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CONSIDERATION OF THE PROBLEM 
OF MOTION CUEING ALONG ANGULAR 
DEGREES OF FREEDOM ON FLIGHT 
SIMULATORS

The object of research is motion cueing along angular degrees of freedom on flight simulators of non-maneuvering 
aircraft. One of the most problematic places is lack of statement and effective solution of the problem to ensure 
high-quality motion cues along angular degrees of freedom on flight simulators, which would correspond to motion 
cues along angular degrees of freedom in real flight with the same control actions. In the course of the research, 
on the basis of the peculiarities of human movement perception, a set of characteristic attributes of perception of 
motion cues is determined: character, direction, duration, intensity and time of motion perception (according to 
Gibson’s perception theory). Based on the system approach principles, the mathematical formulation of the solu-
tion to the problem of motion cueing along angular degrees of freedom on flight simulators of non-maneuvering 
aircraft is used. Such approach made it possible, taking into account the existing constructive resource of flight 
simulator motion system, to bring as close as possible motion cueing along angular degrees of freedom on flight 
simulators of non-maneuvering aircraft to motion cues along angular degrees of freedom in real flight with the 
same control actions. Due to this the character and direction of motion cues fully correspond to the real motion 
cues, the difference between the perception time of motion cues on airplane and simulator is minimal and meets 
the current requirements. The duration and intensity of the motion cue perception on simulator are proportional 
duration and intensity of motion cue perception on airplane. Such approach significantly improves the quality of 
training and retraining of pilots on flight simulators. Implementation of the developed problem formulation on 
aircraft simulators, in particular on An-74TK-200, showed its high efficiency. In the future, the proposed approach 
can be used on flight simulators of aircraft developed in Ukraine and modernization of operated flight simulators.

Keywords: flight simulator, motion system, motion cueing, character, direction, duration, intensity and time of 
motion perception.
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1.  Introduction

Flight simulation may be defined as creating, in real time 
under non-flight conditions, the performance and operation 
of a specific aircraft including its environment, which will 
respond to a pilot with the required fidelity to elicit pilot 
behavior as if he or she were flying the actual aircraft. Flight 
simulators have been applied principally to two applications: 
aircraft research and development and aircrew training.

When the pilot applies control forces to maneuver the 
aircraft, he or she perceives the changes motion cues associa
ted with maneuvering of the aircraft. Motion cueing along 
angular degrees of freedom on flight simulators is of great 
importance, first of all, for pilot training. All the early pilot 
training devices from the Wright Brothers’ simulator to Link’s 
«blue box» tried to simulate airplane angular movements.  
Currently, motion cueing along angular degrees of freedom 
is a mandatory component of all full flight simulators. The 
importance of motion cueing along angular degrees of freedom  

is due to the problem faced by the first pilots: the need to  
respond adequately to the atmospheric turbulence that caused 
aircraft angular movements.

Many investigations of motion cueing were conducted. 
Thus, spectral density of control column deviations, piloting 
error and used displacement resource of control lever with-
out and with motion system is described in  [1]. The paper 
describes assessment of motion cueing influence on piloting. 
This assessment show worsening of piloting characteristics 
on simulators without a motion system. 

Paper  [2] discusses mathematical problems of dynamic 
flight simulation on the basis of theoretical mechanics. On 
the basis of this approach, it is shown that six-degrees of 
freedom motion systems with 2  m jack length are unsuit-
able for motion cueing.

In [3], the need for use of vestibular models for design 
and evaluation of flight simulator motion is shown due 
to influence of motion perception on pilot training on  
flight simulators.
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Study [4] discusses motion cueing in piloted flight train-
ing simulators, and presents the factors that must be taken 
into account when assessing the need for, and benefits of,  
a motion platform so that informed decisions can be taken 
as to its training value. These factors include the role of the 
simulator, the handling qualities of the vehicle concerned, 
the tasks the pilot is required to fly, the performance it is 
expected to achieve and whether training considerations 
require it to use a similar control strategy and control ac-
tivity in the simulator as in the aircraft.

In study [5], determination of force cueing requirements 
for tactical combat flight training devices is shown. The use 
of force cueing requirements is necessary to significantly 
improve the quality of flight training devices.

Paper  [6] prescribes the rules governing the initial and 
continuing qualification and use of all aircraft flight simulation 
training devices used for meeting training, evaluation, or flight 
experience requirements for flight crewmember certification 
or qualification. No sponsor may use or allow the use of or 
offer the use of an flight simulator for flight crewmember 
training or evaluation or for obtaining flight experience to 
meet any requirement unless the sponsor has established and 
follows a quality management system, currently approved by 
the National Simulator Program Manager, for the continuing 
surveillance and analysis of the sponsor’s performance and 
effectiveness in providing a satisfactory flight simulator for 
use on a regular basis.

