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Chapter 1

General introduction

In daily life it is quite essential to know which way is up, in which direction we
are moving and how we are oriented in space. Our eyes are of great help in spatial
orienting. The visual world contains many cues that the brain can use as spatial
landmarks. Trees are usually upright, and if we see the crown of a tree pointing
towards our feet, we are probably upside down. Furthermore, movement of the
body can be derived from the visual scene. When we see a house passing by, it is
very unlikely that the house itself is moving, and we can pretty safely assume that
we are sitting in a train or a car.
However, our visual system is not always that successful in detecting orientation and motion. It fools us when we are sitting in a stationary train and the
neighboring train slowly starts moving: most people will have the sensation of self
motion. Also during rapid head movements, the processing of visual information is
too slow to be helpful. Of course, there is one situation in which the visual system
is completely useless: in the dark.
The vestibular system (Fig. 1.1) has the ideal properties to compensate for the
shortcoming of the visual system: it is fast, works in the dark and is especially sensitive to rapid head movements. Our vestibular system, or balance organ, is peculiar
compared to the better-known senses. We normally have no conscious awareness of
its sensory signals, in marked contrast to the vivid sensation provided by seeing and
hearing. We only know it is there when it is not functioning properly, for example
after a few beers or when we are dizzy. Despite this unnoticed role, we cannot do
without it. The indispensability of the vestibular system becomes strikingly clear
from a report of a patient with a damaged vestibular system (J.C., 1952): ”Every
movement in bed caused vertigo and nausea, even when I kept my eyes open. If I
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semicircular
canals

otoliths

Figure 1.1 Vestibular system
and its location in the head.
The three orthogonal semicircular canals, detecting
angular velocity, are seen
on the right. The otoliths,
which are gravito-inertial
force sensors, are situated at
the base of the canals.

shut my eyes, symptoms were intensified. At first, I found that by lying on my back
and steadying myself by gripping the bars at the head of the bed I could be reasonably comfortable. Later, even in this position the pulse beat in my head became a
perceptible motion, disturbing my equilibrium.”

1.1 The vestibular system
The vestibular system continuously converts body movement and body orientation
into neural signals that are sent to the brain. The brain is then faced with the inverse
problem: which movements and body orientations gave rise to these signals? This
problem is not easy to solve. Nevertheless, we rarely feel disoriented and most of
the time we know quite accurately how we are moving and how we are oriented,
even in the dark. Apparently, the brain has its ways to overcome the difficulties.
The vestibular system (Fig. 1.1) is located within the inner ears at both sides
of the head. On each side, the system consists of three semicircular canals and two
otoliths. The semicircular canals, or canals for short , are angular velocity sensors.
The canal system on each side contains three endolymph-filled ducts, each being
closed off by a gelatinous mass called the cupula (Fig. 1.2). When the head is
rotated, the inertia of the fluid causes a displacement of the cupula, which is sensed
by embedded hair cells. Because of their narrow ducts and the high viscosity of
the fluid, the canal output reflects angular velocity rather than angular acceleration
of the head (Young, 1984). However, when the head keeps rotating at constant
velocity, the fluid will eventually catch up with head rotation, due to friction. Elastic
restoring torques will then retract the cupula to its equilibrium position, even though
the head is still rotating. Due to this property, the output signal of each canal has
high-pass characteristics, with a time constant of about 5 s. The three canal are
roughly orthogonal, which enables them to detect rotations about any axis.
The otoliths, detecting linear acceleration and head tilt, consist of the utricle
and the saccule (Fig. 1.2). In both, numerous hair cells are stuck in a gelatinous
substance, in which crystals of calcium carbonate are embedded. A gravito-inertial
force (GIF) acting on the otoliths will cause the hair cells to bend, which causes
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Figure 1.2 Schematic illustration of canal and otoliths. Angular acceleration of the head
causes the endolymph in the canals to rotate which in return results in bending of the cupula
which is sensed by the embedded hair cells. Forces acting on the utricle and the saccule
displace the crystals which causes bending of the hair cells. The utricle is approximately
located in a horizontal (transverse) head plane and the saccule in a vertical (sagittal) head
plane. The arrows indicate movement directions of endolymph (in canals) and crystals (in
otoliths) which lead to bending of hair cells and thus to a neural response.

a signal to be sent to the brain. Each nerve cell is sensitive to a force in a particular direction and its output signal is roughly proportional to the applied force ~f ,
caused by gravity or acceleration. However, since gravity and linear acceleration
are physically indistinguishable, the otolith hair cells cannot discriminate between
them. This is known as the otolith-ambiguity problem or the GIF-resolution problem, that will be discussed later in this chapter. Due to the arrangement of the hair
cells and due to the different orientation of the utricle and the saccule, shearing
forces in any direction can be measured.

1.2 Visual stability
Visual objects in the outside world are projected onto our retina. When an object is
moving, its projection also moves on the retina. However, exactly the same thing
happens when the object is stationary and our head moves in space. How can the
brain distinguish between these two situations? As mentioned before, the visual
objects and movements themselves often contain cues that can resolve the ambiguity. When these cues are not available, the brain has to depend on other sensory
systems, of which the vestibular system is the most important one. If the visual
retinal movement is compatible with head movement as measured by the vestibular
system, the object must be stationary in space. If not, the object must be moving
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Figure 1.3 Illustration of internal compensation for head motion in spatial vision. Ignoring eye movements: when the head is tilting 45◦ to the right, visual space will rotate 45◦
leftward relative to the head so that the retinal image is tilted likewise. Head orientation
in space is measured by the vestibular system. The neural retinotopic representation can
then be compensated for perceived head tilt to obtain an internal representation of visual
space. Note that in this example, compensation is solely based on the vestibular system.
However, the brain could also have used panoramic cues, since the visual scene contains
various indications of cardinal directions in the world, such as a tree and the horizon.

in space. In this way, the brain is able to maintain what is called ’visual stability’
or ’visuo-spatial constancy’: maintaining a veridical percept of the outside world
during head movements. The importance of this mechanism is strikingly illustrated
by an observation of the patient with a damaged vestibular system, already quoted
earlier: “Already I had discovered, as I lay in bed, that if I turned my head from
side to side while looking forward I had the sensation that the room turned around
me, rather than that I was turning around in the room”
In order to maintain visual stability, the brain must constantly convert the perceived visual world from retinal coordinates to spatial coordinates, using information about body movements, mainly from the vestibular system. In other words, it
has to compensate for the perceived head motion (Bischof, 1974). This process is
depicted in Fig. 1.3. The real-world processes and the internal processes can also
be expressed by two equations:
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physical relations : OR = OS − RH − HS

(1.1a)

neural processing : ÔS = ÔR + R̂H + ĤS

(1.1b)

where a hat symbol (ˆ) indicates internal estimates or perceptual quantities, a notation used throughout this thesis. OR and OS denote the orientation of objects on
the retina and in space, respectively. RH indicates the orientation of the retina in
the head and HS denotes head orientation in space. Eq. 1.1a describes the physical
relations that determine retinal image OR , i.e. it represents the summing junction in
the physical world in Fig. 1.3. Eq. 1.1b describes how the neural retinotopic representation ÔR is converted to a spatial representation (ÔS ), and can be seen as a
description of the second summing junction, in the neural representation part of
Fig. 1.3. The term RH (not included in Fig. 1.3) accounts for the fact that the eye
can move in the head, thereby causing a dissociation of head-fixed and retinal coordinates. The neural retinotopic representation ÔH is obtained through the visual
system, while the vestibular system converts HS into ĤS , at least in this example.
The compensation depicted in Fig. 1.3 takes place within the central nervous
system. It is therefore referred to as internal compensation. Another type of compensation, called external, takes place outside the boundaries of the brain (Bischof,
1974). The most obvious example of external compensation is the vestibulo-ocular
reflex (VOR). The VOR is a reflexive eye movement, driven by the vestibular system, that (partly) stabilizes the visual projection on the retina during head movements. The effect of the horizontal VOR, active during horizontal head rotations,
can be demonstrated by a simple experiment (Snyder, 1999): shake your head while
reading this page, and compare the outcome to what happens when you hold your
head still and shake the page instead, with the same speed. The fact that legibility is much better in the first case shows that head movement is compensated for
by counter rotating the eyes rightward when the head is moving leftward and vice
versa. When head tilt is involved, as in Fig. 1.3, the torsional VOR causes the eye
to counter rotate in the head. So when the head rotates clockwise, the eyes will rotate counterclockwise in the head, and vice versa, thus stabilizing the eyes in space.
However, counter rotation of the eyes is less than the actual head rotation, so that
this external compensation is only partial.
It should be noticed that Fig. 1.3 illustrates ideal compensation. If head tilt
is not accurately detected by the vestibular system, subjects will perceive visual
motion during head movements. In principle, the vestibular system provides two
possibilities to measure head sway. One method, called path integration, is based
on mathematical integration of angular velocity signals from the canals. The other
approach is to use tilt signals derived from the otoliths.
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In the example of Fig. 1.3, the brain could also have used panoramic cues derived from the visual image itself. When a single vertical line is presented in darkness, the brain has no way of knowing whether the line is indeed vertical, since
panoramic cues are absent. The brain is thus forced to rely solely on other cues,
such as information from the vestibular system. The process of compensation for a
single visual line in the dark is often referred to as maintaining “vertical constancy”
(Bischof, 1974). This will be the topic of the next section.

