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ABSTRACT
In this new model of self-motion perception we focused on
two main questions that are central in this field. The first
one is how the central nervous system (CNS) merges in-
formation coming from different sensory modalities (as vi-
sion, touch, vestibular system,...). Another important ques-
tion is how the system uses translation and rotation infor-
mation properly to give a correct estimation of motion in
three dimensions. These two questions have many ramifi-
cations like gravito-inertial force problem or the explana-
tion of the non-linearity of multimodal fusion. We propose
that the multimodal fusion is realized in the time/frequency
space. In addition, we propose that the CNS uses a popula-
tion of quaternion-like cells to process rotational and trans-
lational information. This model can be considered as a
general framework based as much on theoretical concerns
as on experimental results of different studies.
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1 Introduction

The ability to perceive one’s own motion in three dimen-
sions is fundamental in everyday life. Whether it is to sta-
bilize images on retina, to realize a complex movement or
to keep a stable posture, the perception of self-motion is
involved and vital. Some theoretical problems are central
for the modeling of self-motion perception. Among them
we assume that the most important are based on fusion
of information of different kinds. Indeed the particularity
of self-motion perception is to use different modalities as
vision, vestibular system and different proprioceptive sys-
tems. The second kind of information that the central ner-
vous system (CNS) have to merge properly, is the informa-
tion of translation and rotation that can come from all the
modalities that we quoted. A model of perception of self-
motion have to answer to these two questions to be able to
explain how the CNS combines the different sources of in-
formation.
To answer to the question of multimodal fusion, we can
firstly ask why the neural system need to use different
modalities, and not only utilizes, for instance, vestibular

information. It has been suggested that one possible an-
swer is linked to the fact that the different sensory modal-
ities are complementary in term of frequency [1, 2]. For
instance the visual system is known to be more accurate in
very low frequencies [3, 4] approximately in the interval
[0.14Hz;< 0.008Hz] and the semi-circular canals have an
higher frequency passband, approximately [0.05Hz;30 Hz].
On the contrary, a proprioceptive sensory system as touch
has a very high pass filter behavior with a passband inter-
val of [70Hz;1000Hz] (for Pacini’s receptors). It seems
that the different captors involved in self motion percep-
tion are complementary in the frequency domain. Consid-
ering how neurons code information, a frequency coding
of information can be considered as a realistic possibility.
In addition, in recent years, increasing works emphasized
the role of time in self motion perception [5, 6, 7]. For all
these reasons, we propose that CNS uses a coding based
on time/frequency representation for self-motion, and we
consider that this assumption is realistic and biologically
plausible.
Moreover, given that CNS uses a time/frequency coding,
from a signal processing theoretical point of view, the
choice of a proper time/frequency transform is crucial. For
any system which has to analyze a signal in the frequency
domain, the problem of the accurate localization in time of
a given frequency is essential. We assume that the CNS,
as a system which have to detect different combinations of
frequencies in the appropriate time window, has exactly the
same constraints. It is clearly understandable why the in-
troduction of a finite temporal windows of observation for
the CNS is very important to determine the temporal local-
ization of given non-stationary frequencies. One possible
implementation is to analyze the signal in a fix window of
observation. It is exactly what the Gabor Transform pro-
poses:

Gf (b, w) =

∫

R

f(t)g(t − b)e−iw(t−b)dt (1)

, whereg(t) is the time window function and‖g‖ = 1 and
w the angular frequency.
A principle called the inequality of Eisenberg states that
there are a limit between the possible precision of the ob-
servation time window and the precision of the frequency



