the angular position of the pilot’s helmet
using quaternions, simulation studies of these models, and experimental verification of
their results. The stages necessary for the development of mathematical models and their
proper testing for disturbances occurring in the measurement of gravitational acceleration
(sensor errors and acceleration from maneuvers) and the magnetic field (sensor errors and
the influence of the aircraft’s own magnetic field) are presented.
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1. Introduction
Modern aircraft with advanced digital avionics are increasingly equipped with helmet-

mounted display systems and onboard weapon control systems. The use of such systems
increases the situational and tactical awareness of multi-role aircraft pilots, which translates
into greater combat mission effectiveness. A very important aspect of the use of helmet-
mounted targeting and flight parameter display systems is the increase in flight reliability
and safety. Considering the widespread use of HMDs and modern methods of determining
the position of the pilot’s helmet, as well as the miniaturization of the electronic components
used, the helmet-mounted system has become a very important tool supporting the pilot
during air combat (Figure 1) and attacking ground targets. Modern helmet-mounted
targeting systems consist of two main components: a system for displaying piloting,
navigation, and targeting parameters, and a system for determining the angular position of
the pilot’s helmet, designed for helmet-mounted control of onboard weapons. The main
research problem in the context of helmet-mounted systems is the methods of tracking
and determining the angular position of the helmet so that the displayed image precisely
follows the pilot’s head movements without delay [1,2].
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Figure 1. Schematic diagram illustrating how to gain air superiority by using a modern helmet-
mounted targeting system [1].

For this purpose, special positioning systems have been developed that are installed
in the aircraft cockpit and on the pilot’s helmet, allowing the position of the pilot’s helmet
to be determined in a coordinate system related to the aircraft. One way to reduce their
inaccuracy is to use quaternions to determine the angular position of the aircraft and the
pilot’s helmet. Examples of such analyses are the works, concerning the determination of
the angular position of an aircraft relative to the horizontal coordinate system adopted in
air navigation. This work presents an innovative, deterministic solution to Whab’s problem,
which involves determining the orientation of an object in quaternion form, taking into
account changes in two pairs of vectors obtained from inertial sensors.

This approach has enabled the development of new methods for determining the
position of the pilot’s helmet relative to the aircraft cabin, free from ambiguities and
problems with singularities that occur when using the Euler angle method [3].

2. Methods for Determining the Angular Position of a Pilot’s Helmet
An analysis of available literature and online publications [4–12] shows that the

construction of a modern helmet-mounted targeting system is a complex issue due to its
technological sophistication, requiring the use of sophisticated devices, computational
methods, and data processing. One of the main research issues is the problem of achieving
the required accuracy in determining the angular position of the helmet, which is necessary
for helmet-mounted control of aircraft weapons.

The latest targeting systems for determining the spatial position of a pilot’s helmet
use optoelectronic sensors with an additional eye tracking system, as well as increasingly
accurate magnetic and inertial sensors, often in a hybrid application combining different
types of sensors within a single helmet-mounted system. Similar analytical work was
carried out at the Air Force Institute of Technology (AFIT). As a result of this work, a
technology demonstrator was developed and built, which performs the functions of an
on-helmet targeting system by controlling the operation of on-board combat equipment
and cooperating with the Toplite optoelectronic head, which was installed and integrated
on board the W-3PL Głuszec military helicopter. It consists of the NSC-1 Orion helmet-
mounted targeting system and elements of the ZSA integrated avionics system (Figure 2).

The basic method implemented in the NSC-1 Orion system is the electro-optical
method, based on the analysis of light spot coordinates in the image obtained from a
camera mounted above the pilot’s helmet, as well as on the use of artificial neural networks.
The accuracy of azimuth and elevation determination is ±2◦. An alternative method, tested
in laboratory conditions, is a method using quaternion calculus [5].
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Figure 2. View of the technology demonstrator for the helmet-mounted weapon control system of
the W-3PL Głuszec helicopter with the NSC-1 Orion system [5].

2.1. Quaternion Method Developed for Helmet-Mounted Cueing Systems

The effective quaternion method developed at AFIT uses a quaternion describing the
angular position of the pilot’s helmet based on measured linear accelerations in the aircraft
coordinate system and in the pilot’s helmet coordinate system. The task of the quaternion
method is to determine, based on the measured linear accelerations of the helmet and the
aircraft, the current value of the quaternion of the angular position of the pilot’s helmet
relative to the aircraft cabin, and then to determine the angles of elevation and azimuth
of the pilot’s helmet based on generally known mathematical relationships linking the
components of the quaternion with Euler angles (pitch, roll, and yaw).