In [7], a story of evolution of motion in flight simulators 
is considered and analyzed. It is shown that human body 
senses accelerations using the vestibular apparatus within 
the inner ear. The vestibular apparatus senses two kinds of 
acceleration, rotational and linear. Rotational acceleration is 
that produced by movement of the head in any of the planes 
so familiar to us. Otoliths sense translation of movement (ac-
celerations) in vertical and lateral planes, including gravity.

Paper  [8] reports that development of the Link Flight 
Trainer was a worldwide contribution. It was among the 
first mechanical devices used to simulate actual processes. 
The legacy of the Link Flight Trainer continues today, with 
simulators being used for a wide range of training activities,  
including commercial, military and space flight.

Paper  [9] gives preliminary results of a study on the 
effect of simulator platform motion on initial training of 
airline pilots that have never flown the simulated airplane. 
Two earlier studies were conducted in the framework of 
the Federal Aviation Administration/Volpe Flight Simulator 
Human Factors Program examining the effect of simulator 
motion on recurrent training and evaluation of airline pilots 
have found that in the presence of a state-of-the-art visual 
systems, motion provided by a six-degree-of-freedom platform-
motion system only minimally affected evaluation, and did not 
benefit training, of pilots that were familiar with the airplane.

The authors of  [10] report a presents the FAA/Volpe 
Center’s Flight Simulator Fidelity Research Program, which 
is part of the Federal Aviation Administration’s effort to 
promote the effectiveness, availability and affordability of 
flight simulators. This initiative will become increasingly 
critical with the anticipated regulatory changes mandating 
the use of simulators in airline pilot training and evalua-
tion, dramatically reduced pilot new-hire experience levels 
and growing operational complexity. Initial research on the 
training effectiveness of a fixed-base simulator with a wide 
field-of-view visual system compared to a like system having  
platform motion failed to find an operationally significant ef- 

fect of motion. This paper is declared a work of the U.S. Go
vernment and is not subject to copyright protection in the 
United States.

Results of a number of simulator investigations were 
critically reviewed in [11]. Fidelity is defined in this context 
as a degree to which simulator accurately reproduce motion 
cues. The importance of providing motion information for the 
specific ranges of aircraft dynamics has long been recognized. 
From the pilot’s point of view, motion adds realism and 
helps the execution of its task. Useful cues produced through 
motion to assist the pilot and improve its performance.

Motion cueing as in real flight is possible only with 
accurate reproduction of aircraft spatial motion. Due to 
limited constructive resources of flight simulator in com-
parison with aircraft resources, it is impossible to continu-
ously monitor an aircraft movement. On the other hand, 
motion perception is important for pilot. Therefore, during 
motion cueing, it is important not movement of motion 
system itself, but created motion cues and how much their 
perception on flight simulator corresponds to real ones with 
same control actions.

The vestibular apparatus has several features that signifi-
cantly effect on motion cue perception. First, an important 
parameter of vestibular analyzer functional state is latent 
period (latency time) – a time delay between a motion 
cue beginning and a motion sensation appearance. Second, 
due to the presence of specific formations in vestibular sys-
tem receptors that function as threshold devices there is 
a  threshold of vestibular analyzer sensitivity receptors. It is 
the minimum value of motion cue, which causes a notice-
able motion sensation. In other words, below this threshold 
a  person does not feel motion. Third, the human vestibular 
apparatus is characterized by adaptation to motion cues. 
Due to adaptation, perceived motion parameters may dif-
fer from the actual ones. Fourth, the vestibular response 
can be changed significantly with a person’s mental state.

In Ukraine, there is a need to design flight simula-
tors for designed aircraft and upgrading of existing flight 
simulators, which should meet modern requirements. So, 
problem of motion cueing along angular degrees of free-
dom is actual.

The aim of the research is to develop an effective method 
of motion cueing along angular degrees of freedom on non-
maneuvering aircraft. This is necessary due to high cost of 
motion system and growing requirements for motion cues 
fidelity. Perception of motion cueing should be so close 
as possible to perception of real motion cues.