that can be detected by a given system. In changing the
size of this window , it is possible to be closer to this limit
for a given frequency. This is a complicated question be-
cause ecological signals are not usually pure frequency but
a melting of many. It comes that having a unique size of ob-
servation window or to have sequentially different size of
window do not give an optimal result. The solution to this
problem is to analyze the signal with different windows of
different sizes but in parallel. One possibility is to work
with many windows at different scales. This is very close
to the definition of wavelets.
Another important question is linked to geometrical prob-
lems. How the CNS uses and combines rotation and trans-
lation information to create an adequate percept of motion
in 3D. We propose that specialized neurons of the vestibu-
lar nuclei have the ability to change the reference frame
in real time. These neurons combine many inputs and we
assume that they use quaternion-like activation function to
compute the rotation of the reference frame. To be more ac-
curate we assume that these neurons could perform a kind
of quaternions multiplication. We differentiate two cases,
the first one multiplication between a unit quaternion and
an acceleration vector which make a rotation of frame, and
a second one between a unit quaternion and a second unit
quaternion, which represents a combination of rotation. In-
deed, it is known that VN neurons can fusion information
coming from canal and otoliths conveying translation infor-
mation [8]. In our model translation information are con-
sidered as pure quaternion. But we know also that otoliths
can give an information of rotation in the same VN neurons
[9], in this case we considered that these rotating vectors
coming from otoliths are unit quaternions.

2 Gravito-inertial Problem

Our approach is very low level because the goal is to model
a population of neurons but it is important that it fits with
psychophysic results. One of the most popular problem is
the gravito-inertial force (GIF) problem, it comes from the
observation that otoliths can be considered, in first approx-
imation, as accelerometers. Thus like all accelerometers
they cannot differentiate between linear acceleration and
the tilting (gravitational acceleration) [2, 10, 11, 12, 13].
This can be represented mathematically by :

~f = ~g + ~a (2)

where ~f is the gravitoinertial force per unit mass
transduced by the otoliths afferents,~g is the gravitational
force per unit mass and~a the linear acceleration.
However tilt [14] and translation [15, 16, 17] can be per-
ceived independently by humans. Thus the conclusion is
that other information are needed to disambiguate otoliths
information.
Former studies [2, 18] argued that two different populations
of otolithic primary afferents activated during motion serve
to identify the two parts of the signal :linear motion and

tilt. These populations of neurons are tonic units (low pass
filters) and phasic units (high pass filters), tonic units being
linked with gravitational acceleration and phasic with lin-
ear acceleration. More recently a determinant physiologi-
cal study ([12]) showed in monkeys that, under a condition
where resultant gravity for otoliths where 0G, the specific
linear vestibulo-ocular reflex (LVOR) induced by the trans-
lation of the animal disappears only when the semicircu-
lar canals are inactivated. This result showed that semi-
circular canals information is used to compute the estimate
of linear acceleration.
It is important here to note that there is no opposition be-
tween the two approaches. Indeed the CNS can use the in-
formation provided by the two types of otolithic units and
at the same time, use the information coming from semi-
circular canals. Moreover it is exactly what Mayne (1974)
[18] had proposed in his model.
We will subsequently explain how our new approach can
be considered as a possible solution of the GIF problem.

3 The Model

3.1 Quaternion

A quaternion can be define as follow:

q = a+bi+cj+dk {a, b, c, d} ∈ R, {i, j, k} ∈ Z (3)

If we consider the unit quaternion‖q‖ = 1, which rep-
resents a rotation in three dimensions, we can define the
rotation of a three dimensional vectorV as:

Vrot = Vinit + 2Q(θ).Vinit (4)

Q(θ) =





−(c2 + d2) bc + ad bd − ac
bc − ad −(b2 + d2) cd + ab
bd + ac cd − ab −(b2 + c2)



 (5)

Vt = Vt−1 + 2Q((w(t) ∗ ∆t)).Vt−1 (6)

wherew is the angular velocity.
We assume that quaternions-like cells can be useful

to rotate the frame of observation of translations. Thus in
this kind of computation, the direction of gravity is theoret-
ically always known. This can facilitate the computation of
acceleration. Because it can be inferred that if the resultant
force is not aligned with the direction of gravity, it means
that an additional acceleration occurs. One can argue that a
limitation of the model happens when inertial acceleration
is aligned with gravity. But it is exactly what can be ob-
served, indeed many studies report a limitation to evaluate
direction of acceleration for Z axis (earth vertical) stimu-
lations [19, 20]. Thus quaternion-like cells could be a first
answer to the resolution of the GIF problem.

