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Abstract—Motion-based simulators are used for a variety of
applications, such as research, education, entertainment and
training. In fact, motion cues are required to achieve the highest
regulatory certifications in training vehicle simulators.
Nonetheless, the reproduction of self-motion cues presents
technological and economic limitations that are not present in the
generation of audiovisual cues. For this reason, the generated
motion does not generally match the expected one. Therefore, it is
necessary to define means to assess the suitability/fidelity of the
generated motion cues. After more than 50 years of motion-based
vehicle simulation, no mechanism has been universally accepted as
the standard solution for the evaluation of motion cues. This paper
reviews the mechanisms for obtaining measures of motion fidelity,
focusing on those based on objective methods. Since the design of
the Objective Motion Cueing Test in 2006, researchers have shown
a renewed interest in identifying objective methods to evaluate
motion cueing, as the number of works following this approach in
recent years reveals. Objective motion fidelity systems allow also
performing automatic tuning of MCA by means of optimization
techniques, which addresses one of the other main problems of
these algorithms. Nevertheless, a universally accepted objective
method to assess perceptual motion fidelity in vehicle simulators
has not been proposed yet. For this reason, this review work
frames and classifies the existing methods. In addition, the authors
propose a series of features that an ideal evaluation method for
assessing perceptual motion fidelity should include and provide
future research guidelines for this complex topic.

Index Terms—Motion cueing, objective evaluation, motion
fidelity, motion validity, MCA, vehicle simulation, Virtual Reality.

Manuscript received 05/14/2019; revised 12/19/2019; accepted 02/24/2020.
This paper was recommended by Associate Editor Miriam Snyder.
(Corresponding author: Sergio Casas).

S. Casas, C. Portalés and P. Morillo belong to the Computer Science
Department of the University of Valencia, Spain and to the Institute on Robotics
and Information and Communication Technologies (IRTIC) of the University

I. INTRODUCTION

EHICLE simulation is a multimodal interactive computer-

based application paradigm that is designed to reproduce
the operation of real vehicles. Vehicle simulators are primarily
used for research and training, the latter being their most
common application. Training-oriented vehicle simulators are
utilized to avoid using real vehicles in driver/pilot training. In
most cases, this reduces costs and increases safety. This is
especially important in flight simulation where one hour of real
flight is remarkably expensive [1]. However, vehicle simulation
can also be used for research, awareness raising, development,
education and entertainment. Research applications include
analyzing pilot behavior, the evaluation of new vehicle
components, or even accident forensics.

Although the main goal of a vehicle simulator is usually to
recreate the conditions under which the wvehicle is
piloted/driven/operated in the real world (let us use the word
operate hereafter to account for different vehicle types),
different uses imply different requirements. The reproduction
of the behavior of the vehicle is accomplished by means of the
generation of the different perceptual cues that are experienced
by the vehicle operator when using a real vehicle. This is
especially true in driver/pilot/human-in-the-loop
(DIL/PIL/HIL) vehicle simulators, in which the user is in
charge of operating the vehicle. Although it is possible to build
vehicle simulators that are designed for other purposes, such as
driving safety awareness, and do not need to simulate the actual
control of the vehicle [2], HIL is, undoubtedly, the most
common set-up. For this reason, vehicle simulators are often
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categorized as Virtual Reality (VR) applications, since the goal
of the system is to create a virtual world where users believe
they are operating the simulated vehicle.

The main perceptual cues that can be felt when operating a
vehicle are visual, auditory and motion cues. However, whereas
audiovisual cues are always included in vehicle simulators,
motion cues remain controversial. In fact, they are purposely
excluded in many vehicle simulators. In many vehicles, it is
possible to experience other perceptual cues, such as
haptic/proprioceptive cues coming from the interaction with the
vehicle controls [3] that can also be important. In addition, in
some vehicles, there may be others such as wind in a speedboat
or in a motorcycle simulator, or heat in a tank simulator, but
these special conditions are hardly generalizable and are usually
addressed with customized solutions.

There are good reasons for the discussion about the
convenience of including motion cues. When using a vehicle
simulator, audiovisual cues can be very realistic and similar to
the expected ones, if properly generated. Although not all the
details can be perfectly simulated, the field of view and the
visual sensation can be very compelling with current state-of-
the-art visual technology (VR glasses, high-resolution displays,
stereoscopic rendering, etc.). The same happens with sound.
Even the dynamics of the vehicles can be very accurately
reproduced with real-time physics libraries. However, the
reproduction of gravito-inertial cues that deceive the human
vestibular system encounters physical problems that have no
easy solution. The obvious problem is that to feel motion, the
human body needs to be actually moved. Since the vehicle’s
motion range is typically several orders of magnitude larger
than the available physical space of the simulator [4], no perfect
solution can be provided for the time being. In addition, motion
cueing is an expensive activity because it typically involves
expensive hardware. In summary, the generation of motion cues
presents technological and economic limitations that are not
present in the generation of audiovisual cues [5]. These
limitations will be present until science finds a way to safely
deceive the human brain motion senses without actually
moving the body.

Motion cues are usually generated by means of robotic
mechanisms called motion platforms (Fig. 1). These devices are
able to perform controlled movements on the simulator seat
from which the user usually operates the vehicle. The
algorithms that control these devices are called Motion Cueing
Algorithms (MCA) or Motion Drive Algorithms (MDA). Many
algorithms of this kind have been proposed [6-19] but the most
referenced solution is still the Reid-Nahon implementation of
the Classical Washout Algorithm [20-22]. There are also many
different robotic designs upon which these MCA could be
applied, but the 6-DOF Stewart-Gough motion platform [23]
has become a de facto standard. Nevertheless, no motion device
has unlimited motion capabilities, and the algorithms that are
used for the generation of motion cues have to be designed to
cope with the fact that the simulator displacements are
constrained by physical limits. Therefore, MCA are typically

designed with the idea of modifying the motion signals so that
the generated motion is perceptually optimal while respecting
the physical constraints of the motion hardware. Motion
downscaling, motion filtering and the exploitation of particular
perceptual illusions [24] (like the somatogravic illusion [25-
27]) are some of the techniques employed to address these
limitations.
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Fig. 1. Scheme of the generation of perceptual cues in vehicle
simulators.