2.  Materials and Methods

The impact of motion cueing on flight simulator effec-
tiveness is determined by the piloting quality. Examples of 
its use in the process of roll stabilizing on flight simulator 
with and without motion system [1] are shown in Fig. 1–3. 
An increase in the deviations of control levers in the ab-
sence of motion cueing shows the difficulty of piloting on  
a flight simulator without motion system. The results of the 
assessment of the impact of the motion cueing on piloting on 
the flight simulator when the pilot parrying a stepped distur-
bance of high intensity (30 deg/s2) and duration (over 5  s)  
show a significant decrease in the roll angle (Table  1). The 
delay of the pilot’s reaction in the absence of motion sys-
tem  (0.7  s) is significantly greater than in the presence of 
motion system (0.4  s).
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Fig. 1. Spectral density of control column deviations [1]:  

1 – without motion system; 2 – with motion system

Fig. 2. Piloting error [1]:  
1 – without motion system; 2 – with motion system
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Fig. 3. Used displacement resource of control lever [1]:  
1 – without motion system; 2 – with motion system
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A motion cue is a physical action which can be perceived 
by human vestibular system according to aircraft position 
and motion in space. The vestibular system includes the 

otolith organs and the semi-circular canals (Fig.  4). The 
otolith organs are sensitive to gravity and linear acceleration 
of the head. The semi-circular canals include three fluid-filled 
tubes oriented roughly at right angles to one another that 
are also circular and are imbedded in the temporal bones 
on each side of the head near the inner ear. The semi- 
circular canals respond to angular acceleration and velocity  
and aid in maintaining body equilibrium.

 
Fig. 4. Schematic sketch of the vestibular apparatus

For motion cueing a flight simulator compartment is 
mounted on a mobile basis – motion system. The move-
ment of motion system creates motion cues.

3.  Results and Discussion

The first mathematical model of semicircular canals 
was developed by Steinhausen. Subsequent works are a de- 
velopment of Steinhausen’s ideas for a satisfactory ex-
planation of experimental data. Van Egmond, Groen, and 
Jonkins made attempts to model semicircular canals that 
perceive motion cues along angular degrees of freedom. 
Currently, Young’s model is the best in the form of a  linear 
operator and a serially connected nonlinear element of 
the insensitivity zone type, which describes the percep-
tion threshold:





Ω Ω ΩΩ= − −a a as t0 1 2 ,	 (1)

where Ω Ω Ω, ,     are function of linear motion perception (in-
dication of motion cue perception is exceeding of percep-
tion threshold with motion perception function), its first 
and second derivatives; Ωt is motion perception threshold;  
s  is angular acceleration; a0, a1, a2 are coefficients of motion 
perception mathematical model. 

So far, it has not been possible 
to build a mathematical model of the 
vestibular analyzer that would describe 
all 100  % of its reactions. A problem 
in the vestibular system study is the 
lack of a mathematical description of 
adaptation (a decrease in sensitivity to 
repeated motion cue). A mathemati-
cal model that takes into account the 
neurological nature of the vestibular 
system and the processing of recep-
tor signals in the human brain can 
accurately describe human perception 
of motion cueing. 

A purely mechanical approach made it possible to create  
a mathematical model of the acceleration analyzer as a whole,  
which reflects more than 95  % of vestibular reactions. 

Table 1
Assessment of motion cueing influence on piloting [1]

No. test 1 2 3 4 5 6 7 8 9 10 Average

Reaction 
time

with motion 
system

0.43 0.44 0.43 0.39 0.3 0.39 0.45 0.38 0.43 0.4 0.4

without motion 
system

6.4 4.4 5.6 4.6 5.2 6.4 5.4 4.8 4.8 4.7 5.2

Roll de-
viation

with motion 
system

0.66 0.79 0.8 0.78 0.72 0.71 0.9 0.88 0.7 0.8 0.77

without motion 
system

11.2 12.8 14.5 16.1 14 16 15.2 17 14 17 14.8
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However, the use of models describing only the perception 
threshold and the motion perception dynamics from mo-
tion cues can lead to the appearance of false motion cues.  
To avoid this, they need updating.

The research was conducted both on flight simulator 
and on non-maneuverable aircraft in real flight. Appropri-
ate models of motion perception along linear degrees of 
freedom were constructed:
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where γ, ψ are roll and yaw respectively.
These models are acting as nonlinear filters and reflecting 

the peculiarities of human motion perception and dynamic 
properties of human vestibular system, quantify a motion 
sensation depending on kinematic parameters of aircraft mo-
tion and are suitable for effective use in motion cueing. Due 
to same essence of human motion perception regardless of 
angular degree of freedom, they have identical structure and 
represent a differential equation of the second order, input 
of which receives kinematic motion parameters, and output 
of which allows to assess a motion perception by a pilot.

The values of the differential thresholds of motion cue 
perception on flight simulator were experimentally determined 
along individual degrees of freedom (Table  2).