1.3 Which way is up?
In daily life, the physical vertical, i.e. the direction of gravity, is an important landmark for maintaining upright body posture and for judging spatial orientations.
When a subject is upright in the dark and a single visual line is presented, they can
tell accurately whether it is vertical or not. When their head is tilted slightly, they
can still judge alignment with the direction of gravity. However, as soon as head tilt
becomes substantial they start making errors, as was first noticed by Aubert (1861).
When tilted 90◦ to the right, e.g. when lying on our side, a single visual line that
is in reality vertical can appear to be tilted to the left by as much as 30◦ . For larger
tilts, the error in the subjective visual vertical (SVV) can be even more pronounced.
This phenomenon is called the Aubert-effect, after its discoverer.
The most plausible explanation that comes to mind is that probably something
goes wrong in the compensation mechanism (Fig. 1.3, Eq. 1.1b), due to incorrect
perception of head tilt (ĤS ). However, things are more complicated. When a subject
tilted 90◦ is asked to estimate his body orientation in space, the response will be
correct. If you then ask him to set the line perpendicular to his long body axis
(ÔR + R̂H ), he will also be correct. The surprising conclusion is that, although the
subject apparently knows their body orientation in space and the orientation of the
line relative to their body, the subject is not able to judge the spatial orientation of
a visual line (ÔS ), which should be quite easy by relying on Eq. 1.1b.

Mittelstaedt’s model
Mittelstaedt (1983) proposed that these errors in verticality perception reflect the
downside of a neural strategy to prevent excessive errors at small tilts. Mittelstaedt’s
model assumes that the otolith signals are solely the result of head tilt. With this assumption, the utricle and the saccule can be approximated as 1-dimensional sensors
that measure gravity (~g) along the y and z axis of the head, respectively:
ĝy = UG sin(ρ )

(1.2a)
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ĝz = SG cos(ρ )

(1.2b)

where U is the gain of the utricle, S the gain of the saccule, G the magnitude of
gravity (9.81 m/s2 ) and ρ the roll-tilt angle of the subject.
According to Mittelstaedt, the problem is that the saccule has fewer hair cells
than the utricle (Rosenhall, 1972, 1974), leading to a different gain of both otolith
components (U 6= S in Eq. 1.2). When the brain does not take the difference into
account, this would cause large errors in the estimation of the direction of gravity
for small tilts (see Fig. 1.4, Fig. 1.5).
According to the model, the brain prevents these errors at small tilts by adding a
head-fixed internal bias signal to the saccule signal (Eq. 1.2b). A side effect of this
so called idiotropic vector is that errors at large tilts become excessively large, but
this is not a major problem since large tilts are rarely encountered in daily life. If the
internal representation of head tilt used in the compensation process (see Fig. 1.3)
is indicated by ρ̂ , we can write:
tan(ρ̂ ) =

ĝy /N
ĝz /N + Mz

(1.3)

q
where N = ĝ2y + ĝ2z is a normalization factor and Mz is the z component of
the idiotropic vector, which is constant. In case of a veridical response, ρ̂ should of
course equal ρ .
A graphical representation of this mechanism (Eq. 1.3) can be seen in Fig. 1.4.
ˆ would be wrong for small tilts (Fig. 1.4A).
When U 6= S, the estimate of gravity (~g)
~ is to rotate the SVV in the right direction.
The effect of the idiotropic vector M
However, for large tilts this compensation mechanism is counterproductive, leading
to large errors (SVV1 in Fig. 1.4B). Typical errors at tilt angles in the range 0◦ −180◦
can be seen in Fig. 1.5. Experimental results taken from Van Beuzekom and Van
Gisbergen (2000) (gray line) show that the M-model provides a good description
of these data.

Bayesian formulation of M-model
Eggert (1998) reformulated the model of Mittelstaedt using a Bayesian approach.
Bayes’ rule states that it is useful to utilize existing knowledge in the interpretation
of new data. In recent years, such a Bayesian approach has proven very useful in
several areas of neuroscience (Weiss et al., 2002; Körding and Wolpert, 2004; Knill,
2003).
The Bayesian approach implies that all quantities are expressed as probability distributions, in contrast to Mittelstaedt’s model where all quantities are single
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Figure 1.4 Schematic illustration of the model developed by Mittelstaedt. A shows that,
ˆ will be wrong when the brain relies
for moderate tilt, the estimated direction of gravity (~g)
~ the
solely on otolith signals. By adding an internal bias signal, the idiotropic vector M,
error in the subjective visual vertical (SVV) is reduced. This mechanism can be looked
upon as a vector addition. B shows that the idiotropic vector causes large errors for tilts
> 90◦ (SVV1 ). Some studies have anecdotally reported completely different settings (SVV2 )
at large tilts.

numbers. The otolith signal is then represented by a probability distribution over
all possible GIF values. Eggert assumes that the mean utricle and saccule signals
are given by Eq. 1.2, and that these components are distorted by ρ -independent
additive Gaussian noise (with standard deviations σu and σs for the utricle and the
saccule respectively). The resulting description of the sensory signal is called the
likelihood, P(ρ̃ |ρ ), where ρ̃ represents the otolith signal. P(ρ̃ |ρ ) gives the probability of obtaining a tilt signal ρ̃ given a tilt angle ρ .
The next step is to incorporate existing knowledge, or background information.
Eggert makes the reasonable assumption that our long body axis usually coincides
with the visual vertical and that large deviations from this premise are rare. In
other words: Eggert’s theory assumes that large tilts are more unlikely than small
tilts and that being upright is most likely. This assumption is incorporated in the a
priori distribution (or prior for short), P(ρ ). Eggert uses a Von-Mises distribution
(the circular equivalent of a Gaussian distribution) centered at ρ = 0◦ with shape
parameter c, which is inversely proportional to the width of the distribution.
We can now apply Bayes rule, which returns the probability of being tilted to
tilt angle ρ , given that the sensory signal was ρ̃ :
P(ρ̃ |ρ )P(ρ )
′
′
′
ρ ′ P(ρ̃ |ρ )P(ρ )d ρ

P(ρ |ρ̃ ) = R

(1.4)
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Figure 1.5 Prediction from Mittelstaedt
(1983) model. Dashed curve shows the
predicted error if the brain would not
compensate for the different sizes of
the utricle and the saccule. Large errors at small tilts are the result. When
an idiotropic vector whose magnitude
is 30% of the gravity signal (Mz = 0.3
in Eq. 1.3) is added, the black solid
line results. Performance at small tilts
is now much better, but errors at large
tilts have increased. For comparison,
the gray line shows experimental results obtained by Van Beuzekom and
Van Gisbergen (2000).

where the integral, which is over all possible values of ρ (0◦ − 360◦ ), can be considered a normalization factor. P(ρ |ρ̃ ) is called the posteriori distribution, or posterior
for short. Our goal is to obtain a single internal estimate of tilt (ρ̂ ), which should
of course be the most likely tilt angle given the distribution P(ρ |ρ̃ ). This can most
easily be obtained by finding the maximum of P(ρ |ρ̃ ).
In the previous paragraphs, we have given all the essential components to obtain
ρ̂ . The whole derivation, which involves some approximations, would go beyond
the scope of this introduction, so we just give the final result:

 h i2
U
 σu · sin(ρ ) 
(1.5)
ρ̂ = atan  h i2

S
ρ
)
+
c
·
cos(
σs
Interestingly, Eq. 1.5 is mathematically equivalent to the model of Mittelstaedt
(Eq. 1.3). The shape parameter c now fulfills the role of the idiotropic vector. When
no sensory input is available, the brain assumes that the direction of “up” is aligned
with the head. One finding in the literature supporting this idea is that most astronauts in space feel as if vertical is always aligned with their body axis (Glasauer
and Mittelstaedt, 1992), while in reality ’vertical’ is of course undefined in space.
Some studies have yielded results that are not easy to explain with the models
proposed by Mittelstaedt and Eggert. Van Beuzekom and Van Gisbergen (2000) and
Udo de Haes and Schöne (1970) found indications that the canals have an effect
on the perception of verticality. Since both models solely rely on (static) otolith
signals, canal effects cannot be explained by these models. Fischer (1930) and Udo
de Haes and Schöne (1970) found that, at large tilts, subjects tend to set the line
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Figure 1.6 Illustration of ambiguity problem. First row shows head orientation, second
row shows responses of utricular hair cells, embedded in the horizontal head plane. In A,
gravity ~g exerts no shearing force on the horizontal otolith cells. Seen from the perspective
of the viewer, the subject in B is accelerated leftward, leading to rightward-directed inertial
force ~f , which causes the hair cells to bend. In C, the subject is tilted rightward, which leads
to exactly the same response as B.

perpendicular to the body axis (see Fig. 1.4B), resulting in errors of opposite sign.
Mast (2000) reported very large uncertainties at tilts around 140◦ . These finding
suggest that the SVV is possibly bistable at large tilts. However, bistability findings
in the literature are anecdotal in character.