In any case, the generated motion seldom matches (not even
perceptually) the real or expected one. Therefore, it is necessary
to define a way to assess and qualify the suitability of the
generated motion cues. After more than 50 years of motion-
based vehicle simulation, no mechanism has been universally
accepted as the standard solution for the assessment and
evaluation of motion cues. As motion perception is subjective,
because it depends on physiological and psychological factors
that are user-dependent and still partially unknown, the problem
has been traditionally addressed by means of subjective
evaluations. However, these kinds of evaluations could be
inconsistent and do not allow to clearly compare different
solutions. For these and other reasons, objective assessment
mechanisms have been proposed in recent years. This has
motivated the review work presented in this paper. However,
this does not mean that subjective methods should be ignored,
since they serve a purpose: to satisfy the vehicle operator and
fine-tune the MCA for specific users.

There are only a few academic review works published about
motion cueing [28-32], but to the best of our knowledge, this is
the first literature review about the objective evaluation of
motion cueing. As flight simulation has often shadowed the rest
of the research on vehicle simulation, this review will deal with
all sorts of vehicle simulators.

The rest of the paper is organized as follows. Section IT will
explain the different evaluation systems that can be used to
assess motion cues. Section III reviews the objective evaluation
systems that have been used in recent and past works. Section
IV discusses different findings from different authors and
proposes a set of features for future research in objective motion
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cueing. Finally, section V draws the conclusions and outlines
future work.

II. EVALUATION OF MOTION CUEING

The problem of identifying appropriate mechanisms for the
assessment of simulators, and motion cueing in particular, is not
new. Given its importance within the area of vehicle simulation,
it has been formally studied at least since the 1970s [33]. In
1977, Sinacori presented a report to assess the motion and
visual cues of a helicopter simulator [34] providing some of the
foundations of the field, although some works had been
published before to understand and evaluate the use of aircraft
by human pilots, such as [35, 36], which could be also used for
simulated aircraft. In fact, Cooper-Harper’s Handling Quality
Rating (HQR) remains the standard for measuring aircraft
flying qualities and is a popular method to assess flight
simulators. Since these early works, several researchers have
studied the problem from different perspectives. However,
many problems have hindered the development of a solid
criterion for motion assessment, such as the disparity of vehicle
simulators and their components, the different goals of different
simulators and the large number of algorithms, motion
platforms, types of vehicles and users. In addition, the
subjective nature of the problem gives room for several
interpretations. In fact, no consensus has been found about how
to properly evaluate motion cueing. This is, in turn, the main
reason why it is still unclear what is the best way to generate
motion cues in a vehicle simulator [27].

Some researchers, such as Sinacori [34] and Schroeder [37]
talk about motion fidelity. Some others talk about motion
validity [38]. There are also different types of motion fidelity
and validity. Therefore, it is important to clarify these concepts
first. In simulation, validity refers to how closely the simulated
results match the data collected from real life situations,
whereas fidelity refers to the extent to which a simulator is
capable of replicating the corresponding environment and
experience [39]. When dealing with motion simulation, motion
validity refers to the correctness of the generated motion, and
motion fidelity lies in a more general, experiential or even
subjective plane. However, the differences are subtle and
motion fidelity is often used as an umbrella term [40]. Other
terms, such as motion evaluation, motion incongruence, motion
incoherence, motion error, motion validation, etc. refer to either
motion fidelity or motion validity.

A simulator can provide physical (objective/engineering)
fidelity/validity [38] if the motion cues that are expected for the
simulated vehicle can be directly provided by the simulator
(although this rarely occurs), perceptual fidelity/validity [38]
when the human perception of self-motion is comparable to a
real situation, behavioral fidelity/validity [38] when the
behavior of the operator is consistent with respect to a real
situation, and functional fidelity/validity [41] when there is
fitness for purpose and the simulator accomplishes the goals it
was designed for [42]. In this work, the term motion fidelity will
be used hereafter, as most authors do.

Physical fidelity is sometimes overlooked, since, in most
vehicle simulators and vehicle types, physical fidelity is
unattainable. The focus is instead set on perceptual fidelity. For
this reason, the terms motion fidelity and perceptual motion
fidelity are often used indistinctly in different contexts as
synonyms, since it is understood that the simulator must have
fidelity for the human operator’s subjective perception, not for
the physical signals. Regarding behavioral fidelity, it is
analyzed when the simulator is used to study the behavior of
their users. Functional fidelity is much less generalizable with
respect to the assessment since it depends on the objective of
the simulator, which are often multiple. However, it is
important to emphasize that a simulator without sufficient
functional fidelity may be a waste of resources.

Motion fidelity is affected by many factors: the motion
software, the robotic motion platform, the vehicle model or
even by task-related factors. Therefore, it is not easy to analyze.
For this reason, some evaluation systems only focus on one of
these elements. This was especially true in the past, because
civil flight simulator regulations were mainly focused, not
many years ago, on assessing the motion hardware [43].
Fortunately, this is slowly changing, and there is awareness on
the fact that a motion system must be evaluated in an integrated
manner, since all the elements contribute and modify the
resulting motion cues and their perception. As Advani rightly
points out “measuring the mechanical properties only defines
what the device is capable of doing, and not what it actually
does” [43].

