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Abstract

This study examines self-motion perception incorporated into motion sickness models. Research on modeling self-motion
perception and motion sickness has advanced independently, though both are thought to share neural mechanisms, making
the construction of a unified model opportune. Models based on the Subjective Vertical Conflict (SVC) theory, a refine-
ment of the neural mismatch theory, have primarily focused on motion sickness, with limited validation for self-motion
perception. Emerging studies have begun evaluating the perceptual validity of these models, suggesting that some models
can reproduce perception in specific paradigms, while they often struggle to jointly capture motion perception and sick-
ness. One prior study demonstrated that one of the SVC models could replicate illusory tilt during centrifugation, while
others produced unrealistic responses, such as persistent tilt after motion cessation. In reality, under steady-state conditions
such as being motionless, perceived motion is expected to settle to an appropriate state regardless of prior states. Based on
the idea that this behavior is closely related to the equilibrium points and stability of the model dynamics, this study theo-
retically analyzed 6DoF-SVC models with a focus on them. Results confirmed that only one model ensures convergence
from any state to a unique equilibrium point corresponding to plausible perception. In contrast, other SVC models and a
conventional self-motion perception model converged to values dependent on earlier states. Further analysis showed that
only this model captured both the somatogravic and Ferris wheel illusion. In conclusion, this 6DoF-SVC model unifies
motion perception and sickness modeling, with theoretical convergence of the perceptual state.

Keywords Vestibular self-motion perception - Computational model - Motion sickness - Subjective vertical conflict
theory
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One of the most widely accepted computational mod-
els for motion sickness employs the Motion Sickness Dose
Value (MSDV) as specified in (ISO2631-1 1997), further
simply referred to as ISO). According to the ISO, multi-
plication of the MSDV with a gender-dependent constant
predicts the severity of motion sickness for those exposed
to pure vertical motion by integrating frequency-weighted
acceleration over exposure time. Efforts have been made to
expand our understanding of motion sickness across wider
scenarios, including the effects of different motion direc-
tions such as fore-aft direction (Golding and Markey 1996;
Golding et al. 1997, 2001) and lateral direction (Griffin and
Mills 2002; Donohew and Griffin 2004), differences in body
posture (Golding et al. 1995), and post-exposure effects such
as recovery from (Golding and Stott 1997) or habituation
(Golding and Stott 1995) to motion stimuli, among others.
These investigations have led to an increased momentum
in the revision of the ISO (Bos et al. 2022, 2024). In addi-
tion to these models, several computational models based
on hypotheses of the mechanisms of motion sickness
have been developed. For example, a pioneering concep-
tual model based on the neural mismatch theory (Reason
1978), which postulates that motion sickness arises from the
accumulation of discrepancies between integrated sensory
afferents and those expected, estimated through past experi-
ences or internal models, was turned into a computational
model first by Oman (Oman 1982). In this computational
model, the self-motion perception process is modeled using
the Observer Theory, and the errors used to improve motion
perception are considered neural mismatches, based on the
assumption that both self-motion perception and motion
sickness share certain neural mechanisms. This approach
was further refined by Bles et al. in their Subjective Verti-
cal Mismatch (or Subjective Vertical Conflict: SVC) theory
(Bles et al. 1998), which focused on verticality estimation
as the source of motion sickness, while retaining feedback
mechanisms for angular velocity and inertial acceleration to
maintain perceptual consistency. It was and elaborated on
numerically in one dimension by Bos and Bles (1998) and
multiple dimensions by Bos et al. (2002). It is worth noting
that the literature (Bos and Bles 1998) explained for the first
time the peak in sickness incidence at a frequency of about
0.2 Hz, as observed by O’Hanlon and McCauley (1974) and
modeled also by ISO, by fitting a single free gain parameter
while fixing the time constant based on vertical perception
studies. Following this, models further expanding on this
SVC model, including rotational motion, were initiated by
Kamiji and Wada (Kamiji et al. 2007; Wada et al. 2018), and
several variations were subsequently introduced (Wada et
al. 2020; Wada 2021; Inoue et al. 2023; Sousa Schulman et
al. 2023; Liu et al. 2024). Moreover, these SVC models have
been applied in engineering contexts, such as algorithms for
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vehicle motion control in automated vehicles (Wada 2016;
Ukita et al. 2020; Yunus et al. 2022), and algorithms to gen-
erate visual stimuli aimed at minimizing motion sickness for
passengers (Tamura et al. 2023). Overall, these SVC models
are among the most elaborate and promising models.

On the other hand, the prediction of motion perception is
also of significant academic and practical importance, and
numerous studies have developed computational models for
self-motion perception. Among these, a model proposed by
Merfeld et al. (Merfeld and Zupan 2002) is representative
of self-motion perception via vestibular sensations, and has
been validated through various motion paradigms. Recently,
Allred and Clark (2024) applied the Merfeld model to
develop a computational model of motion sickness based on
the sensory conflict theory, in which a weighted sum of dis-
crepancies between sensory afferents from the otolith and
canals and the corresponding expected signals is considered
the source of the conflict leading to sickness. Furthermore,
there exists research that has elucidated the correlation
between parameters related to subjective vertical perception
derived from Merfeld and Zupan (2002) and motion sick-
ness observed in experiments (Irmak et al. 2021). The Mer-
feld model (Merfeld and Zupan 2002) and the SVC models
(Kamiji et al. 2007; Inoue et al. 2023) are both based on
the internal model hypothesis, which postulates that humans
hold internal representations of sensory organs in the central
nervous system, to enhance the accuracy of self-motion per-
ception. More specifically, not only both of them but also
many motion perception models are based on Merfeld et al.
(1993). This paper (Merfeld et al. 1993) is the first to quanti-
tatively demonstrate that human motion perception, includ-
ing the velocity storage mechanism, could be represented
by expressing the internal model hypothesis through an
observer theoretical framework. Note that in Merfeld et al.
(1993), the model was validated from the viewpoint of the
reflexive eye movements of monkeys instead of the motion
perception of humans. The major differences between the
motion perception parts of the SVC models and the Merfeld
model (Merfeld and Zupan 2002) are as follows: (1) Meth-
ods to resolve gravito-inertial acceleration (GIA) into grav-
ity and inertial acceleration differ, leading to a difference in
the behaviors of the perceived gravity vector; and (2) angu-
lar velocity perception is not influenced by the otolith signal
in the SVC models, whereas it is in the Merfeld model (see
the discussion section for details).

Based on the above consideration, these SVC mod-
els based on human motion perception mechanisms offer
advantages when extended to modeling motion sickness
induced by multisensory inputs such as vestibular-visual
interactions (Wada et al. 2020; Liu et al. 2024). In addi-
tion, one model (Wada 2021) has the ability to describe the
influence of humans’ anticipation on sickness, which has