3.2 Von Mises-Fisher distribution

In this article we used the Von Mises-Fisher distribution to
represent the activation of canal/otoliths cells by linearac-
celeration only. The reason of the use of this distribution is
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Figure 1. Von Mises-Fisher distribution on the unit sphere
during a rotation about the gray axis.µ = 15 and the initial
direction of acceleration wasvinit = [0, 0.2, 1], the quater-
nion axis was[0.2, 1, 0.2] and the rotation was120 deg.
The final direction of acceleration in the rotated frame was
vfinal[−0.69, 0.62,−0.42].

linked to the non-cosine activation of these cells(contrary to
primary afferent cells) which is never negative. Von Mises
Fisher distribution in dimension three can be defined as :

V MF (x) =
µ1/2

(2π)3/2Bes1/2(µ)
e(µvx) (7)

with Bes1/2 represents the Bessel function of the first kind
and order1/2, µ is the concentration parameter andv the
mean direction vector.

Our method is illustrated in the figure 1. It shows the
initial vector of acceleration (black arrow on the top) and
the final vector after the rotation of the frame (black arrow
on the bottom). This graphic also shows the axis of ro-
tation (gray arrow). In this example we showed the path
of activation of the cell during acceleration and rotation.
This path representation corresponds to the addition of ac-
tivations during few seconds. Indeed at a given time the
activation function corresponds to a Von Mises-Fisher dis-
tribution on the sphere but of course rotated. However, the
path representation can give a better idea of the dynamic of
the spatial tuning of our quaternion-like cells.

3.3 Wavelet

A wavelet transform can be defined as follows [21]:

ψs,τ (t) =
1√
s
ψ

(

t − τ

s

)

s ∈ R
+∗, τ ∈ R (8)

with s the scaling factor andτ the translation factor.
The transform of a signalf(t) is defined as :

Cf (s, τ) =

∫

R

f(t)ψs,τ (t)dt Cf ∈ R
2 (9)

And the reverse transform is :

f(t) =
1

Kψ

∫

R+∗
×R

Cf (s, τ)ψs,τ (t)
dsdτ

s2
t ∈ R

(10)
The admissibility constantKψ is defined as:

Kψ =

∫ +∞

0

|ψ̂(ω)|2
|ω| dω =

∫ 0

−∞

|ψ̂(ω)|2
|ω| dω < +∞ (11)

which implies :

Forψ ∈ R, ψ ∈ L1 ∩ L2,

∫

R

ψ(t)dt = 0 (12)

The minimal admissibility constraints on wavelet
functions are expressed by equation (12).

One of the limitation of the classic definition of a con-
tinuous wavelet is his lake of accuracy in low frequencies.
It is the reason why we propose a function that complement
the wavelet in low frequencies. Basically this continuous
function have the same role than the scaling function. And
the most important, this kind of function is biologically
plausible because the CNS can process very low frequen-
cies and some cells involved in self motion perception have
a low pass filter behavior, like tonic otoliths units. The most
important constraint for this functionφ is :

∫

R
φ(t)dt = 1.

We argued that the CNS probably work in the
time/frequency domain. But we still do not explained how
the information coming from different sources are merged
to give the unique percept. In this article we propose a non
linear fusion. This fusion is themax(f(t), g(t), h(t), ...)
in the time/frequency domain. The interest of themax is
to be a very adaptive way to merge data without a priori
about the variance of the different sources. Indeed the
variance can change in different situations, for instance
the detection of visual motion depend dramatically of the
different cues used. And in a natural scene, the cues can
change very quickly. Thus an algorithm based on the
variance of the different captors has to find a compromise
if the variance parameter is stored and to recompute it
each time is computationally expansive. With the max
algorithm, the CNS find the better source for a given
time and frequency and with a weak computational cost.
For instance the max function in figure (2) would be the
upper curve at each moment. Moreover this algorithm
is non linear as it is well known that it is the case for
the fusion in self motion perception. The kind of re-
sult of the figure (2) with the use of themax function
gives results very close to VN responses in alert monkey
which are exposed to visual and vestibular stimulations [3].