Of course, the evaluation of motion cues depends somehow
on the objectives of the simulation. The discussion about the
necessity of motion cueing in vehicle simulators (the long-
debated “motion versus no-motion” question) has been
sometimes confusing, since motion cues can be helpful for
some objectives but not for others. Some studies suggest that
the inclusion of motion provides valuable information for
vehicle operators and help them improve their control behavior,
especially for complex tasks [44], whereas other studies
conclude that they do not provide significant benefits for
training [45, 46]. An important body of research about the study
of transfer of training can be found in the academic literature.
Readers could consult, for instance, Biirki-Cohen’s work [47,
48], to know more about this topic. In addition, a good
discussion showing the case against and for using motion can
be found in [49]. Notwithstanding, certification standards and
regulation organizations have always supported and required
motion cues in vehicle simulators to obtain the highest
simulation certification [49-52], not only for aircraft [53].

In any case, it is necessary to provide mechanisms to assess if
motion is properly generated. As motion cues are present in the
operation of real vehicles, the only reasonable argument to
exclude these perceptual cues, besides price, is an improper
motion cueing generation that either hinders or has no effect on
the simulator goals. Therefore, the only way to improve them is
to properly assess these motion cues.

Motion evaluation can be performed in two main ways:
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subjectively or objectively. Subjective evaluation relies on the
opinions of the vehicle operators and is based on the idea that
the problem needs a perceptual solution. This is true for
perceptual fidelity, but not for other measures of motion
fidelity. In any case, as perceptual fidelity is often the goal of
most motion-based vehicle simulators, researchers have
supported their solutions on subjective evaluations. This is the
most evident and natural way of appraising motion in a
simulator and it is based on questionnaires/comments/ratings
from the users of the simulator.

On the contrary, objective evaluation is based on identifying
numerical indicators that assess the motion cues generated by
the simulator. These indicators try to measure physical,
behavioral, functional or even perceptual fidelity, since they
can also be designed to reflect the functioning of the human
perception system.

Subjective evaluation can be performed in several ways. The
most common method is to assess motion after motion cues
have been generated. The simulator is first used and then, the
user is prompted to appraise it. This offline subjective
evaluation is the most common method and is sometimes used
to complement other evaluation forms [34, 37, 54-59]. It can be
performed by means of subjective discrete scales [11, 41, 42,
60], subjective ratings [56, 61, 62], questionnaires [59, 63-65]
or even by means of informal comments [13]. The alternative
to offline subjective evaluation is a continuous subjective
evaluation, where users can be continuously rating the motion
cues of the simulator. This method, proposed recently [55, 58,
66-68] seems much more appropriate since humans can have a
hard time summarizing a whole session with a simulator. In
addition, it allows identifying specific problems in particular
moments where false cues (motion cues that are unexpected or
have the wrong direction [69]) or incorrect cues are generated,
without hampering an overall assessment. The down side is that
to assess motion continuously, some kind of manual interface
is needed. Therefore, the user cannot operate the vehicle and
assess motion at the same time, and pre-recorded runs should
be used. It could be argued that the rating might be done in real
time through voice communication but it would be certainly
complicated to make a continuous rating this way.

In either case, subjective evaluation presents several
problems: (i) different persons can give different results; (ii)
even the same person at different times may provide different
answers, so the process is likely to produce high variability; (iii)
no direct link with the rendered cues is usually obtained and
therefore, it is hard to identify the causes of low fidelity
situations; (iv) it cannot be automated and, thus, cannot be used
to improve the tuning of MCA.

Objective evaluation, on the contrary, is based on identifying
motion fidelity metrics that can be calculated either by a
mathematical function or by means of an algorithm. Thus, it is
systematic and can be automated, with obvious benefits. For
physical and behavioral fidelity, this method seems the most
appropriate one. The challenge is to find a function that can be
considered suitable to assess perceptual fidelity. In fact, the

main reason why subjective assessments are still used is that
current objective assessment methods are open to criticism due
to the proposed metric not matching the real human perception.

Objective motion evaluation is performed by measuring
objective data from the simulator. Depending on the objective
data being analyzed, objective evaluation can be classified in
direct objective evaluation or indirect objective evaluation.

Direct evaluation compares motion data from the output of
the MCA (often the specific force and angular velocity
experienced by the user) with the expected motion that the
simulated vehicle is enjoying, either by plotting graphs [70, 71]
or by calculating some kind of error measure or heuristic
indicator [60, 72, 73]. Examples of direct objective evaluation
can be found in [14, 62, 74-76]. Direct evaluation can be used
to measure physical fidelity or even perceptual fidelity, if
motion data is somehow manipulated to account for the effects
of the human perception system. This can be called perceptual
direct objective evaluation.

Indirect evaluation, on the contrary, is performed by
analyzing other variables related to the use of the simulator, but
not motion itself. This data can be related with the performance
of the vehicle operator (angle of the vehicle, deviation from a
reference point, time to complete a task, etc.) or with their
behavior or activity (steering wheel activity, time looking at a
particular display, etc.). These cases can be used to measure
behavioral fidelity. It is important, however, not to measure
operator’s performance, activity or behavior when trying to
assess perceptual motion fidelity. The fact that the behavior of
the human operator is the expected one or that a task is
completed correctly, does not mean that motion is perceptually
correct (i.e. it is perceived as correct by the human operator with
respect to the motion of the simulated vehicle).

In any case, these objective evaluation methods have the
potential to solve most of the problems of subjective evaluation:
it is repeatable and reliable; it may provide direct information
about false motion cues and can be used to automate the tuning
of MCA. The only drawback is that it is not the natural way to
assess perceptual fidelity and, for this case, the objective
indicators should be designed with a subjective basis. There are
many possible objective indicators. Therefore, its validity
should be demonstrated first.