Biological Cybernetics (2025) 119:22

Page3of 19 22

been observed in several studies (e.g., Kuiper et al. (2019,
2020); Reuten et al. (2024a, b). Moreover, the 6DoF-SVC
models were evaluated and validated for motion sickness
under various scenarios, including car sickness (Wada et
al. 2018; Buchheit et al. 2022). On the other hand, emerg-
ing research has also begun to explore the validity of these
models from the perspective of motion perception, though
the range of motion paradigms explored to date has been
limited. For example, Irmak et al. (2023) evaluated three
models—an SVC model, the Merfeld model, and a particle
filter model—from the perspectives of both motion percep-
tion and motion sickness prediction. For motion perception,
the results of assessments using three paradigms- centrifu-
gation, Earth-vertical axis rotation (EVAR), and off-verti-
cal axis rotation (OVAR)- showed that all models aligned
well with the observed data. In terms of motion sickness
prediction, the evaluation was not based on direct symp-
tom reports, but rather on simulated sensory conflict signals
derived from each model. Analysis of these signals in the
frequency domain showed that the SVC model provided the
best overall match to known sensitivity curves. Neverthe-
less, none of the models were able to identify parameter sets
that simultaneously and accurately described both percep-
tion and motion sickness. In contrast, Inoue et al. (2023)
focused on structural variations within the SVC models
and compared several versions through numerical simula-
tions of subjective verticality changes during centrifuga-
tion. They demonstrated the existence of a model that could
adequately reproduce experimentally observed tendencies.
However, some model structures produce responses that
are not observed in reality, such as the subjective vertical
remaining tilted even after the motion has ceased, indicat-
ing that the influence of prior states on motion perception
persists. Although comparable after-effects are known (e.g.
Gillingham (1992)), this does not hold for the effect we
report here, as clarified below. Given that motion percep-
tion is represented as a dynamical system, the evolution of
the future states should be affected by their prior states. In
addition to this, considering the various types of noise that
can affect the system, even a transient perturbation of the
state could lead to persistent effects on perception, poten-
tially affecting one’s behavior for the rest of their life, which
would be unrealistic. This makes it reasonable to assume
the existence of a calibration mechanism that enables the
system to converge to a plausible estimate of the actual state
regardless of the prior states, under certain stationary condi-
tions, such as being motionless relative to the Earth. Such a
property is fundamentally linked to the concept of equilib-
rium points and the asymptotic stability of the system under
stationary conditions.

Therefore, the primary purpose of the present study
is to theoretically examine models of vestibular motion

perception within the computational framework of motion
sickness by focusing on their equilibrium points and the sta-
bility around these equilibrium points in a stationary state.
This analysis was conducted in comparison with variations
of the SVC model family (Inoue et al. 2023) and one of
the frequently cited motion-perception models proposed in
Merfeld and Zupan (2002). Furthermore, this study aimed to
investigate how SVC models describe or predict perceived
motion in specific motion paradigms in which the otolith-
canal interaction plays important roles. Two of these will
be elaborated in particular: the somatogravic effect, where
the direction of perceived gravity shifts in an inertial accel-
eration environment, and the Ferris wheel illusion, where
the sensation of rotation disappears during constant velocity
rotation orthogonal to Earth’s gravity, leading to the illusion
of circular motion without a change in orientation (Mayne
1974; Bos and Bles 2002). The results of the model analysis
are then discussed.

The remainder of this paper is structured as follows. Sec-
tion 2 presents an analysis of the dynamic equations of the
SVC models to consider the appropriate model structure
from the perspective of motion perception. Sections 3 and
4 present numerical simulations investigating the ability
of the 6DoF-SVC model to describe the Ferris wheel and
somatogravic illusions, respectively, in comparison with
the motion perception model (Merfeld and Zupan 2002).
Finally, Sect. 4 provides a detailed discussion of the results
and presents the conclusions drawn from the study.

2 Computational models of SVC theory of
vestibular motion sickness

In this section, the SVC models are introduced, and the
dynamic equation of one of their variations is derived as an
ordinary differential equation. The features of the motion
perception component of the model are then discussed and
compared with those of other models, including other varia-
tions of the SVC model family (Inoue et al. 2023) as well
as a representative motion perception model (Merfeld and
Zupan 2002). Specifically, we analyzed the equilibrium
points of the model and the stability (convergence) around
these equilibrium points in the stationary state.

The motivation for this analysis stems from the following
considerations. The trajectories of the states in dynamical
systems vary depending on the prior system states. Given
that various types of noise can affect the system, it is reason-
able to hypothesize the existence of a calibration mechanism
facilitating the acquisition of an appropriate state. If state
variables converge to specific values regardless of the prior
states, under certain stationary conditions, such as being sta-
tionary with respect to Earth, this characteristic can function
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as the calibration mechanism. To investigate whether the
models satisfy such conditions, we analyzed models under
stationary conditions to determine the equilibrium point of
the system state and to assess its asymptotic stability.

2.1 SVC models for vestibular motion sickness for
6DoF motion

Even when focusing specifically on vestibular motion sick-
ness in 6DoF head motion, multiple versions of computa-
tional models based on the SVC theory have been developed
(see Introduction). One model version, elaborated by Inoue
et al. (2023) is illustrated in Fig. 1. As shown in the fig-
ure, this model adopts an observer-theoretic framework
and includes three feedback processes for the sensory con-
flict signals, depicted as Aw!, Aa, and Ag. Variations in
the models, as also elaborated by Inoue et al. (2023), arise
depending on the presence or absence of integrators in these
feedback processes. Only one integrator applied to Ag is
referred to as Inl, including two integrators applied to Ag
and Aw, referred to as In2, and three integrators applied to
Aw, Aa,and Ag, referred to as In3. Notably, the In3 model
corresponds to the original 6DoF-SVC model (Kamiji et al.
2007; Wada et al. 2018).

The numerical simulations with these SVC models shown
in a previous study (Inoue et al. 2023) suggest that unnatural
drift in motion perception occurs in all versions except for
the Inl model; thus, this section mainly focuses on the Inl
model shown in Fig. 1. Note that the reasons for the occur-
rence of such drift in models, except for the Inl model, and
the suitability of the In1 model will be elucidated through

Gravito-inertial acceleration

theoretical analysis in Sect. 2.2 and 2.3, where we analyze
the dynamic equation, including the equilibrium point and
the stability of the model. In addition to focusing on the Inl
model in Sect. 2.2 and 2.3, detailed analyses of In2, In3, and
the Merfeld model (a representative model of self-motion
perception) are provided in the Appendix for comparison,
following the same approach as in Sect. 2.2 and 2.3.

2.2 Dynamic equation of 6DoF-SVC (In1) model

The inputs to Inl are the angular velocity w and gravito-
inertial acceleration (GIA) f, which is defined as the vector
sum of the gravitational acceleration g and inertial accelera-
tion a:

f=g+a. @)
It should be noted that the direction of g is defined as the
opposite of the gravitational force. In physics, gravitational
acceleration is typically defined as the inertial acceleration
of a mass when it is subjected only to a gravitational force,
meaning that it should be in the same direction as the gravi-
tational force, which is opposite to the definition of g in the
present paper. However, when considering how the organs
of balance sense acceleration and gravity, the otolith organs,
in particular, acting as inertial linear accelerometers, can-
not distinguish between the following two scenarios: (1)
being stationary in a gravitational environment and (2)
moving with an inertial acceleration that is equal in mag-
nitude to the gravitational acceleration but in the opposite
direction of the gravitational force. This phenomenon is a

f aS
o Angular velocity

= i i Aa - b 4 +

K e : : N .
— T [Qaey | [P _|Ms]
" = 3 2 [—
e (lagl o) | [ (mis+)
a, Hill function

Internal model

Fig. 1 Overview of the 6DoF-SVC (Inl) model (Inoue et al. 2023).
There are several possible forms of the model, which differ in terms of
the existence and absence of integrals the feedback process depicted

' Throughout this paper, vectors are represented in bold italics, while
scalars are represented in italics.
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in part X. For example, the original 6DoF-SVC model (Kamiji et al.
2007) (later (In3) model) includes integrals for all three feedback
signals
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direct consequence of Einstein’s equivalence principle (Bos
and Bles 2002). It should also be noted that in the Merfeld
model (Merfeld and Zupan 2002), g is defined in the same
direction as the gravitational force, which is opposite to its
definition in the 6DoF-SVC model.