The schematic diagram for visualizing the quaternion method (Figure 3) shows the
relative angular positions of the aircraft and the pilot’s helmet in only one channel–pitch.
Additionally, as before, it was assumed that the aircraft rotates at an angular velocity of
15◦/s, while the pilot’s helmet rotates at an angular velocity of 45◦/s.

 
Figure 3. Visualization of the quaternion method using linear accelerations (https://bip.itwl.pl/wp-
content/uploads/2024/10/Rozprawa-doktorska-P.-Janik.pdf, accessed on 1 October 2024).

The quaternion describing the angular position of an aircraft relative to the Earth can
be determined from the following relationship:

{GSP} ◦
{

QSP
ZM

}
=

{
QSP

ZM

}
◦ {GZM} (1)

where

{GSP}—quaternion created from components of Earth’s gravitational field measured by
ADIS-16405 sensor connected to aircraft deck. The ADIS16405 iSensor® product is a com-
plete inertial system that includes a triaxal gyroscope, a triaxial accelerometer, and a triaxial
magnetometer. The ADIS16405 combines the Analog Devices, Inc. (Norwood, MA, USA),
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proprietary iMEMS® technology with signal conditioning that optimizes dynamic perfor-
mance. The factory calibration characterizes each sensor for sensitivity, bias, alignment,
and linear acceleration (gyroscope bias). As a result, each sensor has its own dynamic
compensation for correction formulas that provide accurate sensor measurements over
a temperature range of −40 ◦C to +85 ◦C. The magnetometers employ a self correction
function to provide accurate bias performance over temperature as well;{

QSP
ZM

}
—quaternion specifying the angular position of an aircraft relative to the Earth;

{GZM}—quaternion created from the components of Earth’s gravitational field in a naviga-
tion system.

Similarly, a quaternion describing the angular position of the pilot’s helmet relative to
the Earth can be represented, which can be determined from the following relationship:

{GPO} ◦
{

QPO
ZM

}
=

{
QPO

ZM

}
◦ {GZM} (2)

where:

{GPO}—quaternion created from components of Earth’s gravitational field measured by
ADIS-16405 sensor connected to pilot’s helmet;{

QPO
ZM

}
—quaternion defining the angular position of the pilot’s helmet relative to the Earth;

{GZM}—a quaternion created from the components of Earth’s gravitational field in a
navigation system.

After introducing the above designation, the final form was obtained:

{GPO} ◦
{

QPO
SP

}
=

{
QPO

SP

}
◦ {GSP} (3)

and the relationship describing the quaternion of the pilot’s helmet position relative to
the aircraft: {

QPO
SP

}
= {GPO} ◦

{
QPO

SP

}
◦ {GSP}−1 (4)

2.2. Modeling the Developed Method in the NSC-1 Orion Helmet-Mounted Cueing Systems

In quaternion notation, the components of Equation (4) can be represented as:

{GPO} =
{

0, GPO
X , GPO

Y , GPO
Z

}
(5)

{
QPO

SP

}
=

{
q0, qx, qy, qz

}
(6)

{GSP}−1 =
{

0, −GSP
X , −GSP

Y , −GSP
Z

}
(7)

Based on the above, Equation (4) can be presented in the following form:{
q0, qx, qy, qz

}
=

{
0, GPO

X , GPO
Y , GPO

Z

}
◦
{

q0, qx, qy, qz
}

◦
{

0, −GSP
X , −GSP

Y , −GSP
Z

}
(8)

Equation (4) in its detailed form includes four component equations (corresponding to
the number of components of the quaternion). To solve the resulting system of equations,
an additional fifth equation with a constant value of “+1”, applicable to the normalized
quaternion, should be used.

q0
2 + qx

2 + qy
2 + qz

2 = 1 (9)

The system of equations thus created allows the determination of individual compo-
nents of the quaternion defining the spatial orientation angles of the helmet relative to the
aircraft cabin. Due to Equation (9), the system of equations has two solutions for the simple
quaternion and the conjugate quaternion, which describe the same angular position.
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3. Results
The mathematical dependencies of the solution to the system of Equations (5)–(8) in

the general case, for any spatial position of the aircraft, take a complex form, but for special
cases a simple analytical form can be obtained.