III. OBJECTIVE EVALUATION OF MOTION CUEING

Sinacori was one of the first authors to acknowledge the need
for the objective evaluation of motion cueing. Although he did
not provide a heuristic or mathematical function to assess
motion cues, he proposed to classify motion cues in three
categories (low fidelity, medium fidelity and high fidelity)
depending of the gain and phase of the generated motion with
respect to the expected one [34]. His proposal is supported on
the fact that most MCA are based on washout filters that use
high-pass filters to modify the motion signals in order to
comply with the physical limitations of motion platforms. He
analyzed several motion configurations and rated them from the
opinions of a helicopter pilot, correlating the opinions of the
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pilot with the break frequency and the gain of the washout filter
used to control the motion platform. Although the idea of a
motion fidelity scale is remarkable, the experiment needed
further validation with more pilots and more configurations.
Schroeder confirmed Sinacori’s findings with a more detailed
experiment [37]. The boundaries proposed by Schroeder
(refined from the ones obtained by Sinacori) between the three
fidelity levels form the Sinacori-Schroeder criterion (Fig. 2).

This idea, with modifications, has been reproduced in several
experiments [77-79]. Yet simple, this criterion constitutes the
foundation of some subsequent objective evaluation systems.
The advantage of this modulus—phase-distortion plot is that it is
easy to understand and it is a transparent means of qualifying
motion fidelity among visible bounds [80]. The problem with
Sinacori’s proposal is that not everything in motion cueing can
be explained by motion gain and phase. Besides, not all MCA
are based on washout filters. Thus, gain and phase are not easy
to measure if multiple DOF are combined and non-sinusoidal
signals are used. In addition, the frontier between the different
fidelity regions is somehow arbitrary and it only offers three
different levels in the assessment.

In search for the perfect motion cueing method, optimal
control theory was applied in the 80s to the motion cueing
problem, leading to the Optimal Control Algorithm [10, 81].
This algorithm is based on an estimation of the perception
provided on the user by the motion signals. Therefore, it needs
to evaluate the perceptual motion fidelity first, in order to create
a transfer function for the MCA that optimizes this perception.
To do so, it uses a heuristic function based on perception
models. Different implicit evaluation systems provide different
variations of this algorithm, which is still used [71, 82, 83].

This idea of using a heuristic function was also used in the
Adaptive Washout Algorithm [9, 13, 84, 85], a variation of the
Classical Washout Algorithm. In this case, however, the
function is a cost function to penalize motion that is likely to
violate the physical constraints of the motion platform, although
it could also include measures of motion fidelity. Heuristic
functions to evaluate motion cueing have been proposed or used
also by other researchers [59, 73, 86-89], even for MCA that do
not rely on washout filters [90]. Some are based on analyzing
the motion signals or its perception [42, 60, 70, 73, 91], and
some on pilot performance or control behavior [56, 57, 65, 74].

The problem of motion evaluation has always been strongly
related with the problem of tuning MCA. Since these
algorithms typically have several parameters that control what
parts of the motion signals are eliminated to respect the physical
constraints of the simulator, it is essential to find suitable values
for these parameters. This is an optimization problem that needs
a solid evaluation system to be solved — optimization methods
are based on fitness functions that control the optimization
process -. Grant studied the MCA tuning problem in the 1990s
[92, 93]. He also strongly defended the need for subjective
evaluation [69]. His position was based on the lack of well-
developed complete perception models. In his opinion,
although there were some interesting vestibular models to

explain the operation of the vestibular system, the perception of
motion relies in the combination of visual, vestibular and other
cues. Given the lack of suitable models that account for all these
factors simultaneously, a mathematical optimization based only
on vestibular information is likely to fail. This, in our opinion,
could explain why the Optimal Control Algorithm has not been
adopted as a true optimal solution for the motion cueing
problem.
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Fig. 2. Sinacori-Schroeder criterion and boundaries for the
vertical axis (extracted from [49]).

Another approach to obtain measures of motion fidelity is the
explicit use of perception models or pilot models (such as the
ones described and compared in [94]), where the goal is to
evaluate how motion could be perceived or utilized by humans
for vehicle-based tasks. The most sophisticated efforts of this
kind are probably the Hess criterion, proposed in 2001 and the
Motion Perception Toolbox (MPT), proposed in 2006, although
both methods have encountered limited success.

The Hess criterion [95] is based on the use of a structural pilot
model developed with the goal of providing proprioceptive,
vestibular, and visual cue modeling. Hess proposes a Handling
Qualities Sensitivity Function (HQSF) to assess motion in
vehicle simulators, which is based on previous works [96-98]
but unlike these previous works includes also a measure of
visual cues and focuses on multi-axis tasks. Unfortunately, the
determination of this fidelity metric is complicated, since it
introduces complex models (not only about the vehicle but also
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about human pilot behavior) and it is also difficult to interpret
[80]. In addition, the method is inherently task-dependent since
the pilot model is developed for a specific task.

MPT is a set of MATLAB functions that try to analyze how
motion could be perceived by human operators [99]. It includes
transfer functions to model visual and vestibular processing of
motion information, as well as their interactions (this would
somehow respond to Grant objections). Its main limitation is
that it generates time histories of perception variables for both
the vehicle and the simulator. It is, therefore, difficult to decide
if those variables are similar enough, even though it also
includes a visualization module that depicts the perceived self-
motion by means of a virtual tunnel display (see Fig. 3). The
perception models used in the MPT are based on consensus in
the literature. However, the problem with perception models is
that they are based on a variety of physiological and
experimental data, and different values for their parameters, or
even contradictory models have been proposed. As the
designers of MPT acknowledge, the development of a universal
motion perception system is not possible yet. In any case,
several research works have used evaluation systems based on
perception models [88, 100-102].