Currently, the output of the model is motion sickness inci-
dence (MSI), which is defined as the percentage of people
who would vomit due to the given motion stimulus. As indi-
cated in (Bos et al. 2022), the expansion of the models would
benefit from also considering pre-vomiting symptoms, and
advances in this direction have recently been described (Bos
et al. 2024). Moreover, very recently, an extended version
of the SVC models outputting the MIsery SCale or Motion
Illness Symptoms Classification (Bos et al. 2005; Reuten et
al. 2021) has been recently published (Kotian et al. 2023;
Inoue 2023; Inoue et al. 2024, 2025), taking into account the
observation that motion sickness symptoms progress over
time in a specific order during accumulation, with vomiting
being the endpoint of that scale (Reuten et al. 2021).

The upper part of the model describes information pro-
cessing by sensory organs, and the estimation of inertial and
gravitational acceleration and angular velocity based on the
sensory afferents (otoliths and semicircular canals, respec-
tively). Although this comprises 3 X 3=9 degrees of motion
freedom, they are mutually related by the laws of physics,
actually resulting in six DOFs. Importantly, and actually
being at the basis of motion illusions and motion sickness,
the brain does not necessarily consider these laws of phys-
ics. Moreover, the control of posture and gait, for example,
does benefit from discriminating gravity from inertia; for
this reason, the 6DoF-SVC models explicitly assume that
the brain deals with nine DOFs arranged in the three vectors
a for linear self-motion, g for self-orientation with respect
to gravity, and w for angular self-motion. The lower part
of the model in the block depicted by the thin black dot-
ted line represents the internal model of the sensory organs,
and the expected afferent signals related to inertial and
gravity accelerations and angular velocity. The discrepan-
cies between the three sensory and expected vectors are fed
back into the internal model to decrease their difference,
ultimately resulting in an estimation of the actual state of
the body, that is,a, g, and & being as close as possible to
the actual state of the body, as given by a, g, and w. It is
considered that the update of the expected afference signals
is also aided by external signals related to knowledge of
the exposed motion, such as efference copies and predicted
motion signals, including those obtained from exposure to
repetitive movements (Wada 2021).

In the SVC theory, it is assumed that only Ag, the dis-
crepancy between the sensed and expected gravitational
acceleration, leads to motion sickness. MSI is then calcu-
lated from Ag through the Hill function and a critically

damped 2nd -order transfer function with a time constant on
the order of minutes. This approach is based on the insight
that a specific threshold likely exists, as minor discrepancies,
even if sustained over a long period, do not cause motion
sickness, and that the progression of motion sickness symp-
toms manifests in the order of (tens of) minutes. In addi-
tion, the Hill function considers an asymptotic behavior of
sickness accumulation for larger conflicts, where sickness
does exceed 100% of a population, reaching the limit of
vomiting, meaning that individual symptoms do not worsen
beyond vomiting (which may be different from considering
the unpleasantness associated with symptoms; see (Reuten
etal. 2021).

The OTO block represents the dynamics of the otolith
organ and is assumed to be a unit matrix, indicating its func-
tion as an accelerometer sensing the GIA f=a+g. The SCC
block depicts semi-circular canals, whose dynamic equation
is given by

TdTa82

W= (Tas + 1)(1as + 1)w ' @

This function considers the fact that humans exposed to
constant angular motion initially perceive the rotation
whereas the perception typically decreases exponentially to
nil within tens of seconds. The LP block, which represents
the method for resolving the internal representation of grav-
itational acceleration g, from the afferent signal of GIA, is
described in Eq. (3), which has been termed the generalized
Mayne equation (Bos and Bles 2002), after Mayne (Mayne
1974), who was the first to publish the idea of frequency
filtering to differentiate between inertia and gravity.

dg,
dt

;:%(ffgs)—wsxgs. (3)

Blocks with hat notation, such as O/T\O, represent the inter-
nal models of those without hat notation, such as OTO. It
is assumed that under O@Qal conditions and habituated to
a natural environment, OTO and LP are identical to OTO
and LP, respectively, whereas SCC is given by the follow-
ing equation:

TdS A

Wy = Tds+1w. 4

Please refer to (Inoue et al. 2023) for further details of the
model. The model parameters used in the present study were
also taken directly from that publication, and are summa-
rized in Table 1.
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Table 1 Parameter values used in the 6DoF SVC (Inl) model
K, Ky Kuwe Kae Kpe 7 [s] T4 [s] Ta [S]
0.1 0.1 10.0 0.5 5.0 2.0 7.0 190

The differential equation expression encompassing all
subsystems is given by Eq. (5) (refer to Appendix C for the
derivation):

‘,‘i:SC(’
1 1.,
7(* + *)wscc ———Lsce — W
Td Ta a
L g, - wx
T g5 s X 9s
Loa P
—(f—9.) —@s x g4
z=F(x,u)=|" 1 1 ) &)
77:1:/\77/\
Ti scc Td
Kye(gs — 9s)

2 .1 P ,— 9,l/0)°
,f]w,iz]ijiz(”ga—gslAl/)Q
I T 71 14 (llgs — 9.11/0)
LM 1

where state vector x and input u are defined as

x =[xl &l g7, 97, m’;LCC,QT,M, M)T e R¥xL (6)
T
wi=[f", 0" e R, (7N

where M denotes MSI, and with intermediate variables
defined as

1 1Y . 1
Wg = < + ) Lsce + —Lscc + w (8)
Td Ta TdTa
Ao 1
[ m(w;c\c + wa + chws)
Kype 1 N 1 —— Kye 1 9
= —(— — ) — &
1+ ch Td Ta el 1+ ch TdTa oo ( )
+ 1 + KU) +K7,UC
7:13/\ —e
1+ ch sce 1+ ch
N 1 N A
F=17 Kac{Km,-f + Kea + g+ Kac(—9,+ 8.} (10)

Among the motion perception vectors, the perceived gravity
g is obtained as a state variable, whereas the perceived iner-
tial acceleration and angular velocity are given as functions
of the state variables and inputs as follows:

a:= Kac(f_gs_f_kgs)_FKaa? (11)

@ = Kye(ws — @) + Kyw . (12)
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2.3 Dynamics of In1 model with no motion inputs
and its properties

2.3.1 Equilibrium points

Letus consider the case of no external motion inputs, which is
characterizedbya=0and w = 0,hence f = g, (= const.).
The importance of this condition lies in the assumption that
most animals, especially humans experience this state for
most of their lives. In Bayesian terms, this condition can
therefore also be considered as a dominant contributor to
the prior distribution over internal states. From a simple cal-
culation, the equilibrium points of system (5) under the no
external motion case are given as

Leq = {.’B|F(:]Z7 [f =90, wW = OD = 0}
T T T T (13)
= [03303790 »90 703790 703703] ’
where 03 := [0,0,0] € R**3.
The intermediate variables at = ., are obtained as
follows:

Ws(Teq) = Ws(Teq) = O(Teq) =0 (14)

A

f(m(’q) =49y - (15)

Thus, the resultant perceived motion at the equilibrium
point is given as follows:

W(Teq) = @(xeq) =0 (16)
9(zeq) = go (= const.) (17)

where they demonstrate that all the calculated perceived
angular velocity, inertial acceleration, and gravitational
acceleration converge to the actual state of the body in the
absence of physical motion.