Table 2

Forecast time along individual degrees of freedom

Degree of freedom Roll Yaw

Differential perception threshold 2.5 degree/s3 0.5 degree/s3

The determination problem of maximum motion cue oc-
currence frequency along the vertical degree of freedom was 
solved for identification of motion cue occurrence peculiarities. 
The mathematical model of non-maneuverable aircraft was 
used in calculations. The control signal calculations were 
based on rudder driving actuator characteristics: sinusoidal 
control law was significantly distorted, and impulse law 
straight front was transformed into an inclined one, angle 
of which was determined by energy drive capabilities. The 
deflection speed of control column was accepted as maximum.  
The deflection amplitude was limited with the control co
lumn excursion, the ability to maintain the control law shape 
for a given control frequency and the allowable overload. 
To  create limit flight modes, it was assumed that pilot did 
not have regulated piloting techniques.

Fig.  5 shows relative amplitudes of motion perception 
function ( )A tΩ Ω Ω=  of the system «aircraft-ideal pilot» 
along the roll. (The condition for a motion cue perception 
is achievement of unit with relative amplitude of motion 
perception function: AΩ ≥ 1). Calculated roll rate, motion per-
ception functions and control column turn angles are shown 
in Fig.  6. As can be seen from this figure, the maximum 
frequency of perceived motion cue along the roll is 0.6 Hz.  

Thus, the minimum time interval between the appearances 
of perceived motion cues along roll is 1.7  s.

 
Fig. 5. Dependence of relative amplitude of motion perception function  

on motion cue frequency along the roll

 
Fig. 6. Reaction of non-maneuverable aircraft model along the roll  

at different aileron deviations

There are dynamic (over 0.3 Hz) and static (up to 0.3 Hz)  
motion cues along the angular degrees of freedom, namely:

–	 dynamic motion cues along the roll and yaw;
–	 static motion cues along the longitudinal and lateral 
degrees of freedom;
–	 simulation of aircraft movement along pitch.
Conditions which serve as the basis for high-quality 

motion cueing may be formulated on the peculiarities of 
human motion perception:

–	 characteristics attributes of perceived motion cues: 
a beginning time, a direction, an intensity and a dura-
tion of perception should be simulated;
–	 nature of motion perception on flight simulator should 
be such as real (during motion cueing should be absent 
false motion cues);
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–	 difference between a beginning time of motion percep-
tion on aircraft and flight simulator should be minimum 
and be within the requirements;
–	 direction of motion perception on flight simulator 
should correspond to real;
–	 intensity and duration of motion cues should be 
proportional to intensity and duration of motion cues 
occurring in actual flight.
Due to the finite speed of processes on flight simulators, 

motion cues have some time delays, which can worsen pilot’s 
activity on flight simulator. Due to limited constructive 
resources of flight simulator in comparison with aircraft 
resources, it is impossible to continuously monitor an air-
craft motion perception function Ωa and motion perception 
function on flight simulator Ω fs has gaps and differs from 
an aircraft motion perception function Ωa (Fig.  7). 

 
t1 t2 t, s

Fig. 7. Perception of motion cues on aircraft and flight simulator

To ensure a coincidence of a perception beginning time 
on a flight simulator and aircraft, an aircraft forecast mo-
tion perception function is calculated (predictive values 
of aircraft motion perception function at the time t+Δτ):

Ω Ω Δ Ω

Ω Ω Δ Ω

Ω

Ω
a a a a

a a a a

g g g g g g

ψ ψ gψ ψ ψ ψ

τ τ

τ τ

= + +

= + +

 
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0 5

0 5

2

2

.

.

,

.	 (3)

Forecast times on flight simulator of the An-74TK-200 
aircraft along individual degrees of freedom are given in Table 3.

Table 3
Forecast time along individual degrees of freedom

Degree of freedom Roll Yaw

Forecast time 0.3 s 0.3 s

Realization of forecast time along roll on flight simula-
tor shows (Fig.  8) very good results.

An aircraft motion perception function Ωa begins to 
differ from zero at time t = 0. At time t1, a forecast mo-
tion perception function of aircraft Ωa reaches a thresh-
old Ωn value and motion cueing start on flight simulator.  
To coincide the times of motion perception beginning on 
aircraft and flight simulator (time t2) a starting movement of 
flight simulator should be more intense than aircraft move-
ment, and value of forecast time of aircraft motion perception 
function (with control signals of different intensity, creating 
motion cues in a range from the minimum that almost little 
different from perception threshold, to the maximum that 
can be created on this flight simulator) for a  particular 
flight simulator and a specific aircraft  (i.  e., taking into 
account the dynamic characteristics of flight simulator 
and aircraft) for each degree of freedom Δτ = [Δτx, Δτy]T  
is selected so that difference between motion perception 
on aircraft and flight simulator should be minimal and 
within current requirements.