Grant’s view remained for several years and few works
proposed objective motion evaluation and objective MCA
tuning methods during the following years. Nevertheless, the
need for objective evaluation remained [4]. For this reason,
researchers started to seriously consider an objective system to
certify flight simulators. With this idea, ICAO pushed for a
solution and its researchers designed and published the
Objective Motion Cueing Test (OMCT) [43, 52, 80, 103] in
2006.

OMCT is based on the Sinacori’s idea of analyzing gain and
phase. Unlike Sinacori, who uses a single frequency, OMCT is
applied by using a series of sinusoidal signals - from 0.1 rad/s
(0.0159 Hz) to 15.849 rad/s (2.515 Hz) [52] - to each of the
input channels of the MCA, in order to measure the output
amplitude and phase distortion of each of these channels. The
test includes both the hardware and the software elements (see
Fig. 4). To account for several of the cross-channel interactions,
a test matrix is defined that is used to measure both correct and
possible false cues (see Table 1). Since its design, several
researchers have analyzed their simulators in terms of the
sinusoidal-signal evaluation matrix of OMCT [75, 104, 105].
However, OMCT is a frequency-based method. Thus, it only
really works for linear MCA. In addition, OMCT is a
measurement procedure and it does not include a fidelity
criterion to qualify the generated motion. For this reason,
several researchers have recently dealt with the development of
motion fidelity criteria to accompany the motion analysis of
OMCT [56, 57, 105-109].

Although OMCT seems to be the first objective evaluation
system with wide acceptance, it is a physical motion fidelity
system. It is true, however, that if a simulator is physically
correct (or very close to that) it should be perceptually correct.
The correlation between physical fidelity and perceptual

fidelity is expected to be high, and the measures over physical
signals are clearly defined.

OMCT was designed for fixed-wing aircraft and was not
initially conceived to be used to tune MCA. Nevertheless, the
adaptation of OMCT to other vehicles (such as rotorcraft or
cars) has already been proposed or studied [110, 111] and the
use of OMCT to automatically tune MCA can also be explored
[112], although it is important to remember that OMCT does
not try to measure or account for perception and its use for
tuning MCA should be limited if perceptual fidelity is the goal
of this tuning.
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TABLEI
TEST MATRIX FOR THE OMCT — TESTS 1 TO 10 (ADAPTED FROM [113])
Simulator Response Output
Aircraft Pitch | Roll Yaw | Surge | Sway | Heave
Signal Input
Pitch 1 2
Roll 3 4
Yaw 5
Surge 7 6
Sway 9 8
Heave 10

In any case, OMCT is not the only objective method that has
been proposed. In fact, in recent years several researchers have
proposed different methods to evaluate MCA objectively with
the purpose of using these assessment methods to improve the
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tuning process. Le Bouthillier [61] and Thondel [114] seem to
be the first researchers to have proposed the use of objective
evaluation systems alongside optimization algorithms. Neither
of these works details the process. Nevertheless, many other
authors have proposed more detailed solutions based on this
idea. Roza [104] adapts OMCT to provide a single fidelity
measure and tune a Classical Washout. De Ridder [112] follows
a similar approach, using the simplex method, which does not
seem the most appropriate optimization method for this
problem (it is prone to get stuck at local minima). Asadi [102,
115] uses a Genetic Algorithm (GA) to tune MCA based on a
heuristic function for the objective perceptual evaluation of
motion. Casas [91] also provides a GA for tuning a Classical
Washout, although with heuristic mathematical indicators
correlated with subjective perception but not based on
perceptual models. The indicators try to measure signal
correlation, scaling and delay with respect to the expected
motion. Slightly modified versions of these indicators are later
used in a recent work [116] in which objective motion metrics
are used to compare two prediction strategies for a motion
cueing algorithm based on model predictive control (MPC)
[15]. Both Asadi and Casas propose also other soft computing
approaches, such as Particle Swarm Optimization (PSO), to
solve the tuning problem with objective evaluations [72, 87,
117]. Bilimoria [70] provides a similar approach but with a
heuristic function that is not subjective-based. His major
contribution is perhaps the transformation of the Sinacori
diagram to the washout filter parameter space. Reardon [59]
compares three tuning methods, and the one based on a
quantitative (objective) evaluation approach provides the worst
ratings in the HQR scale. Jones also proposes an objective
evaluation method using different heuristic fitness functions
that are used to tune a rotorcraft simulator [42, 60] with
promising results and some correlation between the objective
and subjective measures in some tasks, although he
acknowledges that more work is necessary to determine
whether the method is suitable for the objective tuning of
motion platforms. The fitness functions used in these works are
improved later by Jones in [89] providing more balance in the
motion cueing characteristics during the tuning procedure,
which is performed by means of a GA. Mohammadi [101] tunes
the MPC algorithm using also a GA and an objective fitness
function. However, this work is hard to reproduce since several
of the variables (input signals, vehicle, possible motion
hardware, etc.) of the experiment are not clearly specified. In
addition, the authors compare the automatic tuning against a
manual tuning performed by them, a comparison that does not
provide much value. Another use of a GA for the MPC
algorithm can be found in [118]. This approach, however, is
interactive and a human score is included in the cost function,
which is interesting because the user is part of the optimization
process.