2.3.2 Stability analysis

We analyze the stability of the system (5) around the equi-
librium points given by (13) under the condition a=0, and
hence f = g, (= const.)and w = 0. Since the dynamics of
the final path from Ag to M is obviously asymptotically sta-
ble, we consider a system that excludes M and M from the
state variables. The dynamic equation was linearized using
the Taylor expansion around the equilibrium point with a=0
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and hence f = g, (= const.) and w = 0 (refer to eq. (76)
in Appendix D for the linearized dynamical system). The
eigenvalues of the system matrix of the linearized system
are expressed as

1 1 1 1
T ot
1= V1= 4Kyem(Koe + 1)
2(1 + KgeT) ’ (18)
1+ V1= 4Kom(Kae + 1)
2(1 4+ Kget) }’

each which has a multiplicity of three. For all eigen-
values to have negative real parts, it is required that
T>0,74 > 0,74 >0, KyeT(K4e + 1) > 0. Thus, this con-
dition is satisfied if all gains and time constants in the model
are positive.

The above analysis proves that the state variables x con-
verge to constant values, including M=0, while the per-
ceived motion converges to the actual self-motion in the
physical world, irrespective of the initial values x(0). The
significance of this property of the 6DoF-SVC (Inl) model
becomes more pronounced when compared to the other
models (see below).

Namely, while the details are omitted here due to space
constraints, similar analyses conducted on the 6DoF-SVC
models (In2) and (In3) demonstrated that even in a station-
ary state, the state variables converge to values dependent on
the initial values of the state variables for both models (See
Appendix A). This dependency results in an unexpected
drift in g(¢) depending on the prior system states. For the
Merfeld model (Merfeld and Zupan 2002), as shown in egs.
(52) and (61) of Appendix B, the model guarantees that the
perceived gravity §(t) can converge to Earth’s gravity g in
its direction, but not in its magnitude, because ||g(t)|| can-
not change over time. However, accurately perceiving both
Earth’s gravity g under stationary conditions requires that
both the direction and magnitude of §(¢) match the actual
gravity vector. This means that the model should be able
to hold or estimate the true magnitude of gravity as well.
Therefore, if there are any discrepancies or fluctuations
in the magnitude of §(¢), a mechanism is required to cor-
rect them to maintain accurate motion perception. Indeed,
related approaches have been proposed. Specifically, Kra-
vets et al. (2021) and Allred et al. (2023) recently devel-
oped self-motion perception models to describe adaptation
to altered gravity environments by incorporating additional
mechanisms into the Merfeld model. Note that substituting
f=g, in eq.(60) yields & = K,/(1 — K —§). Thus,

a)(gO
if § # g, the perceived inertial acceleration & becomes

non-zero, nevertheless under conditions where humans do
not move physically.

The aforementioned characteristic of the In1 model sug-
gests that even if some perturbation occurs to the system
state, the state will return or converge to ‘appropriate’ val-
ues as long as the no physical motion condition persists.
This implies that neural information processing involved
does not require the presence of any specific initial values,
which might reflect its inherent robustness in humans. Fur-
thermore, from a practical standpoint of using the model
with experimental data to estimate motion perception and
sickness, the aforementioned property of the Inl model also
serves as an advantage. This allows for the initialization of
the model’s state variables by conducting model calcula-
tions while maintaining a stationary condition, regardless of
how the IMU sensor is positioned.

3 Motion perception simulation of Ferris
wheel illusion

3.1 Ferris wheel illusion

Humans rotating with a constant angular velocity around
the Earth horizontal axis first perceive an angular motion
close to the veridical motion, which, after tens of seconds,
changes into a persistent circular motion opposite to the
true rotation without a change in body orientation (Stone
and Letko 1964; Mittelstaedt 1983). This illusory perceived
motion is referred to as the Ferris wheel illusion (Mayne
1974; Lackner and Graybiel 1978; Bos and Bles 2002). In
this section, we conduct numerical simulations using the
6DoF-SVC (Inl) model and the Merfeld model (Merfeld
and Zupan 2002) to investigate how these models predict
the perceived motion in the motion paradigm considered
here.

3.2 Simulation conditions

First, the x and y axes of the head coordinate system were
defined as the naso-occipital axis, with the anterior direction
being positive, and the interaural axis, with the left direction
being positive, respectively. The z-axis was selected to form
a right-handed coordinate system, i.e., directed upward
(see also ISO 8727 (1997). Second, the head was initially
assumed to be in an upright Earth vertical orientation. Sub-
sequently, rotation was considered around the x-axis (i.e.,
in roll) at a constant velocity initiated from the initial state.
The GIA fand angular velocity w as inputs to the model for
such motion exposure can be described as follows:
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Fig. 2 Simulation results for the
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Table 2 Parameter values used in the Merfeld model

Ka K’w wa Kf 7d [S] Ta [S]
-2.0 3.0 2.0 2.0 5.0 80

f =10,9.81sin(q(t)),9.81 cos(q(t))]"

w = [w07070]T (19)

q(t) :== wot

where ¢(f) denotes the angle of body posture at time 7 mea-
sured from the Earth’s vertical direction in radians and the
constant value wy denotes the angular velocity. In the pres-
ent study, wy = 7 is used for the simulation.

The 6DoF-SVC (Inl) and Merfeld models were used for
simulations to compare the results. As mentioned earlier, the
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definitions of both g and § are opposite between the 6DoF-
SVC model and the Merfeld model. However, in the visual-
ization of § in Fig. 2, the results of the Merfeld model were
adjusted to align with the definition used in the 6DoF-SVC
model. The parameters of the 6DoF-SVC (Inl) and Merfeld
models were used exactly as described in the publications
Inoue et al. (2023) and Merfeld and Zupan (2002), and their
values are listed in Table 1 and Table 2, respectively.

3.3 Simulation results
Figure 2 shows the simulation results for the Ferris wheel

illusion using the (a) 6DoF-SVC (Inl) model and (b) Mer-
feld model.



Biological Cybernetics (2025) 119:22

Page9of19 22

With the 6DoF-SVC model results, (1) & converges to 0,
(2) @ converges to sine waves in a quadrature phase relation-
ship, and (3) [|g|| converges to a small value that is signifi-
cantly less than 9.81. On the other hand, with the Merfeld
model, (1) @ decreases while continuing to oscillate around
a non-zero value, (2) @ does not converge to sine waves,
and (3) g does not converge to any fixed pattern while it
exhibits oscillatory behavior over time with a time-variant
sine wave-like pattern overlaid with higher-frequency oscil-
lations. The behaviors of the model-predicted (1) perceived
angular velocity @ and (2) inertial acceleration @ indicate
that the 6DoF-SVC (Inl) model has the ability to describe
the Ferris wheel illusion, whereas the Merfeld model does
not. Note, however, that perceived radius of the illusory
motion in the Ferris wheel illusion has not, to our knowl-
edge, been quantitatively assessed in previous studies (see
Discussion section).

4 Motion perception simulation of
somatogravic effect

4.1 Somatogravic effect

Humans exposed to linear forward acceleration while
remaining erect perceive a backward tilt increasing asymp-
totically within seconds to the tilt of the GIA. Because
studying this phenomenon requires relatively long linear
tracks, it has often been studied in centrifuges (e.g. (Clark
and Graybiel 1965; Cohen et al. 1973). In a fixed radius
with the participant “fixed” erect to the centrifuge arm, the
tilt due to the centripetal acceleration is perceived as tilted
away from the rotation center, and the tilt is affected by the
angular motion (Seidman et al. 1998; Bos and Bles 2002;
Correia Gracio et al. 2013). This illusory perceived motion
is referred to as the somatogravic illusion (Bos and Bles
2002; Correia Gracio et al. 2013). A specific detail is that
this effect was originally studied using a visual analog, spe-
cifically the perceived displacement of a visual target, then
referred to as the oculogravic illusion. In this section, we
conduct numerical simulations using the 6DoF-SVC (Inl)
model and Merfeld model (Merfeld and Zupan 2002) to
investigate how these models predict the perceived motion
in the motion paradigm described above.