1.4 Central processing of vestibular signals
Both Mittelstaedt and Eggert assumed that the raw otolith signal could be directly
converted to an estimate of head tilt. In reality, deducing body movement and body
orientation from the raw vestibular signals is far from trivial. Since tilt and acceleration are physically indistinguishable, they stimulate the otoliths in an identical
manner (Fig. 1.6). This is known as the otolith ambiguity problem: how can the
brain determine whether the otolith signal is due to tilt, to acceleration or perhaps
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Figure 1.7 Otolith disambiguation. Gravity ~g and acceleration ~f exert a force ~f on the
otoliths leading to a signal ~fˆ. The brain then needs a disambiguation strategy to solve the
inverse problem: which combination of gravity and acceleration created this signal?

to a combination of both? This problem is illustrated in Fig. 1.7. Gravity ~g and acceleration ~a exert a combined force ~f on the otoliths, leading to a signal (or internal
representation) ~fˆ. The brain has to solve the inverse problem: which combination
of tilt and acceleration has led to signal ~fˆ? Since, even with our eyes closed, we
never confuse looking up with hurdling forward, the brain is somehow able to tell
the two apart.
Various models on how the brain might solve this inverse problem have been
proposed. The two main approaches are based on frequency filtering of the otolith
signal and on canal-otolith interaction. These two models will be discussed next.

Frequency-segregation model
The frequency-filter approach, also known as the frequency-segregation model (Paige
and Tomko, 1991), is depicted in Fig. 1.8. This simple model is based on the constant nature of gravity and the transient nature of accelerations. The tilt-detection
system ignores rapid changes in the otolith signal (low-pass filtering) and interprets
the remaining low-frequency components as the result of head tilt. The acceleration system does the opposite: slow changes are ignored (high-pass filter) and the
remaining rapid changes are attributed to head acceleration.

Canal-otolith interaction model
Another approach to overcome the shortcomings of the vestibular system is to use
multi-sensory integration. The rationale behind this approach is that the deficits
of a particular sensor can be compensated by information from one or more other
sensory systems. For example, the canals and the visual system have frequency
characteristics that complement each other very well. Applied to the canals and

12

C HAPTER 1

low-pass
^
g

g
+
-

a

f

otoliths

^
f
high-pass
^
a

Figure 1.8 Schematic illustration of the frequency-filter model (Paige and Tomko, 1991).
Gravity (~g) and acceleration (~a) are combined into gravity-inertial force (~f ), which is
ˆ is obtained by low-pass filtering of the
sensed by the otoliths. The estimate of gravity (~g)
ˆ
ˆ is obtained through a high-pass
otolith signal (~f ), while the estimate of acceleration (~a)
filter.

the otoliths, multi-sensory integration is also known as canal-otolith interaction or
the internal-model hypothesis (e.g. Angelaki et al., 1999; Glasauer, 1992; Merfeld,
1995; Zupan et al., 2002).
We will concentrate on the model that was initially proposed by Merfeld et al.
(1993). Currently, this scheme is the most widely used model on canal-otolith interaction. The global structure of this model is schematically depicted in Fig. 1.9.
The canal-otolith interaction takes place in the internal-model box. This box incorporates knowledge of physical laws, such as the fact that head tilt leads to a canal
signal and head acceleration does not. Within the internal model, initial estimates
~ ), for acceleration (~a) and for the direction of gravity (~g, i.e.
for angular velocity (ω
head tilt) are generated. It also calculates the theoretical response of the canals and
the otoliths given these predictions and compares them with the actual response
(error-calculation box). The resulting errors are fed back into the internal model.
An optimization procedure then leads to final internal estimates for angular velocity
ˆ and for gravity (~g).
ˆ
~ˆ ), for acceleration (~a)
(ω
Fig. 1.10 shows the complete model, a realization of the global structure in
Fig. 1.9. The real-world processes on top are simulated by the internal model at
the bottom. Three error calculations compare the real signals and the predicted
signals. The model has four parameters, indicated by the gray boxes in Fig. 1.10,
which convert these
three feedback errors into estimates of motion and orientation.
R
~ ×~g)dt, describing the rotation of the gravity vector relative
The relation ~g = (−ω
to the head when rotating, is also used in the internal model. The internal model
further incorporates the GIF-resolution hypothesis (Merfeld, 1995), which states
that the internal estimates of gravity and acceleration must add up to the internal
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Figure 1.9 Global structure of the canal-otolith interaction model (Merfeld, 1995). An
ˆ and the sensory
~ˆ ,~aˆ and ~g)
internal model provides estimates of both the motion variables (ω
ˆ
ˆ
signals (~αSCC and ~αoto ). These signal estimates are then compared to the real sensory
signals (~αSCC and ~αoto ). The differences between real and estimated signals give rise to a
set of error signals E, which is fed back into the model. The result is an iterative loop which
optimizes the estimates of the motion variables. In the model (Fig. 1.10), the error signal E
consists of three 3-dimensional vectors.

estimate of the GIF ( fˆ = ĝ − â). The internal-model representations of the canals
and the otoliths are assumed to be perfect copies of the real sensors.

Which disambiguation strategy is used?
This question cannot be answered in general terms. It is quite possible that the brain
uses different strategies for different tasks. Indeed, Merfeld et al. (2005) recently
suggested that the perception of ego motion is governed by canal-otolith interaction
while the frequency-segregation model governs the generation of eye movements
(vestibulo-ocular reflex, VOR). Which of the two models contributes to visual space
perception, on of the main topics of this thesis, is not yet clear. In the past, various
studies have emphasized the role of the otoliths, but canal-related effects have also
been found. There is of course the possibility that neither model is true and that the
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Figure 1.10 The canal-otolith interaction model (Merfeld and Zupan, 2002). Inputs are
~ ). Outputs are neural estimates of linear
linear acceleration (~a) and angular velocity (ω
ˆ angular velocity (ω
ˆ The physical and sensory effects
~ˆ ) and gravity (~g).
acceleration (~a),
R
~
~ ×~gdt, f = ~g −~a, canals, otoliths. The internal model is
are depicted at the top: ~g = −ω
R ˆ
ˆ
ˆ ~fˆ = ~gˆ − ~a,
ˆ model of canals, model of otoliths).
~ × ~gdt,
indicated in the gray box (~g = −ω
The three error calculations, which produce error signals ~Eω , ~Ea and ~E f , are indicated by
the shadowed boxes on the right-hand side of the figure. The 4 parameters of the model are
indicated in the small gray squares.

real mechanism remains to be discovered.