As can be seen, different optimization methods can be used to
tune an MCA, and although the optimization method is
important, it is not as important as the cost function used to

assess motion. The general conclusion of this body of research
is that a perfect solution for tuning an MCA still does not exist
because of the inaccuracy of the objective metric itself, but the
field seems to be slowly advancing towards a self-tuning of
these algorithms. Indeed, although some of these research
works face several practical problems and provide restricted
success, the amount of research about the optimization of MCA
with objective evaluation methods in the last seven years,
suggests that the area is getting closer to Sinacori’s vision of
assessing motion cueing through automatic methods.

IV. DiscusSION

Although many objective evaluation systems have been
proposed, none can be still considered the absolute universal
solution. OMCT seems a promising method, since it is backed
by a strong and professional community. However, it does not
include a proper link with the subjective perception and it is
difficult to interpret and translate frequency test information
into a general criterion that could be related to the tasks [42].
Thus, it can only be considered a method for assessing physical
motion fidelity. In any case, it could be pointed as the reference
method for the evaluation of physical motion fidelity in aircraft
simulators. The extension to other types of vehicles and other
MCA different from the Classical Washout should still be
further investigated.

Behavioral and functional motion fidelity are typically
measured with customized methods, depending on the
simulator tasks and goals. Thus, no reference general solution
can be provided. In addition, these evaluation methods are often
easy to design and implement, because in some cases, the
simulator data (time, virtual vehicle position/orientation, etc.)
is directly used for the behavioral or functional evaluation, and
no extra effort is needed.

Regarding objective perceptual motion fidelity, none of the
proposed evaluation methods has still met sufficient success.
Methods based on perception models face inconsistency
problems since not enough information exists about how to
model the human perception system (some perception
mechanisms are not completely known yet), whereas those
methods based on heuristic mathematical indicators do not
completely account for motion perception.

In this regard, the existing motion fidelity criteria seem to be
either too simple or too complicated [80]. Simple methods often
neglect that similar sized cueing errors may result in different
perceptions. As pointed out in [55], “the perceived motion
coherence or incoherence does not only depend on the absolute
differences between motion cues, but also on the integration
process of these motion cues in the human brain. For example,
scaling errors are often perceived as more coherent than similar
sized false cues”. In addition, false cues seem to be rated more
incoherent than missing cues, a situation that most objective
methods do not address well.

Methods that are too complicated, however, may depend on
too many parameters/variables, such as [101], or may be too
difficult to set-up and interpret, such as the Hess criterion and
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in some cases may even miss the point of finding a criterion to
decide if motion is acceptable or not.

Therefore, many unknowns remain undisclosed and
researchers should focus on this promising but difficult area. In
addition, even if a solid evaluation method were found, the big
question, however, is where to draw the boundaries for
acceptable motion cueing. Thus, a substantial amount of
research is still left and objective motion fidelity assessment can
be identified as the most important research body that vehicle
simulators should face in the following years.

After analyzing the characteristics of the existing assessment
methods and in order to provide future research guidelines for
this complex topic, the authors propose a series of
properties/features that an ideal evaluation method for assessing
perceptual motion fidelity should include:

-validity: the instances that humans consider good solutions,
should obtain high scores.

-acceptability: the instances that obtain high scores should be
accepted by human users as good solutions (it is the reciprocal
of the latter feature). As there is no ground truth to compare
with, these two features are the most difficult to achieve. The
goal is of course to represent the human perception (perceptual
fidelity), but the only unquestionable ground truth is physical
fidelity. If physical fidelity is achieved, perceptual fidelity
should follow. However, physical fidelity is generally
unattainable, and compromises should be made to obtain the
highest level of perceptual fidelity, purposely ignoring the
pursue of physical fidelity. One problem for accomplishing this
is the avoidance of false cues. Since false cues are very hard to
define mathematically, it is extremely hard to detect and avoid
them.

-repeatability: it must offer the same values when the same
experiment is repeated over time. If subjectively done, there can
be intra-individual variance (low reliability) and inter-
individual variance (high variability).

-applicability: it must be feasible and easy to apply to the
extent possible. In this regard, it is best if the measure can be
obtained automatically and with little or no human intervention.

-availability: it should be available 24 hours, 7 days a week.

-performance: it should be fast to calculate.

-universality: it should be applicable to all MCA, motion
platforms types, users, vehicle types, vehicle dynamics, models
and systems in general.

-completeness: it should include all the elements in the
simulation loop (not only the motion base or only the MCA).
This may even include the vehicle operator or at least a way to
introduce their reactions.

-ease of interpretation: the resulting fidelity measure should
be easy to interpret, even for non-experts in the field.

-no interference: the assessment procedure should not
interfere in the normal use of the vehicle simulator.

-sortability (i.c., usable for tuning): the measurements should
be presented in a way that they can be sorted from worst to best,
so that the evaluation system could be used in optimization
algorithms and allow automatic tuning of MCA. This can be

achieved if the evaluation provides a single value, but other
options can be applied if the resulting evaluation method does
not offer a single measure but can be summarized in one value.

It is evident that subjective evaluation methods cannot
provide all these features. Certainly not repeatability, which
would be only provided by objective methods. However, it is
also hard that availability, performance and even sortability be
fulfilled with subjective approaches.