4.2 Simulation conditions

The parameters of both the 6DoF-SVC and Merfeld models
were used as described in publications Inoue et al. (2023)
and Merfeld and Zupan (2002), respectively, consistent
with the approach taken in Sect. 3. The conditions regarding
motion exposure are the same as the experiments conducted

in (Merfeld et al. 2001), which examined the perceived
roll tilt and reflexive eye movements in humans in the dark
using two different centrifugation motion paradigms (fixed
radius and variable radius). In the fixed-radius condition,
the distance from the center to where the participant sat
remained unchanged; however, the speed of rotation was
altered to produce variations in the centrifugal acceleration.
Conversely, in the variable-radius condition, the speed of
rotation was kept constant, and the radius of the rotation was
changed over time to achieve a centrifugal acceleration that
closely matched that observed in the fixed-radius condition.
The resultant GIA detected by the otolith organs under both
conditions was virtually the same; the main distinction was
whether yaw rotation signals from the canals were present
(fixed-radius condition) or not (variable-radius condition).
The details of this process are as follows.

4.2.1 Fixed-radius condition

The centrifugation radius was fixed at 0.54 m. The chair car-
rying the participant started at an initial velocity of 0 °/s and
accelerated uniformly to reach 250 °/s in 10 s. This angular
velocity was maintained for 120 s, after which it deceler-
ated to zero over another 10 s and stopped. Assuming that
the rotation occurred counterclockwise and the participant
always faced forward in a direction tangential to the circle
of rotation, the centripetal acceleration acted to the left of
the participant. During steady state rotation at an angu-
lar velocity 250 °/s, the centripetal acceleration reached
approximately 1 G.

4.2.2 Variable-radius condition

In the variable-radius condition, chair rotation was main-
tained at a constant speed of 250 °/s throughout the experi-
ment. Initially, the centrifugation radius was set to 0 m,
indicating concentric rotation. The participants were
exposed to this rotation for sufficient time for the canals to
no longer signal angular motion, which was set to 200 s in
the present simulation study, whereas 5 min was employed
for the experiments (Merfeld et al. 2001). After this ini-
tial period, the radius was increased in a quadratic manner
over 10 s to achieve the same lateral acceleration as that
employed in the fixed-radius condition while maintaining
the rotational speed at 250 °/s. This phase was followed by
120 s of rotation at a constant radius of 0.54 m, after which
the radius was reduced back to zero in another 10 s.

4.3 Simulation results

Figure 3 shows the simulation results for the somatogravic
illusion using the (1) 6DoF-SVC model and (2) Merfeld
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Fig. 3 Simulation results for the somatogravic effect with (A) the
fixed-radius condition and (B) the variable-radius conditions. For each
condition, the left and right figures illustrate the results using (1) the
6DoF-SVC (Inl) model and (2) the Merfeld model. For each graph,
the upper two signals represent inputs of the models: GIA fand angular
velocity w. The lower two signals are the model simulated perceived
motion: & and perceived head tilt calculated from §. The perceived tilt
plots also include the average response obtained from multiple par-

model under (A) fixed- and (B) variable- radius conditions.
In each graph, the upper two signals represent the inputs of
the models: GIA f and angular velocity w. The two lower
signals are the model-simulated perceived motion & and
perceived head-tilt §,, which is defined as follows:

0, := atan(gy, g.), (20)

@ Springer

ticipants, digitized from Merfeld et al. (2001) for direct comparison.
Similarly, the slow-phase velocity of the horizontal VOR obtained
from Merfeld et al. (2001), inverted in sign, is overlaid with the plots
of @ for the fixed-radius condition. For the variable-radius condition,
however, the result was not overlaid because the experimental data
provided in that paper correspond only to the steady-state phase (at
200 s in the figure), and they show values close to zero, which is con-
sistent with the simulated results

where § := (9., 9y, §.)7 and the definition of § is according
to Eq. (6). Consistent with Fig. 2, the definition of § in Fig.
3 adheres to that provided by the 6DOF-SVC model.

The results in Fig. 3(A) under the fixed-radius condition
for both models demonstrate that the model-predicted per-
ceived tilt increases with the lateral acceleration with some
delay, eventually converging towards the GIA direction (45
°) for both models. Conversely, during deceleration, the pre-
dicted perceived tilt converges to 0 © without delay. This
trend was consistent with the experimental data, which were
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digitized from the results in (Merfeld et al. 2001), and over-
laid with the simulation results for direct comparison.

In contrast, in Fig. 3(B), for the variable-radius condi-
tion, neither model exhibited the aforementioned delay for
both the acceleration and deceleration phases, and the pre-
dicted perceived tilt aligned with the GIA direction in the
steady-state. This result aligns with the trends observed in
the participant experiments as previously described (Mer-
feld et al. 2001).

For both the fixed- and variable-radius conditions, exhib-
ited behavior that decayed over time, which is qualitatively
consistent with the observed VOR responses. However, the
time constant of the signal differs between the models: the
Merfeld model shows a closer match to the observed VOR
velocity (digitized from Merfeld et al. (2001), whereas the
6DoF-SVC model exhibits a longer time constant, particu-
larly under the fixed-radius condition.

5 Discussion and conclusion

Theoretical analysis of the 6DoF-SVC models and the Mer-
feld model in Sect. 2 revealed that among their structures,
only the Inl model shows that the equilibrium points coin-
cide with perceived motion thought to be ‘appropriate’ when
assuming the body is at rest, regardless of the earlier system
states, including initial value. Furthermore, the asymptotic
stability of the dynamic equation of the Inl model to the
equilibrium point has been proven. Note that for the other
two 6DoF-SVC models, including the original 6DoF-SVC
model (called the In3 model in the present study), as well
as the Merfeld model, the equilibrium points depend on the
prior states, though the calculations were omitted due to
space constraints. This feature of the Inl model is signifi-
cant, because it shows that the internal state can return to
the appropriate values, even after being perturbed, when left
undisturbed. The other models require the assumption of
a mechanism for continuously maintaining accurate states
to obtain appropriate state variables and, hence, perceived
motion. Similar discussions have been made previously by
(Bos and Bles 2002) regarding the GIA resolution using the
generalized Mayne equation described in Eq. (3), which
generates the sensory afferent level and can be regarded as a
part of the self-motion perception model based on the inter-
nal model hypothesis employed in the present study. The
contribution of the present research is to extend this discus-
sion to the perceived motion as calculated by the motion
perception model through the stability analysis of the model
dynamics. In Sects. 3 and 4, we specifically addressed the
Ferris wheel and somatogravic illusions as motion para-
digms, where the otolith-canal interaction, more specifically
the GIA resolution, plays a significant role. By comparing

the 6DoF-SVC (Inl) model with Merfeld’s model, it was
demonstrated that the Ferris wheel illusion can be described
by the 6DoF-SVC model, but not by the Merfeld model,
while both models reproduced the somatogravic illusion. To
the best of our knowledge, the 6DoF-SVC model is the only
model capable of describing both phenomena. Inoue et al.
(2023) conducted numerical simulations focusing on struc-
tural variations within the SVC models and demonstrated
that the In1 model is capable of replicating the somatogravic
illusion under fixed-radius centrifugation without any
unnatural drift after motion exposure. However, they did
not perform theoretical analyses on the equilibrium point
of the model and its asymptotic stability. [rmak et al. (2023)
compared three models—one of the SVC models, the
Merfeld model, and a particle filter model—to investigate
their capabilities in describing both motion perception and
motion sickness. Their study revealed that while all models
aligned well with observed data in motion perception para-
digms such as centrifugation with fixed-radius conditions,
EVAR, and OVAR, none could identify parameter sets that
simultaneously and accurately described both perception
and motion sickness. Notably, their analysis did not include
the 6DoF-SVC (Inl) model, on which the present study
focuses, because our theoretical analysis demonstrates that
this model uniquely satisfies asymptotic stability to a unique
physiologically plausible equilibrium point. From these
discussions, the contributions of the present study are first
to demonstrate that asymptotic stability around the equi-
librium point is an essential factor for motion perception
models, and that only the Inl model satisfies this among the
6DoF-SVC models and the Merfeld model. Another con-
tribution is to demonstrate that the Inl model qualitatively
reproduces motion perception in the Ferris wheel illusion,
and in the somatogravic illusion under fixed-radius and
variable-radius conditions—whereas the Merfeld model is
incapable of representing the Ferris wheel illusion.