1.5 Objectives of this thesis
The two main topics of this thesis are indicated in Fig. 1.11, which is based on
Fig. 1.3. The gray box with the solid black border outlines the principle theme of
CHAPTERS 2 and 3. The gray box with the dashed border indicates the main topic
of CHAPTERS 4 and 5.
The intriguing errors that occur in verticality estimates of tilted subjects are
the topic of CHAPTERS 2 and 3. Although veridical signals for retinotopic object
representation (ÔR ) and for perceived head tilt (ĤS ) appear to be present, the combination of these two, represented by the sum symbol at the right, introduces errors
(upper gray box in Fig. 1.11). We measured the subjective visual vertical (ÔS ) and
subjective body tilt (ĤS ) to investigate the relation between these two estimates. We
also hoped to gain some insight into the effect of canal signals on both quantities,
an effect suggested by previous studies but not incorporated in the M-model. To
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Figure 1.11 Illustration of research objectives. This thesis concentrated on two topics. In
CHAPTER 2 and 3, we focus on the subjective visual vertical. We investigated how retinal
information and information about body posture are combined to obtain an estimate of
head orientations in space, as indicated by the upper gray box. We also consider whether
other sources of information (indicated by the question mark), such as the idiotropic vector
from Mittelstaedt (1983), play a role. In CHAPTER 4 and 5, we investigate how the internal
representation of head tilt that is used in maintaining visual constancy is obtained by using
canal and otolith signals. This is indicated by the gray box at the bottom.

investigate this, subjects were rotated both clockwise and counterclockwise to the
same final tilt angle, in different trials. The otolith signal at this final tilt angle is
independent of the preceding rotation, but the degree of canal activation varies. Furthermore, we tried to find out whether quantitative investigation would substantiate
earlier qualitative descriptions of bistable SVV settings. When this appeared to be
the case, this led to a detailed investigation of the bistability phenomenon.
C HAPTERS 4 and 5 (lower gray box in Fig. 1.11) deals with the ability to maintain visual constancy during head rotations. We focused on the internal representation of head position (ĤS ) used in the updating mechanism. Our main question
concerned the function of the canals and the otoliths in this process. To determine
the relative role of the canals and the otoliths, experiments were conducted in both
upright and supine position, with the rotation axis through the cyclopean eye. When
the subject is tilted in upright, both canal and otolith signals are available. In the
supine condition (the subject lying on his back), only the canals are stimulated. The
experiments were also designed to provide insight in the otolith-disambiguation
process.

Chapter 2

Interpretation of a discontinuity in the
sense of verticality at large body tilt

2.1 Introduction
Spatial orientation requires knowledge about the direction of gravity (e.g., what is
up?), which is essential for maintaining upright body posture and for judging visual
orientations in space. It is known that tilted subjects make systematic errors when
asked to set a visual line to the vertical in an otherwise dark environment. For large
roll tilts, beyond 60◦ , the subjective visual vertical (SVV) typically deviates in the
direction of head tilt (Schöne, 1964; Udo de Haes, 1970; Van Beuzekom and Van
Gisbergen, 2000), as if head tilt is underestimated (See Fig. 2.1A). These errors in
the judgment of visual orientations, known as the Aubert or A-effect (Aubert 1861),
can be quite substantial with peak amplitudes up to 50◦ for tilts near 130◦ . For
small tilts, errors in the SVV are generally small although errors opposite to the Aeffect, compatible with tilt overestimation, have been reported (Müller or E-effect;
Müller (1916)). Yet, when subjects are asked to adjust or to estimate their body tilt
in space, their performance is typically much better (Mittelstaedt, 1983; Mast and
Jarchow, 1996; Van Beuzekom et al., 2001). The latter finding indicates that a quite
reasonable head-orientation in space signal is available. Given this paradox, a major
Adapted from: Kaptein and Van Gisbergen (2004) J Neurophysiol, 91: 2205-2214
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Figure 2.1 The subjective visual vertical (SVV) as a compromise between a gravicentric
signal and a head-fixed bias signal. A: Illustration of A-effect in 60◦ rightward tilted subject, seen from behind. Note that line setting is biased toward the head. To explain this,
Mittelstaedt’s theory proposes that the SVV is the resultant of a normalized gravity signal
Ĝ and a centr bias signal, known as the idiotropic vector M, which is directed along the
head’s Z-axis. In this schematic example, |M| = 0.4. Note that Ĝ is not precisely aligned
with the true direction of gravity due to imperfect fusion of utricle and saccule information
(S = 0.6; See D ISCUSSION section “Modeling results” for more details). B: At 150◦ tilt
the SVV setting predicted by the model (marked SVV1 ) again shows an A-effect. In this tilt
range, Udo de Haes and Schöne (1970) have noticed an alternative SVV response (marked
SVV2 ), where the luminous line is set near the body midline. The present experiments have
shown an abrupt transition from the first to near the second response mode when tilt exceeds a critical threshold.

challenge in this field is to explain the origin of the patterns of large systematic
errors in the SVV task.
Exploring possible mechanisms behind the SVV errors, Mittelstaedt (1983)
proposed that an internal bias signal, called the idiotropic vector, plays a crucial
role in the SVV computation. In Mittelstaedt’s model (M-model for short), a headfixed vector is added vectorially to a gravity-related signal derived from the otoliths.
This bias factor is always aligned with the upward head axis, independent of tilt
angle. Accordingly, the additive effect of the idiotropic is to bias the subjective
vertical toward this head axis. To justify such a role for the idiotropic in the perception of verticality, the model proposed that imperfections in combining information
from the saccule and the utricle, the two otolith organs, cause errors in the head-tilt
signal. This non-veridical signal, if uncompensated by the idiotropic, would cause
considerable E-effects at small tilts. Thus, the idiotropic vector is seen as a computational strategy to reduce such SVV errors in the commonly used working range
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of small tilts, at the expense of large A-effects at the rarely encountered large tilts
(see Fig. 2.1A,B). Simulations have shown that this model can fit the SVV data in
the range 0◦ − 180◦ (e.g. Udo de Haes 1970). The fact that astronauts in space still
experience a sense of verticality, even though the otoliths do not provide gravitational information, seems to support this notion of an internal bias signal (Glasauer
and Mittelstaedt 1992, 1998; Oman 2003).
The M-model derives body tilt from the otoliths, with no explicit role for the
canals. This implies that the important variable for the subjective vertical is final
tilt angle and that the direction of rotation, used to get there, is irrelevant. This prediction could not be tested in most previous SVV investigations where the direction
of final tilt was coupled to the direction of rotation. In the usual tilting paradigm,
the final tilt angle is achieved by the smallest possible rotation from upright, which
never exceeds 180◦ .
In the present study, final tilt angle and rotation direction were uncoupled. We
used roll rotations in both directions, with amplitudes up to 360◦ , to test the SVV
at each tilt angle. This was done with two major objectives in mind. Our first goal
was to test the M-model prediction that SVV performance is determined by final
tilt angle, irrespective of rotation direction. For example, when testing the SVV at
a 90◦ rightward tilt position, will it matter whether this position was reached by
a small 90◦ rightward rotation or by a detour 270◦ leftward rotation, both starting
from upright? An earlier investigation of this issue, with a similar tilting paradigm,
yielded mixed results (Udo de Haes and Schöne, 1970). These authors found a clear
effect of rotation direction for large final tilts, but none at small tilts. Our second
objective was to find out whether quantitative investigation would confirm earlier
qualitative descriptions of bistable SVV settings (see Fig. 2.1B) at large tilt angles
(Fischer, 1930; Udo de Haes and Schöne, 1970). The M-model does not predict
such bistability effects. Since the earlier reports on this phenomenon have been
largely ignored, in spite of its potential importance for spatial-orientation models,
we decided that a thorough investigation was warranted.
With regard to our first question, the results appear fully in line with the Mmodel in the sense that the direction of the preceding rotation had hardly any effect
on SVV performance. However, when seen from the perspective of the bistability
issue, our SVV results were not predicted by the M-model. In contrast to the earlier
studies that formed the basis for this model, we find two different SVV response
modes in adjacent tilt regions. The transition from one mode to the other shows
indications of bistability, reminiscent of previous reports using a similar tilting paradigm (Fischer, 1930; Udo de Haes and Schöne, 1970). Verbal estimates of body
tilt, collected across the same range, showed no sign of a similar transition between
two modes.
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In line with earlier results, the pattern of systematic SVV errors characterizing
the first response mode was compatible with M-model predictions and could not
be attributed to errors in perceived body tilt. By contrast, the second mode of SVV
responses, at large tilts, clearly violated the M-model and indicated strong reliance
on perceived body tilt.