Some of the works reviewed in this paper fulfill most of the
requirements but none is able to provide all of them. For
instance, the method proposed in [91] accomplishes all these
goals, except for the second goal, which is not completely
fulfilled, and the first one, which is only partially accomplished;
OMCT lacks these two features, lacks ease of interpretation and
also lacks universality since it is designed for washout-based
MCA and aircraft; MPT [99] does not comply with the last
requirement and possibly with the second one since not
everybody perceives motion in the same way; the Hess criterion
[95] lacks, at least, applicability and acceptability; the methods
proposed in [65, 88, 110] do not comply with the sortability
requirement and are not used for tuning the MCA; the
assessment method used in the tuning procedure utilized by
Roza and de Ridder [104, 112] lacks completeness because they
use a kinematic model of the motion platform and do not
evaluate its dynamics (they do that to “assess only the MDA
part of the FSTD”), but provide sortability upon OMCT, a
remarkable contribution because OMCT does not originally
provide a single value; the works of Asadi and Mohammadi
[101, 102, 115] lack complete applicability since the evaluation
function has many parameters that should be tuned first; the
methods proposed by Cleij and van Leeuwen [55, 58, 66, 67]
lack repeatability and no interference, among other problems,
because they interfere in the normal use of the vehicle simulator
and are, thus, only applicable for passive simulation (when the
user does not operate the vehicle); the methods that use
simulated motion platforms [73, 87, 88, 91, 112] provide
complete availability. On the contrary, those methods using the
real hardware may not be always available.

Table 2 summarizes the main works reviewed in this paper.
It is important to highlight that many of these works use several
evaluation methods and some of the analyzed features cannot
be specified for all of them. For this reason, blank cells
represent missing or not applicable information. As can be seen,
there are works dealing with all sorts of vehicles, simulators and
algorithms, but the classical washout and the 6-DOF hexapod
are the most common setup. In addition, whereas earlier works
do not treat the tuning problem, it is noticeable the tendency to
use objective evaluation methods also to tune MCA, in almost

all recent works (since 2012).
TABLE II
SUMMARY OF THE MOST IMPORTANT WORKS REVIEWED IN THIS PAPER
REGARDING MOTION EVALUATION

Ref. 134] 137] 73] [95]
Year 1977 1996 1998 2001
First . . .
Sinacori Schroeder Pouliot Hess
Author
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Vehicle Rotorcraft Rotorcraft F1X§d-w1ng Rotorcraft Vehicle Car Rotorcraft Car Rotorcraft
Type aircraft Type
Vehicle . Helicopter . A model of a Vehicle Formula 3, Eurocopter
Tested Helicopter model Boeing 747 BO-105 Tested Formula 1 ECI135
Two models: A set of
a lfflrge Simulator 6-DOF, 3- hypqthetlcal AVES (6-
FSAA (6- 6-DOF. 3- (similar to DOF helicopter DOF)
Simulator DOF) VMS (6-DOF) DOI; VMS) and a motions
small motion A derivative
system (6- McC4 cw cw MPC of CW
DOF) Automatic
FSAA Ames Tuning Yes No Yes Yes
Logic (a A washout . Evaluation HMIPM,
MCA washout algorithm Modified CW Type HMIM HMIPCB HMIPM HMIM
algorithm) Legend (Simulator): Legend (Evaluation):
Automatic N N N N FSA44 = Flight Simulator for Advanced Aircraft OMCT = Objective Motion Cueing Test
Tuning 0 o o o @ NASA Ames, CA, USA HMIM = Heuristic Mathematical Indicators
By GRACE = Generic Research Aircraft Cockpit based on Motion
EvaTluaimn HI\;[)I;SB, GPCB, OSR HMIM HQSF Environment @ National Aerospace HMIPM Heuristic Mathematical Indicators
Jype Laboratory (NLR), The Netherlands based on Perception Models
Ref. [43, 80, 103] [99] [65] [61] VMS = Vertical Motion Simulator @ NASA HMIPCB Heuristic Mathematical Indicators

Year 2006-2007 2006 2011 2012 Ames, CA, USA based on Pilot Control Behavior

Fi L CMS = CyberMotion Simulator @ Max Plank HQSF = Handling Qualities Sensitivity

st Advani Wentink Cossalter e. . Institute (MPI), Germany Function

Author Bouthillier AVES = Air Vehicle Simulator @ German MPT = Motion Perception Toolbox

. . . Any (but . . Aerospace Center (DLR), Germany CSR = Continuous Subjective Rating

Vehicle Fixed-wing focused on Motorcycle Fixed-wing OSR = Offline Subjective Rating

Type aircraft aircraft) aircraft Legend (MCA): SO = Subjective Questionnaires
Vehicl Aprilia M CW = Classical Washout GPCB = Graphs based on Pilot Control

ehicie Fighter priiia Vana Cessna 172 SW = Spherical Washout Behavior

Tested 850 MPC = Model-based Predictive Control
. ) Desdemona PBMC = Perception-based Motion Cueing

Simulator (6-DOF) 4-DOF 3-DOF
McA cw SW A f:;;‘}’lgﬁfed cw
Apparently V. CONCLUSIONS AND FUTURE RESEARCH AREAS
Automatic ; e problem of identifying appropriate mechanisms for the
No No No | “minewa  The problem of identifying appropriate mech for th
Tuning Measurement assessment of motion cues in vehicle simulators is not new.
—— ONCT Unit) However, researchers and engineers have shown a renewed

Type (proposed) MPT HMIPCB, SQ OSR interest in recent years in finding objective methods to evaluate

Ref. [104] [115] [701 [55] motion cueing, a trend that has motivated this review work. Fig.

Y 2013 2015 2015 2015 T .

- 5 shows a timeline of the most important research works about
Author Roza Asadi Bilimoria Cleij motion cueing and its evaluation. These and other research
V;ﬁ/‘fele Fixed-whg Car Spacecraft Car works have been framed and classified in this review, which
Vehicle A theoretical Unspecified proposes also a series of features that an ideal evaluation
Tested F-100 driving Space shuttle hCTS““ Gl method for assessing perceptual motion fidelity should include.

scenario vehicle modae . .