The 6DoF-SVC (Inl) model described the Ferris wheel
illusion based on certain signal behaviors: (a) the perceived
angular velocity converges to zero, and (b) the perceived
inertial acceleration exhibits sinusoidal waves in a quadra-
ture phase relationship. This combination should lead to a
sensation of moving along a circular path with zero angu-
lar velocity. However, with respect to the perceived orien-
tation, the model does not sufficiently represent it. In the
Ferris wheel illusion (Stone and Letko 1964; Bos and Bles
2002), the perceived orientation is believed to rely on the
path integration of canal afferents, idiotropic vectors (Mit-
telstaedt 1983), somatosensory cues (Bos and Bles 2002),
and (c) g, which represents the perceived gravity derived
from GIA resolution via the otolith signal (Bos and Bles
2002). Indeed, it has been observed that applied body
pressure affects the perceived orientation in this illusion
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(Lackner and Graybiel 1978). In our simulation results
with the 6DOF-SVC (Inl) model (Fig. 2(a), ||g|| decayed
over time to a value significantly less than 9.81. However,
when ||@]| is smaller, the norm of ||§|| remains near 9.81
and continues to exhibit sinusoidal waves in a quadrature
phase relationship (not provided in this paper). Experimen-
tally, it has been observed that the Ferris wheel illusion
can occur even at low angular velocities (Stone and Letko
1964). When ||§]|| decays with larger ||@]|, the otolith signal
might become ambiguous, suggesting that the aforemen-
tioned other cues may play a dominant role in determin-
ing the perceived orientation. Conversely, it is necessary to
consider that other cues can dominate in determining per-
ceived orientation, even in cases where ||g|| does not decay.
However, the explanation of such mechanisms is beyond the
ability of the 6DoF-SVC (Inl) model, which is based only
on vestibular sensation. Understanding and modeling these
mechanisms remains an important topic for future research.
Furthermore, model calculations using the 6DOF-SVC (In1)
model predict that the perceived radius of the Ferris wheel
gradually decreases as ||@]| increases (not provided in this
paper), in line with the predictions by (Stone and Letko
1964; Mayne 1974; Bos and Bles 2002). However, there is
no study, including (Stone and Letko 1964), that has clearly
reported the observed phenomenon in which the perceived
radius of the illusory motion decreases as the rotational
velocity increases. Instead, observations (Stone and Letko
1964) indicate that, as the rotational velocity increases, the
perceived circular motion becomes anisotropic, meaning
that the motion deviates from a circular path and takes on
an elliptical trajectory, and eventually transitions to linear
motion, with the amplitude of this linear motion gradually
decreasing. Except for the presence of such anisotropy, this
behavior might be considered in line with the decrease in
amplitude due to increasing velocity. It should be noted that
the current 6DoF-SVC (Inl) model cannot replicate the
shift from circular to elliptical perceived motion reported
in the previous study. It is worth noting here that no stud-
ies to date have explicitly and quantitatively investigated
this perception in the Ferris wheel illusion using rigorous
psychophysical methods. This highlights the need for future
research employing these techniques to validate perceptual
dynamics in such paradigms.

The key differences between the motion perception com-
ponents of the SVC models and the Merfeld model are as
follows. (1) In the SVC models, the magnitude of the per-
ceived gravity vector can change over time, whereas it can-
not in the Merfeld model. This difference highlights one of
the reasons why the Merfeld model requires “appropriate”
initial values of the state variables. (2) In the SVC models,
perceived angular velocity @ is not affected by the otolith
signal, while in the Merfeld model, it is influenced by the
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otolith signal, specifically by changes in the direction of the
GIA. Related to point (1) above, as described in Sect. 2.3.2,
the Merfeld model can update the direction of the perceived
gravity vector, but not its magnitude, which precludes it
from correcting any deviations caused by internal noise or
perturbations. Consequently, the Merfeld model may allow
the unrealistic persistence of perceptual errors. This limi-
tation suggests the relevance of incorporating a calibration
mechanism—such as that introduced in the Inl model—
which allows all state variables, including the perceived
gravity magnitude, to converge to plausible values even in
the presence of internal noise or perturbations and irrespec-
tive of prior states. In this regard, Kravets et al. (2021) and
Allred et al. (2023) proposed models in which additional
mechanisms were incorporated into the Merfeld model to
describe adaptation to altered gravity environments. These
extensions may also be useful for maintaining a correct
magnitude of gravity in the above context. Since the present
research has proven that perceived motions in the Merfeld
model converge to appropriate states for all variables except
the magnitude of perceived gravity, such additions may
enable convergence of all state variables to physiologically
plausible values. Investigating this possibility remains an
important direction for future research. On the other hand,
although the present study focused on motion perception
under stationary Earth-gravity conditions, another impor-
tant direction for future research is to investigate adaptation
to altered gravity environments. This direction of research
could be pursued within the same modeling framework by
analyzing the time course of perceived gravity. The point
described in (2) above differentiates between the SVC
model and the Merfeld model in terms of their ability to
describe the Ferris wheel illusion. The feature that @ is
unaffected by the otolith signal in the SVC model results
in the canal afferent converging to zero even when exposed
to off-vertical rotation at a constant velocity. This contrib-
utes to achieving @ = 0, as actually observed in the Ferris
wheel illusion. In contrast, the feature that the otolith signal
influences @ in the Merfeld model, results in & potentially
not reaching zero even after the canal afferent converges to
zero. This non-zero @ further impacts g and ultimately con-
tributes to preventing & from becoming sinusoidal. Bos and
Bles explained the Ferris wheel illusion using the general-
ized Mayne Eq. (3) itself, which is used in GIA resolution
(Bos and Bles 2002). In the present study, we assumed an
internal model to also include the generalized Mayne equa-
tion, and perceived gravity was considered to be represented
by g. Based on this, the present research demonstrated for
the first time that both the Ferris wheel and somatogravic
illusions can be represented using this § in 6DoF-SVC (In1)
model. Another key difference is that the Merfeld model
was not originally designed to predict motion sickness; thus,
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it requires an extension to account for the conflict signals
employed in the sensory conflict or neural mismatch the-
ory (Reason 1978). Oman’s model (Oman 1982) pioneered
in addressing this, and the computational models of SVC
theory (Bos and Bles 1998; Kamiji et al. 2007; Inoue et al.
2023) have subsequently been developed as a refinement of
this formulation. Notably, Allred and Clark (2024) recently
proposed a computational model of motion sickness based
on the sensory conflict theory, using the Merfeld model
(Merfeld and Zupan 2002). In that model, a weighted sum
of discrepancies between sensory afferents from the otolith
and canals and the corresponding expected signals is consid-
ered the source of the conflict leading to sickness. Given the
work by Allred and Clark (2024), comparing these models
from the viewpoint of motion sickness prediction remains
an important direction for future research.