2.2 Methods
Vestibular roll rotation
The subject was seated in a computer-controlled vestibular stimulator. Body tilt
was controlled by rotation about the nasooccipital roll axis at a constant velocity of
30◦ /s. Roll position was measured using a digital position encoder with an angular resolution of 0.04◦ . The cyclopean eye was aligned with the axis of rotation by
adjusting the subject’s seat in height. The subject’s trunk was tightly fixated using
seat belts and adjustable shoulder and hip supports. The legs and feet where restrained by Velcro straps. The head was firmly fixated in a natural upright position
for looking straight ahead using a padded helmet.
In all experiments rotation started from the upright position and alternated between clockwise (CW) and counterclockwise (CCW) to a final tilt angle between
0◦ and 360◦ . The final rotation angles were randomly chosen at 30◦ intervals (0◦ ,
30◦ , 60◦ ,..., 330◦ , 360◦ ), but some scatter (range ±10◦ ) was deliberately superimposed. For some subjects, intermediate tilt angles (at 15◦ intervals) in the range
90◦ − 270◦ were added. Before experiments, subjects were informed about the 360◦
testing range. Before testing began, subjects were given a few practice trials to get
used to the experimental paradigm.
After rotation to a certain tilt angle, there was a 30 s waiting period before testing began to allow most of the post-acceleration effects in the semicircular canals
to subside. After a trial, subjects returned to the upright position where they remained for 60 s, with the room lights on. Vision was always binocular and subjects
were allowed to move their eyes freely. Subjects gave their informed consent before participating in the experiments, and were told that they could terminate the
experiment at any time. Subjects never received feedback about their performance.

Experiments
Spatial orientation was tested in two different tasks in separate series of experiments.
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The SVV experiments were
performed using a uniformly-illuminated line with an angular subtense of 20◦ ,
mounted at a distance of approximately 90 cm in front of the subject. The rotation
axis of the line coincided with the roll axis of the subject. The line was polarized
by a bright dot at one end, creating the appearance of an exclamation mark. Before
the experiment began, the subject was instructed that the line should be set parallel
to the direction of gravity, with the bright dot pointing to the ceiling. The line could
be set with an angular resolution of approximately 0.5◦ .
After the 30 s waiting period the line was switched on in a random orientation
and the subject had to adjust the luminous line within 30 s. This alignment was
done by verbal instructions from the subject about the desired change in line orientation (leftward or rightward) to the experimenter, who rotated the line slowly in
the requested direction by computer control. When the subject was finally satisfied
with the orientation of the line, typically after several back and forth adjustments,
it was switched off and the subject was rotated back to the upright position. Trials
where the subject failed to decide on a final setting within 30 s were discarded and
repeated later. Six healthy subjects aged 23-59 yr (all males) participated in this paradigm. Three of the subjects were naive. On average, 3 sessions of approximately
45 minutes on different days were needed to collect the data from each subject.
SUBJECTIVE VISUAL VERTICAL (SVV) PARADIGM

After the 30 s waiting period a beep
signal prompted the subject to report his body tilt using a clock scale, as if his
body were the minute hand (Van Beuzekom and Van Gisbergen, 2000). The verbal
responses were written down and recorded on audio tape to allow checking afterwards. Four of the subjects (aged 23-59 yr, one naive) that participated in the SVV
task also took part in this paradigm. On average, 2 to 4 sessions of approximately
45 minutes on different days were needed to collect the data from each subject.
SUBJECTIVE BODY TILT (SBT) PARADIGM

Data analysis
Tilt position, ρ , was defined as indicated in Fig. 2.2A,B. Thus, all possible tilt angles were represented as positive numbers along an incremental scale from 0◦ −
360◦ , with ρ = 0◦ denoting the upright position. One objective of the experiments
was to assess how performance in the spatial-orientation tasks, at a given tilt position, depended on whether that particular ρ angle was reached by a CW or a CCW
rotation from upright. To prevent misunderstandings, it should be emphasized that
ρ denotes final angular head position and has nothing to do with the direction and
the amplitude of chair rotation (∆ρ ) required to get there, starting from upright.
For example, the head position depicted in Fig. 2.2A will always be denoted as
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Figure 2.2 Explanation of angular definitions with subject in rear view. The final tilt position of the head (ρ ) was defined as the angle between the direction of the physical vertical (G) and the subject’s positive z-axis (Z). Direction of vestibular rotation was defined
as seen from behind the subject. Accordingly, CW rotation, starting from upright, caused
right-ear down movement; CCW rotation corresponded to left-ear down movement. Note
that each final tilt position (ρ ) could be reached by a CW as well as a CCW chair rotation, starting from upright. Also notice that ρ = 360◦ denotes the upright position, reached
after a full-round rotation. A and B denote our definition of response error (γ ) in the SVV
task which was taken as the angular separation between the required response (G) and
the actual setting (SVV), as indicated. Both examples show an A-effect. Parameter β is defined as the angle between the line setting and the subject’s z-axis. Perfect task execution
would imply β = ρ . C and D illustrate our definition of response error (δ ) in the subjective
body-tilt paradigm (SBT). Here, error is defined as the actual (Z) minus the reported tilt
angle. Both schematic examples show tilt underestimation. This definition allowed us to
investigate possible relations between δ and γ . For example, if the A-effect shown in B is
caused by the tilt underestimation in D, the two errors will be equal. The two illustrated tilt
positions correspond to ρ = 120◦ (A and C) and ρ = 240◦ (B and D).

ρ = 120◦ , irrespective of whether the preceding chair rotation was 120◦ CW or
240◦ CCW.
When presenting the data, it is sometimes useful to consider the degree of tilt as
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the deviation from upright on a 0◦ − 180◦ scale. In these cases we will use the term
absolute tilt. In figures illustrating tilt-dependent responses (for example, Fig. 2.3),
the horizontal axis will be double-labeled, using both the ρ scale for head tilt (0◦ −
360◦ ) and the measure for absolute tilt (0◦ − 180◦ ). On the absolute-tilt axis, 90R
and 90L indicate 90◦ right-ear down and 90◦ left-ear down respectively.
Response error in the SVV task (γ ) was defined
as the angular difference between the luminous line setting and the real vertical (see
Fig. 2.2A,B). Errors in the clockwise direction, seen from behind the subject, were
taken positive (see Fig. 2.2A). As a consequence, an A-effect during rightward tilt
(as in Fig. 2A) yields a positive γ -value. A-effects during leftward tilt (ρ > 180◦ ,
as in Fig. 2.2B) are expressed as negative γ -values.
RESPONSE ERROR IN SVV TASK

Response errors in the SBT task, to be denoted
by δ , were defined as the angular difference between the real and the reported bodytilt angle (see Fig. 2.2C,D). Errors in the clockwise direction, seen from behind the
subject, were taken positive (see Fig. 2.2C). This definition makes it easy to check
for the possibility that A and E-effects in the SVV task may simply be a reflection
of errors in the SBT task. If this were the case, the two tilt-dependent error profiles
(γ (ρ ) and δ (ρ )) should be similar.
RESPONSE ERROR IN SBT TASK

The fits in the D ISCUSSION were obtained with the least-squares method, using the Nelder-Mead minimization algorithm as implemented in the routine fminsearch (Matlab 6.0; The Mathworks), in
combination with a multi-start procedure using different initial parameters. Standard deviations of the optimal parameters were obtained with the bootstrap method
(Press et al., 1992). The Wilcoxon rank sum test was used for testing CW-CCW
differences (hysteresis) in the SVV and SBT paradigms. A linear regression was
used to investigate a possible relation between the errors in the SVV and the SBT
tasks. Statistical results were considered significant if P < 0.05. Because the tested
tilt positions of the SVV and SBT tasks were not everywhere identical, a few tilt
angles could not be included in the correlation analysis.
MODEL FITS AND STATISTICAL ANALYSIS

2.3 Results
The present study has investigated two aspects of spatial orientation in roll-tilted
subjects across the entire 0◦ − 360◦ range. First, we determined the SVV at many
static tilt angles reached by either CW or CCW chair rotation. Second, verbal esti-
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mates of subjective body orientation in space were collected in the same conditions,
in separate experiments.