Vector of derived predictive aircraft motion perception 

function   Ω Ω Ωa a a= 



g ψ,

T

 is calculated for determination 
of perceived motion intensity:

  

  

Ω Ω Δ

Ω Ω Δ

Ω

Ω

a a a

a a a

g g g g

ψ ψ ψ ψ

τ

τ

= +

= +

,

.	 (4)

Methodologically, the motion cueing on flight simula-
tor is very complex problem, which can be solved only 
with careful agreement of information about movement of 
aircraft and flight simulator. Due to presence of system 
factor – quality of motion cueing (which means degree 
of approximation of motion perception on flight simula-
tor and aircraft) – the problem motion cueing should be 
formulated on basis of systematic approach.

Fig. 8. Motion cueing along roll
 



INDUSTRIAL AND TECHNOLOGY SYSTEMS:
MECHANICS

11TECHNOLOGY AUDIT AND PRODUCTION RESERVES — № 6/1(74), 2023

ISSN 2664-9969

Signs of motion perception function of aircraft Ωa and 
flight simulator Ω fs should coincide if modules of motion 
perception function of aircraft Ωa and flight simulator Ωfs 
are higher than the perception threshold Ωt, and module 
of predictive motion perception function of aircraft Ωa  has 
reached or exceeded the perception threshold Ωt and if mod-
ules of motion perception function of aircraft Ωa  and flight 
simulator Ω fs  are greater than the perception threshold Ωt , 
and may not coincide when motion perception function of 
aircraft Ωa is higher than the perception threshold Ωt , and 
module of motion perception function of flight simulator 
Ω fs lower than the perception threshold Ωt :

sign
sign

sign

fs

a

a t a t fs t

a t fs t

a a

Ω
Ω

Ω Ω Ω Ω Ω Ω
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Ω Ω
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≥ < <

≥ ≥

±

|
, , ;

, ;

| ≥≥ ≥ <




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

 Ω Ω Ω Ω Ωt a t fs t, , ,

	 (5)

where Ω Ω Ωfs fs fs= [ ],g ψ
T is vector of motion perception func-

tion of flight simulator.
As assessment criterion of perceived motion cues it is 

natural to use the functionality J J J= [ ],g ψ
T that evaluates 

the error of coincidence of motion cueing perception on 
aircraft and flight simulator:

J t u t t t
T

a fs a t= ( ) − ( )  ( )∫ 0
Ω Ω Ω Ωd ,	 (6)

where u u u= [ ],g ψ
T is the vector of program signal, and reduce 

the problem of motion cueing to the synthesis of program 
signal that minimizes the functionality:

J u u t

sign sign

t t t

fs a

fs a

fs a r

( ) = ⇒ ( )
→

=

− = <

min ,

min

,

,

,

Ω Ω

Ω Ω

	 (7)

where ta, tfs are beginning time of motion perception on 
aircraft and flight simulator respectively; tr is requirement 
difference between beginning time of motion perception on 
aircraft ta and flight simulator tfs.

Such results are explained by system approach principles 
of motion perception. They are differing from those known 
from the literature and from practical experience due to 
taking into account the peculiarities of human movement 
perception: character, direction, duration, intensity and time 
of motion perception.

Based on the system approach principles, the mathemati-
cal formulation of the solution to the problem of motion 
cueing along angular degrees of freedom on flight simulators 
of non-maneuvering aircraft is used.

The results obtained during the study can be ap-
plied in practice for motion cueing on flight simulator 
motion  system.

Limitations of conducting research are motion system 
constructive resource that affects the results obtained.

The conditions of martial law in Ukraine have not influ-
enced the conduct of the study and the results obtained 
through absence of electric power and air raid sirens in Kyiv.

Further research will be aimed at the development of ef-
fective methodology for motion cueing along separate angular 
degrees of freedom.

4.  Conclusions

The proposed formulation of the problem of motion 
cueing along angular degrees of freedom shows the main 
directions of increasing of motion cue fidelity. These re-
sults are explained by system approach principles. The use 
of these results practically can bring success in motion 
cueing along angular degrees of freedom. Quantitative 
assessments of the results consist in that the character 
and direction of motion cues fully correspond to the real 
motion cues, the difference between the perception time 
of motion cues on airplane and simulator is minimal and 
within 150  ms according to requirements of Synthetic 
Training Device of Joint Aviation Administration, the dura-
tion and intensity of the motion cue perception on simu-
lator are proportional duration and intensity of motion  
cue  perception on airplane.
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