The present research, though, has some limitations. For
instance, the discussion regarding the model’s ability to
describe human self-motion perception in this study remains
qualitative, implying that a quantitative analysis is required.
Note that a previous study (Inoue et al. 2023) quantitatively
demonstrated that the 6DoF-SVC (Inl) model can describe
the somatogravic illusion for fixed-radius centrifugation
observed in Merfeld et al. (2001). Furthermore, the inves-
tigation in the present study was limited to the two motion
paradigms of the Ferris wheel and somatogravic illusion.
Thus, an investigation in contexts other than these two para-
digms is an important direction for future research. More-
over, because this study focused only on models utilizing
the vestibular system, validation was limited to motion per-
ception in the dark. The validation of models incorporat-
ing vestibular-visual interactions is also an important area
for future research. A recent study (Kotian et al. 2024) has
explored visual contributions to both motion perception and
motion sickness using models including SVC models and
a conventional motion perception model, primarily focus-
ing on validation through numerical simulations across
multiple paradigms. However, theoretical analyses of equi-
librium points and their stability—such as those presented
in the present study—remain limited and warrant further
investigation.

In the present study, it is assumed that perceived signals
such as § and a are inputs to the internal models of sen-
sory dynamics, similar to Merfeld’s model (Merfeld and
Zupan 2002). This assumption is based on the idea that
these inputs are expected to be optimal estimates of physi-
cal motion based on the observer theory and are believed
to be used for motion control. However, observations in
multisensory integration research (de Winkel et al. 2018)
suggest that self-motion perception can be reported for each
sensory modality, raising the possibility that either the sen-
sory afferent (e.g., g, in the model) or the expected sensory

afferent calculated by the internal model (e.g., §, in the
model) might be another candidate for perceived motion. In
addition, some research (Bos et al. 2008; Bos and Correia
Gracio 2015) have argued that inertial acceleration of self-
motion cannot be perceived. These issues remain a topic of
debate.

In conclusion, this paper aimed at a unified model of self-
motion perception and motion sickness. To this end, it con-
ducted a theoretical analysis of the self-motion perception
part of 6DoF-SVC models for vestibular motion sickness,
along with numerical simulations in two motion paradigms
where otolith-canal interaction plays a significant role,
comparing them with a frequently-cited motion perception
model. As a result, the 6DoF-SVC (Inl) model was identi-
fied as the most promising candidate due to its ability to
ensure that the predicted self-motion perception converges
to “appropriate” values under rest conditions, regardless of
the prior system states, as well as its capability to describe
the two motion scenarios. However, it should be noted that
the conditions examined in this study represent only a sub-
set of the broader range of relevant conditions, such as tilt
damping and the hilltop illusion. Additionally, many uncer-
tainties remain regarding human perception itself, including
whether changes in tilt perception influence angular veloc-
ity perception. In this sense, the current study represents
one of the foundational steps in a broader exploration, with
many steps yet to be taken.

Appendix A: Equilibrium point of the other
vestibular 6DoF-SVC models

Appendix A provides the detailed equilibrium analysis for
other SVC models mentioned in Sect. 2.

SVC model family

As discussed in Inoue et al. (2023), there exist multiple
versions of models based on the SVC theory for vestibular
motion sickness involving 6DoF motions. The only differ-
ence among them is the presence or absence of integrals
within the feedback process, highlighted in Part X and
enclosed by the red dotted lines in Fig. 1. The main body of
the present paper has focused on the theoretical analysis of
the Inl model, as described in Sect. 2. Here, we conducted
theoretical analyses of the following other models:

In3: Integrals are present in all three error signals (Kamiji
etal. 2007; Wada et al. 2018).

In2-w: Integrals are present in two signals, excluding
Aw.

In2-a: Integrals are present in two signals, excluding Aa.
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Equilibrium points of the In3 model (the original
model)

The dynamics of the In3 model is given as follows:

:i)SCC
1 1 1
_(?d ;) scc Lsce — W
1
—(f—9,)—wsxg,
s
1.~ N o
—(f—§,) —@s x4,
p
1 1.
&= Flwu) = |~ T @ - (AD
ch(ws 7‘:’.5‘)
Kac(ffffgs +§3)
Koe(gs — 8,)

2 1 P —g,ll/b)°
il M+ 72(”9;—9,;/”/17)2
I TI I 1+(Hgsigs||/b)

LM

where state vector x and input « are defined as

i T . T T AT T T AT q° 26 % 1
T = [ws(‘,c‘rwsc(‘ﬁgs 1 9s w;\(~$ g ,]U A[] €ER ’

L)

(A2)
_ [fT,wT]T c R6><1 , (A3)

where M denotes MSI, and with intermediate variables
defined as

w, = (Tld n 1) oo + (A%)
@ = Kyw + Tye (AS)
W, 1= Tsoe + @ (A6)
4 :=K,a+ T4 (A7)
f=a+g (A8)

The equilibrium points of the above dynamics under the
condition with no external motion inputs, which are charac-

terized by f = g, (= const.) and w = 0, are given as
Teq = {z|F(z,[f = gy,w = 0]) = 0}

=105,05,97.90, (x5)" (=)™ (257, (§°)7,0,0]7,

(A9)

where 03 := [0,0,0] € R'*3, and

P — / Kouelws(7) — @u(r))dr = o}

(A10)

eq eq __
[x;(\c mumj| {mgpp Lwe

ot 2= [ Kodlgu(r) = 0,(7) + Koclas(r) = ()i = go}

(A11)

@ Springer

suggesting that the elements of the equilibrium points
in (A10) and (A11) are not determined uniquely, but form
a set, and the state variables converge to a specific point
within this set depending on the initial values, and by exten-
sion, the history of the state vectors. This is the cause of
the drift in perceived variables, including g, as explained in
Sect. 2 of the present study. The resultant perceived motion
variables corresponding to the set of the equilibrium points
given by the above are & = [} K,.(w(7) — &(7))dT and

[G°,a°] = {g,alg + a = g,}.

Equilibrium points of the In2- w model

The dynamics of the IN2-w model is given by

_:iSLC
1
_(7 n) SCC_TdiTmSCC_w
1
—(f—g,) —ws xg,
-
1 4
;(f —§,) —@s X g,
t=Fleu=|_1 14 (A12)
Td scc T[‘l
Koo(f —f—9,+8,)
Koc(gs — §s)
A 2
73MfiM+£ (llgs — gsll/b) .
I 7 71+ (Ilg, — §,11/b)
LM
where state vector x and input u are defined as
x =2l e gl 00, @ @l 6" M, M]T € R (A13)
=" e RO, (A14)
where intermediate variables defined as
1 1., 1
Wy 1= (7 + 7)$scc + —Tsee tw (AlS)
Td Ta TdTa
@y = —— L (T~ + Kypw + Kyews) (A16)
1 + ch sce
@ = Kye(ws — @) + Kyw (A17)
a:=Ky,a+ x4 (A18)
f=a+g (A19)

The equilibrium points of the above dynamics under the
condition with no external motion inputs, which are charac-
terized by f = g, (= const.) and w = 0, are given as

Leqg = {m|F(x [f =90,wW = 0]) = 0}

. A20
— [04,05.g7. g7 05, (&0)7. (g)7, 0,07, (A20)
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where

000 = [ Kol () = 0,071 + Kaclan(r) — an(r)ir - gu}

(A21)

(60, 2] = {g‘ T

suggesting that the element of the equilibrium point in
(A21) is not determined uniquely, but forms a set, and the
state variables converge to a specific point within this set
depending on the initial values, and by extension, the his-
tory of the state vectors. This is the cause of the drift in per-
ceived variables, including g, as explained in Sect. 2 of the
present study. The resultant perceived motion variables cor-
responding to the set of the equilibrium points given by the
above are ©“/ = 0 and [§°?,a°7] = {§,a|g + & = g, }-