Simulator GRACE (6- VS (6-000) CMS (8- From the literature reviewed, only OMCT stands out as a
CWDO?‘f ——w DOF) method with academic and industrial acceptance, since it has

, modifie , non- . . ..
MCA cw linear CW VMS-MCA cw been applied by several authors to several case studies and it is
Al;t;?;;ﬂf Yes Yes Yes No part of the “Manual of Criteria for the Qualification of Flight
= Simulation Training Devices” of the ICAO. Nevertheless
Evaluation OMCT HMIPM HMIM CSR, OSR ;
Type ’ OMCT can only be considered as a method to evaluate physical
fef [2101125' 2'3315 2'3‘1”5 2';‘1”5 motion fidelity, not perceptual fidelity, it was designed for 6-

ear . . .

; DOF devices and seems to be oriented to the Classical Washout

First de Ridd Reard Venrooij Zaal

€ Ridder eardon €enrooli aa . . . . . . .« . N
Author ! [104], as it assumes linearity. This is a logical decision, since
Vehicle Fixed-wing Fixed-wing . . . . . .

Tipe airoraft Rotorcraft Car aircraft this setup is the current standard in aircraft simulation. Future
5 | | oS | e | o o s ning o tpin s i
Tested Black Hawk 160 kW aircr}::ift otion test to othe ehicle types, S. 0 C

engine suggests that OMCT needs to be improved to be used for

Simulator 6-DOF VMS (6-DOF) | CMS (8-DOF) Vg[gF(f' rotorcraft, to non-linear MCA and to limited-DOF devices used

CW, NLR in low-cost vehicle simulators. Alternatives to the OMCT, such

mcA Mctg és\‘;,‘)“lar VMS-MCA | CW,PBMC | VMS-MCA as the recently proposed Eigenmode Distortion (EMD) analysis

Automatic Ves Apparently Yes, but not Vos [120, 121], which unlike OMCT accounts for perception and

Tuning yes detailed SvicT includes the vehicle dynamics, are also a promising research
Evaluation OMCT HMIM, OSR, HMIPM, HMIPC}’B direction.

Type SQ OSR, SQ ’
OSR

Ref. 191] 188] [101] 189]

Year 2016 2017 2018 2018
First Casas Onur Mohammadi Jones

Author
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Future Research
Relationship physical - perceptual fidelity

dard thresholds for ion fidelity
Extension of OMCT to non-aerial vehicles
of OMCT to linear MCA

Hybrid evaluation (more than 1 method)
Objective perceptual evaluation

ﬁ.
2009

Asadi, Bilimoria, Casas, de
Ridder, Jones, Reardon, Roza,
Thondel, etc.

Objective evaluation + MICA optimization

Dagdelen
Model-based predictive motion cueing
strategy for vehicle driving simulators . @
Advani

Towards standardising high-fidelity cost-
.\ effective motion cueing in flight simulation
2 o 0 6 \ Objective physical evaluation

Wentink

Development of the Motion
Perception Toolbox
Objective perceptual evaluation

Hess
A of flight simul fidelity in
. multiaxis tasks including visual cue quality
m Handling-qualities-based evaluation

Grant

PROTEST: An expert system for tuning
simulator washout filters r.
Subjective evaluation ’ 1 9 9 6

Schroeder
: 1985-86

\ ion of tion fidelity
criteria in the vertical and directional axes
Subjective & behavioral evaluation

Reid & Nahon
Flight simulation motion-base drive
algorithms (1, 11 & I11) @
Sivan
An optimal control approach to the design
. of ing flight Simul
Sinacori
The determination of some
requirements for a helicopter flight @
research simulation facility
Subjective & behavioral evaluation 1973
Parish
Coordil d adaptive for motion

G 1969

Schmidt & Conrad
The calculation of motion drive
signals for piloted flight simulators

Fig. 5. Timeline of the most important works about motion
cueing and its evaluation.

Research should also try to quantify the amount of physical
fidelity lost with limited-DOF solutions. The relationship
between objective physical fidelity and perceptual fidelity is
also worth investigating and represents a different way to reach
objective perceptual motion fidelity. It would be also very
important to define standard thresholds for motion fidelity in
order to define a fidelity criterion based on OMCT [74].

Regarding perceptual motion fidelity, many researchers have

started recently to apply heuristic mathematical indicators to
create objective assessment methods for the evaluation of
perceptual motion fidelity. The amount of research done in this
area suggests that objective perceptual motion evaluation is a
promising approach. Although these methods usually allow
applying optimization methods and thus optimally tune MCA
upon these objective measures, the success of the methodology
has not been completely demonstrated with respect to human
subjective opinions. Therefore, more work is necessary in this
area, although some promising results have already been
achieved. The problem of finding the best strategy to perform
this optimization process is also worth studying [72, 87].

Some authors, such as Grant, denied many years ago, the
feasibility of using an objective perceptual motion evaluation
system. Others, such as Sinacori, foresaw a future in which
objective indicators could be used to perceptually appraise
motion. In our opinion, in the following years, research should
focus on identifying a way to assess motion in a perceptually-
based objective manner, or at least to introduce objective
measures in the process. In fact, Sinacori advised to “create and
use a motion fidelity that uses both objective and subjective
data”. Although this recommendation is from 1977, it seems
natural that subjective and objective approaches be combined,
or at least that objective methods be partially or completely
based on a subjective validation, so that their perceptual fidelity
can be demonstrated.

It is possible, as Roza concludes [104] that “one size doesn’t
fit all and that a combined method for the assessment of motion
fidelity on simulators will ultimately prove to be the solution”.
This combined method could include objective assessments,
task-related assessments, and a structured subjective rating. In
any case, the problem is not solved yet, although promising
results have been achieved in the last ten years - thanks to a
renewed interest in the motion question -, compared with the
relatively slow progress of the past. The authors believe this
comprehensive review work could serve to foster and guide
future research works in this field.
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