In addition, our time/frequency approach give a nat-
ural framework for frequency segregation for solving the
GIF problem. The VN neurons have variable frequency be-
haviors from low pass to high pass filters which is coherent
with our assumption about time/frequency decomposition.
This also allows a frequency segregation between gravity
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Figure 2. Step of acceleration process with a wavelet (solid
line) and the low pass complementary filter of a wavelet
(doted line). In this example the wavelet is a Laplacian
of Gaussian and the low pass filter function is a Gaussian.
The curve are the result of a continuous decomposition and
a reverse transform.

and inertial acceleration. Gravity being extracted from the
low frequencies part of the signal and the inertial acceler-
ation from the high frequencies part. One can argue that
a limitation of the model is that constant inertial accelera-
tion could be considered by the CNS as gravity. But it is
exactly what can be observed, indeed many studies report
a limitation to evaluate constant acceleration that is called
the somatogravic illusion. Thus multi-resolution approach
could be another appropriate answer to the resolution of the
GIF problem.

4 Application: Path Completion

We applied our model on data coming from a triangular
path completion task. We used some sensors (accelerome-
ters and gyrometers) to store the data related to the motion
of the head of the subject (fig. 3). The activation of the
population of quaternion-like neurons is shown in figure
(5). This figure represent the activation of a population of
neurons at a given time.

For the time-frequency aspect of our study, we
showed the effect of the width of the window of integra-
tion. We used different sizes of window on the signal. And
as expected, the larger the windows is, better is the accu-
racy of the result (see fig. 6 A and B). We also show that
the ”scaling function” is important for the accuracy of the
restitution of the signal. In the figure (4), we showed the
decomposition of the signal in the time-frequency domain
with the help of the wavelet and the ”scaling function”. We
computed the PSNR before and after the addition of the
reversed transform coming from the ”scaling function”. It
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Figure 3. Top : Acceleration in three axes (orthogonal
axes). Bottom : Path of the subject, double integration of
the acceleration.
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Figure 5. Activation of the population of neurons by an
acceleration and a rotation. It can be seen that the most im-
portant part of the population had a resting discharge near
from zero except some neurons which answered to the ac-
tivation in a given direction of motion.

can be observed that the accuracy is always increased with
the ”scaling function” for different axes.

Another very important aspect of the model is the
number of neurons in the population(see fig. 6 C and D).
With 3 neurons equivalent of an orthogonal frame, the pre-
cision of the restitution of the curve is poor. But with 90
neurons, the accuracy can be considered as correct. To
properly evaluate the effect of the number of neurons, we
tested different numbers and we compared these results
with the original data with the help of the PSNR. The re-
sults are summarized in the figure(7).

We can conclude that population of neurons are a
good alternative to classical orthogonal frame. Population
coding is also more biologically plausible than cartesian
coding. The other important point in this study is to point
out that the ideal maximal size of analysis window is dif-
ficult to determine. A large window will abusively use the
information of future and past and the small window could
provoke a loss in accuracy. It seems that the CNS find a
kind of trade-off which results in a ”real-time” and ”accu-
rate” perception of self-motion.
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Figure 6. A: Reconstruction of the path after a wavelet-
scaling decomposition with a maximum width window
of 25 seconds. B: Reconstruction of the path after a
wavelet/scaling decomposition with a maximum width
window of 145 seconds. C: Reconstruction of the path after
the computation with a population of 3 neurons. D: Recon-
struction of the path after the computation with a popula-
tion of 90 neurons.
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