Equilibrium point of the In2-a model

The dynamics of the In2-a model is given as follows:

-i:S(?{‘
11, 1
7(7 *)werc —Lsce w
Td Ta
1
;(-f - gs) ws X gg
Lo o0
—(F =9, - @i xg,
t=Fxu=|_1 1. . (A22)
Td scec Td
Kye(ws — @s)
Kye(9, —9,)
2.1 P = a,ll/b)?
LSV Y (Ilgs g.»IAI/b) ;
I T 71 1+ (llgs — g.l1/b)
LM
where state vector x and input « are defined as
T = [wzc(;-, iTsccvg§7g37 wg\c7w£m AT-, A.L JW]T € R®X! 3 (A23)
wi=[f", " e RO, (A24)

where M denotes MSI, and with intermediate variables
defined as

ws = (jd 4 1) Buce + = —Tuce 0 (A25)
@ = Kyw + Toe (A26)
Qs i=Torp +@ (A27)
a:=Kea+FK,(f—g,— f+3,) (A28)
f=a+g (A29)

The equilibrium points of the above dynamics under the
condition with no external motion inputs, which are charac-
terized by f = g, (= const.) and w = 0, are given as

Teq := {z|F(z,[f = go,w = 0]) = 0}

=[03,05,97 .90 (x;ﬁ(?)T (x2)T, g8,0,0]",

(A30)

where 03 := [0,0,0] € R'*3, and

.
Tsge + Tue = Tsoe +/0 Kuye(ws(1) = @s(7))dr = 0} s

(A31)

e

q eq | _ .
[xs/c\cwu} = {””SCG‘Q”"’“

suggesting that the element of the equilibrium point in
(A31) is not determined uniquely but forms a set, and the
state variables converge to a specific point within this set
depending on the initial values, and by extension, the his-
tory of the state vectors. This is the cause of the drift in
perceived variables, including g, as explained in Sect. 2 of
the present study. The resultant perceived motion variables
corresponding to the set of the equilibrium points given by
the above are & = [¢ Kyo(w(T) — &(7))dr, which can
take non-zero values even though now w = 0 is considered.

Appendix B: Equilibrium points of the
Merfeld model

Appendix B provides the detailed equilibrium analysis for
the Merfeld model (Merfeld and Zupan 2002), a frequently-
cited motion perception model.

The dynamics of the Merfeld model is given by

:1.:5(/'(5
11\,
d _<?d+?) Lsce — Lsee + W
= F(x,u) = 1 1 (A32)
——T - —w
Td scc Td
—wg X §
where state vector x and input « are defined as
x =[xl al.,v="T,9"]" € R, (A33)
wi=[f" W, (A34)
where
f=g9g-a (A35)
R— (9 — Kaf) A36
C1-K, 9 a ( )
1 1) .
Ws:=| —+ — | Lsce + ——Tscc + W (A37)
Td Ta TdTa
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L1 o it Fxf Aa=az — ag (A44)
TR {K“("’S o) + Kpuoos (HfHHfH) IE f||} (A38)

d.
T 2 A d79 - K’UCAg (A45)
-1 ' r Fxf " t
wy = Kycos — — tw (A39)
LA UL < £l 5~ a
f=g+a+Ka (A46)
R TR 1 R K, R .
a :g—f:g—ﬁ(g—Kaf)zliK (f—9) (A40) @ =K, Aw+ K, ,w (A47)
The equilibrium points of the above dynamics under the P (llgs — 9sll/ b)2
iy . . . M = 5 8 . (A48)
condition with no external motion inputs, which are charac- (115 + 1)2 1+ (lg. — 9. /b)2
terized by f = g, (= const.) and w = 0, are given as s
By introducing the following new vector:
Leq = {$|F(£I}, [f =9gp,wW = OD = 0}
T (A41) 1
3,03,090] ) Lgee - — — w
(s+2)(s+2) (A49)
where ¢ denotes a constant scalar.

Given this,
vectors  describing  self-motion  perception  sat-
isfy a“"=(1-¢K./(1+K,)gy, @°1=0, and
§°? = cgg- This means that the perceived gravity §(¢) can-
not be guaranteed to converge to the physical gravity g,
in its magnitude because ||§(t)|| cannot change over time
according to eq. (A32). Given them, to achieve §*/ = g,
or accurately predict physical gravity in the steady state
when humans are without physical motion, it is necessary to
know the magnitude of gravity ||gq|| accurately. This also
indicates that if any fluctuation occurs in ||g(¢)||, a mecha-
nism to resolve it should be added to the model to correct
it. Please note that one of the major differences between the
6DoF-SVC (Inl) model and the Merfeld model is that the
perceived angular velocity @ is affected by the otolith signal
in the Merfeld model, as shown in (A36) and (A38), but not
in the Inl model as illustrated Eq. (12). This difference is
considered to be one of the reasons why the Ferris wheel
illusion cannot be described by the Merfeld model.

Please refer to Merfeld and Zupan (2002) for fur-
ther details of the model. The parameter values used in
the numerical simulations of the present study were also
adopted directly from that publication, and are summarized
in Table 2.

Appendix C: Derivation of Eq. (5)

According to Fig. 1, the dynamic equations of the 6DoF-
SVC (Inl) model are described by Eq. (1) through (4),
together with the following equations:

dg. 1 4

s _(Fog)—a A42
dt 7_(.f gs) wS X gs ( )
Aw =ws — &g (A43)

@ Springer

Equation (2) can be rewritten in the time domain as
follows:

1 1) ., 11
Wg=wW+ | —+ — | Tgee + — —Tsce - (ASO)
Td Ta Td Ta
Transforming eq. (A4) into the time domain yields:
. 1 1Y ., 11,
Tsce=—| =+ — | Lsce = — —Lsce —W - (AS1)
Td Ta Td Ta
By introducing the following new vector:
L 5 A52
_ = — w
sce Tgs+1 7 ( )

Equation (4) can be rewritten in the time domain as
follows:

D=0+ x—~ .

scc

(AS3)

Transforming eq. (A52) into the time domain yields:
E~=——x—~——0. (A54)

Additionally, transforming eq. (68) into the time domain
yields:

1 .
M=—-2—M -

1. P (llg.— .ll/0)’
T 1 P14 (g, — g.ll/0)° - (ASD)

The differential equations (A51), (3), (A42), (A54),(A45),
and (A55) can be expressed in the form of Eq. (5), provided
that the state variable vector is defined as Eq. (6), that is,

T AT AT
x =[xl & scc,g?,gs,mg\m,g ,M,M]T. Note that
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the right-hand side of Eq. (5) includes variables wg,&s,
and wthat are neither state variables nor inputs. However,
as shown in Egs. (8), (9), (12), and (10) together with (11),
all of these can be expressed solely in terms of the state
variables and inputs.

Appendix D: Linearized dynamics of 6DoF-
SVC (In1) model

Eq. (A56) is a linear dynamical system obtained by lineariz-
ing the dynamics of 6DoF-SVC (Inl) model (Eq. (5)) using
the Taylor expansion around the equilibrium point. Note
that M and M are excluded from the equation.

05 03 03 03
05 03 05 05
i 05 03 03

\ , \ s
TeED oy oome LR s o LR v ol (PR v v 2 £

EREREE

03 05 i E> i 03

Kool Kooy 05 03

(AS6)

where [z]xdenotes a 3x3 skew-symmetric matrix that
corresponds to cross products with vector z, and O; and
I; denote the 33 zero and identity matrices, respectively.
Please also refer to Sect. 2.3.2.
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