3.1. Normal Horizontal Flight (Cabin Level)

For normal horizontal flight without maneuvers, it was assumed that the onboard
sensor measures only the components of the Earth’s gravitational field, while the helmet-
mounted sensor measures the components of the Earth’s gravitational field depending on
the angular position of the pilot’s helmet. For normal horizontal flight without maneuvers,
the complex system of Equations (5)–(8) can be presented in the following form:

−q0 − qyGX = 0 (10)

q0GY + qx(−GZ − 1) + qzGX = 0 (11)

−q0GX + qy(−GZ − 1) + qzGY = 0 (12)

qxGX + qyGY + qz(GZ − 1) = 0 (13)

3.2. Inverted Horizontal Flight (Cabin on the Horizon)

For inverted horizontal flight without maneuvers, the aircraft’s pitch and yaw an-
gles are equal to “0◦”, and its roll angle is “180◦”. The onboard sensor (ADIS-16405,
AHRS or INS) measures only the components of the Earth’s gravitational field, while the
ADIS-16405 (https://www.analog.com/media/en/technical-documentation/data-sheets/
ADIS16400_16405.pdf, accessed on 13 March 2021) helmet-mounted sensor measures only
the components of the Earth’s gravitational field depending on the angular position of the
pilot’s helmet, but in an inverted system.

For inverted horizontal flight, the complex system of Equations (5)–(8) can be presented
(after reduction in zero components) in the following form:

−q0 + qyGX = 0 (14)

−q0GY + qx(GZ − 1)− qzGX = 0 (15)

q0GX + qy(GZ − 1)− qzGY = 0 (16)

−qxGX − qyGY + qz(−GZ − 1) = 0 (17)

Using (9) as an additional relationship, analytical relationships are obtained for indi-
vidual components of the quaternion of the angular position of the pilot’s helmet relative
to the aircraft cabin. The above relations form the basis for modeling selected angular
positions of the pilot’s helmet in inverted horizontal flight and for investigating errors in
determining the angular position of the pilot’s helmet relative to the aircraft cabin.

4. Discussion
The scope of simulation tests accepted for analysis included determining the errors in

determining elevation angles for the Euler angle method and the quaternion method.
It was assumed that the tests would cover the impact of errors in the ADIS-16405

sensor, installed on the pilot’s helmet during flight without maneuvers, and the impact of
additional linear accelerations during flight with maneuvers.
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Normal Horizontal Flight (Cabin Level) Without Maneuvers

In the first stage, tests were performed for a case where the aircraft flies in a vertical
plane (simulated “free” loop–fixed cabin elevation and pilot helmet elevation).

In this case, the components of linear acceleration measured by the ADIS-16405 sensor
and the AHRS onboard sensor are components of the Earth’s gravitational field.

An error of “+0.1 m/s2” was assumed for the ADIS-16405 sensor for the purposes of the
study. The results of determining the pilot’s helmet elevation based on linear acceleration
measurements for the Euler angles method (Figure 4) showed that the error distributions
are variable.

 

Figure 4. The course of errors in determining the pilot’s helmet elevation depending on the aircraft’s
tilt–Euler angle method–impact of ADIS sensor errors (https://bip.itwl.pl/wp-content/uploads/20
24/10/Rozprawa-doktorska-P.-Janik.pdf., accessed on 1 October 2024).

Analysis of the obtained test results showed that the maximum errors in determining
the pilot’s helmet elevation reach “<−1.146◦ ÷ +1.146◦>” for the Euler angles method,
depending on the aircraft pitch and the pilot’s helmet tilt.

Similar to the Euler angle method, the results for determining the pilot’s helmet
elevation based on linear acceleration measurements for the quaternion method (Figure 5)
showed that the error distributions are variable.

Figure 5. The course of errors in determining the pilot’s helmet elevation depending on the aircraft’s
tilt–quaternion method–impact of ADIS sensor errors (https://bip.itwl.pl/wp-content/uploads/20
24/10/Rozprawa-doktorska-P.-Janik.pdf., accessed on 1 October 2024).
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Analysis of the obtained test results showed that the maximum errors in determining
the pilot’s helmet elevation reach “<−0.582◦ ÷ +0.582◦>” for the quaternion method,
depending on the aircraft’s pitch and the pilot’s helmet tilt. It was confirmed that the
quaternion method allows for obtaining errors in determining the pilot’s helmet elevation
at a level slightly better than the Euler angle method.

5. Conclusions
The results of the simulation tests confirm the possibility of using quaternions to

determine the angular position of a drone (as an aircraft) relative to the navigational
coordinate system associated with the horizon. The drone was adapted as a pilot’s helmet
and the navigation system as the horizontal position of the aircraft cabin, and then this
approach was extended to cases where the aircraft is in positions other than horizontal,
which occurs during maneuvers and air combat. It was demonstrated that quaternion
methods can be used not only for the horizontal position of the aircraft, but also for any
spatial positions of the aircraft and the pilot’s helmet. It has been confirmed that the
quaternion method allows for the determination of pilot helmet elevation errors at a level
incomparably better than the Euler angle method.
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