Subjective visual-vertical task
According to classical descriptions of the SVV (for reviews, see Howard, 1982, 1986; Van Beuzekom
and Van Gisbergen, 2000), A-effects show a gradual increase for absolute tilts beyond about 60◦ , a peak near 130◦ tilt and a smooth decay back to zero at 180◦ tilt.
Based on this account, the expected result for the 0 − 360◦ tilt range is a biphasic
curve with a positive section for rightward tilts (0◦ − 180◦ ) and a symmetrical negative section for leftward tilts (180◦ − 360◦ ). The actual data, however, show a more
complex pattern. Fig. 2.3 (left-hand column), showing the CW and CCW data from
one subject in separate panels, conforms with the classical picture for absolute tilts
up to ∼ 135◦ , but also shows clear deviations for large absolute tilts near upside
down (135◦ to 180◦ ).
COLLAPSE OF THE A-EFFECT AT LARGE ABSOLUTE TILTS

Figure 2.3 (Right-hand page) SVV error profiles. In this and following figures, the horizontal axis is doubly labeled. The bottom scale denotes final tilt position as defined in Fig. 2.2.
The labeling of the horizontal axis at the top denotes absolute tilt angle, the deviation from
upright. A, B: SVV errors (γ ) from a representative subject (JG) across the full range of
possible final tilt angles. Responses obtained after opposite chair rotations from upright
are shown separately (CW in A, CCW in B). For example, the data at 90◦ rightward tilt
in A were collected after a 90◦ CW rotation. The data for the same 90◦ rightward tilt in
B were collected after a 270◦ CCW rotation. In the white tilt zones, which extend up to
135◦ absolute tilt, there is a gradually increasing A-effect which can be fitted quite well
by the M-model (black curve in A and B, M = 0.45 ± 0.04; S = 0.6 ± 0.1; R2 = 0.89). For
an explanation of the Mittelstaedt model and its parameters, see D ISCUSSION. The extrapolated best-fit curve for the white zone data does not account for the sudden collapse of
the A-effect and the emergence of the E-effect (arrows) at still larger tilts (gray zone). The
E-effect at large tilt roughly resembles response mode SVV2 in Fig. 2.1. C: the mean error
profiles computed from the data in A and B (CW: solid line; CCW: dashed line). When the
SVV was tested at small absolute tilts, the responses were virtually identical in CW and
CCW trials. There were only small hysteresis effects at large absolute tilts. D, E: thin lines
indicate mean error from all six subjects as a function of final tilt angle, sorted by direction
of preceding chair rotation (CW in D, CCW in E). The bold lines represent the M-model
curve fitted on the population data in the white zone. The fit is very good for the white zone
(M = 0.32 ± 0.02, S = 0.61 ± 0.03, R2 = 0.70), but its extention fails to account for the data
in the gray zone. The collapse of the A-effect and the emergence of the E-effect at large tilt
is typical of most subjects and can still be recognized in the population average. F: mean
population profiles for CW (solid line) and CCW (dashed line). Hysteresis is minimal, just
as in C.
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The gray zone in Fig. 2.3 highlights the tilt range (135◦ − 225◦ ) where the
response pattern deviates from the classical picture. To illustrate this, the M-model
was fitted to all data outside the gray zone. This curve, which qualitatively conforms
to the classical results, is shown in Fig. 2.3A and B. It is clear that for absolute tilts
below ∼ 135◦ the data is consistent with the expected increase of the A-effect. For
large tilts however, we see a sudden collapse with clear hints of a transition to an
E-effect on either side of the inverted position (indicated by the arrows). It is worth
noticing that previous testing of the same subject with chair rotations in a smaller
range (∆ρ = 0◦ -180◦ ) never showed the collapse phenomenon.
Comparison of the mean CW and CCW results (Fig. 2.3C) reveals only minute
differences for absolute tilts < 135◦ (white zone). For larger tilts (gray zone) the
SVV settings at a given tilt angle sometimes depended on the preceding rotation
direction. Even so, the large-tilt E-effect is visible in both CW and CCW trials.
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Fig. 2.3D,E shows the results of all subjects for CW and CCW rotations. For
small absolute tilts up to 60◦ , 2 out of 6 subjects show small but clear E-effects,
whereas the other 4 show veridical responses or small A-effects. For medium tilts
(60◦ − 135◦ ) we see the expected gradual increase of the A-effect in all subjects,
which is again captured by the M-model. The collapse of the A-effect at larger
absolute tilts is visible in 5 of the 6 subjects. The solid and dashed thick lines in
Fig. 2.3F, showing the averaged data of all subjects, again clearly depict the collapse
phenomenon in both CW and CCW data.
Our finding of E-effects at large tilts confirms and quantifies earlier anecdotal
reports by Udo de Haes and Schöne (1970). Our data show that the phenomenon
is typical and robust in both naive and non-naive subjects. Furthermore, it appears
that the effect is expressed at tilt angles closely adjacent to the inverted position,
both in CW and CCW trials.
Udo de Haes and Schöne (1970) suggested that the finding of E-effects at large
absolute tilts might be linked to their finding of large hysteresis effects at the same
tilt angles. A comparison of CW and CCW results (Fig. 2.3C,F) shows that the
mean SVV at a given final tilt angle is virtually independent of the preceding direction of rotation, except for very large tilts. A Wilcoxon rank sum test on the pooled
data of all subjects revealed no significant CW-CCW differences, except for one tilt
position (ρ = 198◦ ) near upside-down.

Body-tilt estimation task
Fig. 2.4A,B shows the data of the body-tilt estimation task for the same subject as
in Fig. 2.3A,B. Mean errors are small and show no convincing overall resemblance
with the errors in the SVV task (Fig. 2.3). The other three subjects tested with this
paradigm show roughly the same behavior. Fig. 2.4D and 2.4E (thin lines) show
the mean results of all 4 subjects for CW and CCW rotation, together with the
population mean (bold line). Systematic errors are generally smaller than in the
SVV paradigm.
In all subjects, small systematic errors are seen, which can be described most
parsimoniously as a underestimation of the total rotation (∆ρ ). For example, for
a real 360◦ rotation, the sensed rotation, implied by the subject’s estimate of final
body tilt, is always less than 360◦ . These hysteresis effects are clearly visible in
Fig. 2.4F, where the CW and CCW pooled-data means of all subjects are shown. A
Wilcoxon rank-sum test on the pooled data of all subjects indeed revealed significant differences for the majority of tilt positions.
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Figure 2.4 SBT task results. A, B: SBT errors (δ ) from the same subject as in Fig. 2.3
across the full range of possible final tilt angles. Responses obtained after opposite chair
rotations from upright are shown separately (CW in A, CCW in B). Overall, there are no
indications of a tilt-dependent pattern of errors resembling the SVV results. C: mean error
profiles computed from the data in A and B (CW: solid line; CCW: dashed line). Unlike in
the SVV results, hysteresis effects are not negligible nor limited to large final tilt angles. D,
E: thin lines show mean error in SBT task from all four subjects as a function of final tilt
angle, sorted by direction of preceding chair rotation (CW in D, CCW in E). Bold lines in
each panel show corresponding population means. Note that systematic errors are small
without any sign of an abrupt transition at the boundary between the white and the gray tilt
zone. Differences between responses in CW and CCW trials may indicate partial reliance
on path integration. F: mean population profiles for CW (solid line) and CCW (dashed
line), with a clear suggestion of hysteresis. Unlike the situation in the SVV experiments,
these effects are most convincing at small absolute tilts.
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Comparison of errors in the two spatial-orientation tasks
To investigate a possible relation between the SBT and the SVV results, we compared the population means of the four subjects that were tested in both paradigms.
The result can be seen in Fig. 2.5. The immediate overall impression is that the
pattern of systematic errors in the two tasks is strikingly different. However, instead of merely confirming earlier reports about a dissociation of performance in
the two spatial-orientation tasks (see I NTRODUCTION), our results suggest radically different pictures in the white and the gray zone. In the white zone, our results
provide strong additional evidence in favor of dissociation. Previous studies, which
only used direct rotations toward the final tilt angle (i.e., ∆ρ ≤ 180◦ ), have contrasted the large errors in the SVV task (A-effect) in the medium tilt range with the
typically small systematic errors in subjective body tilt. Our direct rotation results
support this picture (see left-hand white zone in Fig. 2.5A and right-hand white
zone in Fig. 2.5B). In the other white zones, representing the data collected at final tilts reached by indirect rotations (∆ρ > 180◦ ), the dissociation is even more
convincing. Here it is obvious at all final tilt angles, even at small absolute tilts
(Fig. 2.5A,B). Interestingly, the uncoupling seen after a full-cycle rotation back to
upright (∆ρ = 360◦ ) is now due to SBT errors rather than SVV errors. Taken together, our results show a very clear dissociation of SVV and SBT performance
across the entire white zone tilt range. Remarkably, this disparity in task performance is not upheld in the gray tilt zone. After the collapse of the A-effect, errors
in the subjective vertical task closely approximate those in the perception of body
tilt. This coupling is particularly striking in the CCW range (Fig. 2.5B).
To investigate these relationships further, we performed separate linear regressions for the white and the gray zone (see Fig. 2.6A,B). A problem with this
analysis in the gray zone was the bistable nature of SVV responses in the transition region. Since we wished to characterize the large-tilt data after the collapse of the A-effect, we excluded SVV data points in the gray zone with Aeffects larger than 40◦ . This ruled out 8 of the 80 data points. Based upon the
individual means from each of the four subjects, the correlation between SBT error and the corresponding SVV error in the white zone (Fig. 2.6A) is not significant (r = −0.16; P = 0.17; n = 74). For the gray zone, however, the correlation
is highly significant (r = 0.51; P = 0.003; n = 31). In the case of a one-to-one
relation between errors in the two spatial orientation tasks, the data points would
scatter around a line with unity slope. The actual slope (0.6 ± 0.1) is somewhat
smaller (Fig. 2.6B).
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Figure 2.5 Comparison of performance in the two spatial orientation tasks. Comparison of the population means for SVV (solid line)
and SBT results (dashed line), from
the four subjects that were tested
in both paradigms. Results from
CW (A) and CCW (B) rotations are
shown separately. The overall pattern of errors is clearly different in
the two tasks, and SBT errors are
generally smaller than SVV errors.
However, comparison of results at
large tilts (gray zone), shows a
strong similarity between SBT and
SVV errors.
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2.4 Discussion
Overview
Testing both the subjective vertical and the sense of body tilt, we assessed spatial
orientation performance at static tilt angles across the entire range. Roll tilts ranging
from 0◦ to 360◦ were applied in either direction (CW and CCW) so that there was
no relation between rotation direction and final tilt position. In the first part of the
Discussion, our main experimental findings will be compared to those of previous
studies. In the second part, we clarify why the widely accepted M-model cannot
account for our new findings and present an alternative scheme.

Main experimental findings
In the tilt zone up to 135◦ , marked white
in Fig. 2.3, all subjects showed the response pattern expected from the literature,

UNEXPECTED E-EFFECT AT LARGE TILT
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Figure 2.6 Correlation between
SBT and SVV errors at large tilts.
A: corresponding SBT and SVV errors, based upon individual means
from each of the four subjects, for
the white zone. No significant correlation between SBT and SVV errors was found (r = −0.16; P =
0.17; n = 74). B: same analysis as
in A for the gray zone. The correlation between SBT and SVV errors is now highly significant (r =
0.51; P = 0.003; n = 31). The slope
of the linear regression line is 0.6 ±
0.1. In both panels, filled circles
represent CW data and open circles
denote CCW data. The horizontal
shift (CW versus CCW) of the SBT
data points reflects the hysteresis effect seen in Fig. 2.5F. The bold lines
in the two panels show the results of
the linear regression.
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with only minor A- or E-effects at small tilts and a steadily increasing A-effect
for larger tilts. Between 135◦ and 150◦ absolute tilt, however, we failed to see the
gradual decline in the A-effect described in the literature (see e.g. Udo de Haes,
1970). Instead, the errors in this range suddenly changed sign from large A-effects
to clear E-effects (see Fig. 2.3). This transition was seen in 5 out of 6 subjects and
occurred in both naive and non-naive subjects.
Previous reports (Fischer, 1930; Udo de Haes and Schöne, 1970) have provided
fragmentary descriptions of SVV settings in the same tilt range, which point in
the same direction. Both papers mention that subjects had difficulties in setting
the line when tilted almost upside down because two different responses seemed
equally acceptable to them. One mode involved the usual A-effect as reported in
other investigations, the other resembled an SVV setting approximately along the
symmetry plane of the body (see Fig. 2.1B).
Udo de Haes and Schöne (1970) state that the ’egocentric SVV settings’ were
more prevalent when the near-inverted position was reached after a detour rotation
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passing through the 180◦ position, instead of by the shorter direct rotation in the
opposite direction. Such a difference was not seen in our data: the sudden transition
from A- to E-effect was present in both CW and CCW data for the same final tilt
angle (see Fig. 2.3).
The obvious question remains why the A- to E-effect transition was not seen in
most of the earlier work on the SVV. To begin with, it is clear that the phenomenon
will be missed by studies with a limited tilt range. Even studies covering a large
range may still fail to see the sharp transition when using course sampling at large
tilt angles. The rotation paradigm may also affect the outcome for less trivial reasons. As a common element with the present study, it is striking to note that two
earlier reports where a similar phenomenon was briefly mentioned (Fischer, 1930;
Udo de Haes and Schöne, 1970) also rotated subjects across the entire 360◦ range. It
is conceivable that this large range has limited the possibility of using prior knowledge provided by relying on a range effect. If subjects know that they will not be
rotated beyond 180◦ , this may affect their judgments. This might explain why the
transition phenomenon generally did not occur in experiments using a more limited
range of chair rotations [for review, see Van Beuzekom and Van Gisbergen (2000);
for an exception, see Mast (2000)]. Comments from several subjects concerning
the nature of the SVV task at large tilt further suggest a possible involvement of
cognitive factors. In the tilt range roughly corresponding to the first domain, task
execution was more or less automatic. This quality was lost in the second domain
where the task was seen as quite difficult. In such a situation, subtle cues may become critically important.
By comparing SVV settings in CW
and CCW trials at each tested tilt angle, the available data allowed us to check
for the presence of hysteresis. To minimize such effects, our measurements started
after a 30 s waiting period so that the after-effects of the canals could wear off. For
reasons that are not well understood, Udo de Haes and Schöne (1970) found that
after effects may last considerably longer, especially for large absolute tilts. Their
report further suggests that the emergence of E-effects at large tilts and hysteresis
effects might be linked.
As predicted by the M-model, our data show very little evidence for hysteresis
effects. Our findings are in line with Udo de Haes and Schöne (1970) in the small tilt
range, where both studies agree that hysteresis is negligible. At large tilts, however,
they found clear hysteresis effects whereas our results show only minor CW-CCW
differences. Since the E-effect in our data may be robust even when the hysteresis
effect was absent (Fig. 2.3), we conclude that the two phenomena are not tightly
linked.
E-EFFECT IS DISTINCT FROM HYSTERESIS
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The body-tilt estimates (Fig. 2.4)
were collected in separate experiments to explore the possibility that errors in the
SVV task might simply reflect errors in tilt perception. Performance in the SBT
task was certainly not veridical, but systematic errors were clearly smaller than
in the SVV experiments (see Fig. 2.5), and overall showed a different pattern of
tilt dependence. Near the upright position, subjects made only small systematic
errors. However, when returning to upright after a 360◦ rotation, they tended to
underestimate the amount of rotation (∆ρ ). This raises the question of whether the
body-tilt estimates were partly based on path integration of canal signals which,
because of the high-pass characteristics of this system, will partly decay during
the constant velocity rotation. To account for the body-tilt data on this basis would
require a high-pass filter time constant of at least 60s. Since this is much larger than
the time constant of the canals, even when allowing for velocity storage (Mergner et
al. 1996), we conclude that the SBT data provide no evidence for an important canal
contribution. Notwithstanding recent evidence for expression of canal signals in
the subjective vertical (Jaggi-Schwarz et al., 2003; Jaggi-Schwarz and Hess, 2003;
Pavlou et al., 2003), our SVV results showed even less evidence for canal effects.
Interestingly, a closer look at the data (Fig. 2.5) confirmed that the SVV and
SBT errors vary independently in the white zone (Fig. 2.6A), but revealed that they
are clearly correlated in the gray zone (Fig. 2.6B). Previous studies (Van Beuzekom
and Van Gisbergen, 2000; Van Beuzekom et al., 2001; Jaggi-Schwarz and Hess,
2003; Mittelstaedt, 1983) have suggested that errors in the estimation of body tilt
cannot explain the SVV errors. Also clinical evidence (Karnath et al., 2000) suggests that distinct neural systems seem to be involved in these two tasks. Our data
confirms this dissociation for small and medium absolute tilts (≤ 135◦ ), but not
for large tilts. A model attempting to explain how this loss of dissociation and the
collapse of the A-effect at large tilt may be connected will be discussed in the next
section.
SVV PERFORMANCE AND SENSE OF BODY TILT

Modeling results
Mittelstaedt (1983) was the first to propose that the SVV reflects a compromise between a gravity signal from the otoliths
and a head-fixed bias signal, called idiotropic vector (M). According to this scheme,
the idiotropic is not involved in body-tilt estimates.
In its simplest form, the M-model can be represented as:
PERFORMANCE OF EXISTING MODELS

tan(β ) =

G·sin(ρ )
N
S·G·cos(ρ )
+ Mz
N

(2.1)
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Here, ρ is the tilt position and β is the angle between the SVV and the zaxis of the body (see Fig. 2.2). Mz is the size of the head-directed component of
the idiotropic vector (M) and G represents the magnitude of gravity. The internal
representation of the gravity vector in the M-model is normalized by N, so that the
size of the idiotropic vector (typically thought to be about 0.4) is a direct indication
of the relative strength of these two signals. S is the ratio of the gains of the saccule
and the utricle in the fusion process yielding the gravity signal. In the ideal case
(S = 1), implying a veridical gravity signal from the otoliths, the system would
work perfectly at all tilts without any need for the idiotropic vector. When S is too
small, as assumed in the model, relying solely on the otoliths would cause errors
of the E-type in the important working range of small tilts. The M-model proposes
that the functional role of the idiotropic vector is to mitigate these effects in the
important small tilt working range, at the cost of an Aubert effect at large tilts
(Fig. 2.1A,B).
Hence, our finding of an E-effect at near-inverted positions is incompatible with
the original formulation of the M-model. The best-fit curve of the M-model for the
entire tilt range, computed from the pooled data, shows this very clearly (Fig. 2.7A).
The best-fit parameter values in Table 2.1 yield a poor compromise with a low R2
value as a result.
Eggert (1998) has formulated an interesting reinterpretation of the M-model,
based on a Bayesian approach. In this model, the visual vertical depends on otolith
signals and on an assumed a-priori probability distribution of body-tilt angles (the
prior). This prior distribution is a Gaussian-like function which peaks at zero tilt.
Use of this prior, i.e. by taking into account that large tilt angles are unlikely, allows
the system to improve its overall performance in the presence of noisy otolith signals. Interestingly, it can be shown that narrowing the width of the prior distribution
can mimic the effect of increasing the strength of the idiotropic vector in the Mmodel. What makes Eggert’s model particularly interesting in the present context is
that it can give rise to a bistable SVV signal at large tilts according to a pattern that
depends on the prior and the assumed noise characteristics of the otoliths. Like the
M-model, this scheme can readily account for the white-zone data. Interestingly,
with different parameters, the model can also mimic certain features of the discontinuity in SVV settings in the gray zone. Unfortunately, we have not been able
to find a single set of model parameters that could account for the entire data set.
Since more definite evaluation of this model would require extensive simulations,
far beyond the scope of the present study, caution against premature conclusions is
warranted. Nevertheless, even if it appears possible to explain the entire set of SVV
responses as the coherent expression of a single mechanism, the question would
still remain how to account for the remarkable similarity of performance in the two
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spatial-orientation tasks (SVV and SBT) emerging at large tilt. Since this seems
a daunting requirement for a single mechanism, we proceed to explore the possibility that actually two different computational strategies, embodied by distinct
mechanisms, may be responsible for the discontinuity in SVV settings.
As we saw
earlier, there is nothing wrong with the M-model in the white tilt zone (see Fig. 2.3
D,E). However, there are several indications that the brain shifts to a different computational strategy in the gray zone. First, the sudden shift from A- to E-effect in the
SVV responses cannot by explained by the M-model. Second, at small and modest
tilts, task execution is more or less automatic, in contrast to the more demanding
nature of the task (requiring more conscious effort) at large tilts. Third, errors in the
SVV settings in the white zone cannot be explained by errors in perceived body tilt
(Fig. 2.5A) but after the sudden decay of the A-effect there is a close resemblance
(Fig. 2.5B and 2.6B).
These considerations led us to propose a dual-mechanism model (DM-model)
for the subjective vertical incorporating:
DIFFERENT COMPUTATIONAL STRATEGIES IN THE TWO TILT ZONES

1. A default mechanism (system 1), operating according to the mathematical
formulation of the M-model, whose signal is always available but may be
ignored if the second system comes into play. We do not exclude that, in
addition to the otoliths, somatosensory signals may also be involved (see
Bronstein 1999; Howard 1982, 1986). Similarly, use of the M-model is not
meant to rule out that system 1 may actually rely on the Bayesian approach
proposed by Eggert (1998).
2. A second, probably more cognitive mechanism, whose SVV settings are
based on perceived body tilt, or on the same underlying mechanism, without intervention of the idiotropic vector. This mechanism (system 2) can take
over at large tilts when summoned into action. We have refrained from modeling the process that gives rise to the perceived body tilt signal. To what
extent it is determined by contributions of the otoliths, the canals, the somatosensory system and graviceptors in the body is a separate problem, beyond the scope of the present study. The crucial assumption here is that perceived body tilt, whatever its basis, can be used in the SVV task at large
tilt.
In order to allow simulations with this model, it was necessary to extract a
predictor for the second system, based upon the body-tilt estimates in the gray
tilt zone. Because these responses are very noisy, we used a linear approximation
to characterize their tilt-angle dependence. To keep the model simple, and since
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hysteresis effects in the gray zone were modest (Fig. 2.4F), the linear regression was
applied on pooled CW and CCW data in the gray zone. The relation between errors
in body-tilt estimates and tilt angle was significant (r = 0.37; P = 0.0001; n = 103)
with a slope of 0.25 ± 0.07 and an offset of −47◦ ± 12◦ . This means that the offset
at ρ = 180◦ is very small (−2◦ ).
Based upon this result, the following relation between the SVV and tilt angle
(ρ ) was attributed to the second mechanism:

β = 0.75 · ρ + 47

(2.2)

This relation is expressed in angle β (β = ρ − γ , see Fig. 2.2) instead of γ , since
the error γ is not a signal that is available to the system. Eq. 2.2 assumes that there
is a one-to-one relationship between SBT and SVV in the gray zone, but it should
be noticed that this is an approximation (see Fig. 2.6).
The formulation of the DM-model, so far, remained intentionally vague on the
precise tilt angle demarcating the working range of the two systems. This critical
tilt angle (ρc ), assumed to be identical for leftward and rightward tilts, was a free
parameter in the model. The parameters of the first system were those of the Mmodel. Accordingly, the DM-model has three free parameters (M, S and ρc ).
The fit procedure (see M ETHODS) minimized the total sum of squares of the
vertical distances separating the data points from the DM-model prediction. The
latter was based on the combination of the two system equations that were operative
in system-specific adjacent tilt ranges, separated by the boundary at ρc . Eq. 2.1 (Mmodel) was applied in the range of absolute tilts from ρ = 0◦ to ρ = ρc and Eq. 2.2
(second system) was used elsewhere. Eq. 2.2, which has no free parameter, was not
fitted but imposed. The optimal parameters (ρc , M and S) were found by minimizing
the total sum of squares for the combined model.
The best-fit result of the DM-model is shown in Fig. 2.7B where the white and
gray zone now indicate the working ranges of the first and second mechanisms,
respectively. Best-fit parameters values are shown in Table 2.1. The best-fit value
for the critical tilt angle (ρc = 133 ± 2◦ ) is statistically indistinguishable from the
white-gray demarcation, set by eye, that was used for descriptive purposes in earlier figures. The overall goodness of fit (R2 = 0.55) is a dramatic improvement
compared with the single-mechanism model result in Fig. 2.7A.
Now that the M-model (in the role of system 1) has been relieved of the impossible requirement of fitting data across the entire range, the fit in the white
zone is much better. The best-fit values for its parameters (M = 0.33 ± 0.02 ;
S = 0.58 ± 0.03) are in the expected range needed to account for the observed
A-effect.
The most spectacular improvement in model performance is manifest in the
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Model
M
DM

Parameter
Mz
S
Mz
S
ρc

Best-fit value
0.25 ± 0.02
0.92 ± 0.04
0.33 ± 0.02
0.58 ± 0.03
133 ± 2

R2
0.28
0.55

Table 2.1 Best-fit parameter values of the two spatial orientation models. The goodness-offit measure R2 confirms what was already obvious from Fig. 2.7. The M-model fits poorly,
and the DM-model is a major improvement. Adjusted R-squares were also calculated to
correct for the number of fit parameters. Since the resulting values are hardly smaller than
the R-squares, they are not included here.

gray zone where the second mechanism now provides a qualitatively correct explanation of the E-effect in SVV settings. In a quantitative sense, the model is clearly
not perfect. Why the E-effect tends to be larger than the second mechanism predicts
remains unclear.
The dashed line in Fig.
2.7B, which indicates the predicted response of the default system if system 2 had
not taken over, vividly illustrates a major conflict between the two systems near
the tilt range where they change command (at the white-gray border). The question
arises what may trigger the second system into action. We propose that as long as
system 1 provides a strong and credible signal (more on this shortly), this is taken
for granted and used in the SVV task, without bothering whether perceived body
tilt would suggest a different response. In other words, the second system is not
involved at all as long as the default system has a firm proposal. This explains why
SVV settings are on average veridical after a 360◦ rotation back to upright, without
conscious awareness of conflict, even though reliance on perceived body tilt would
suggest a different setting (see Fig. 2.5). If the second system is not constantly
monitoring whether the responses proposed by the default system are compatible
with perceived body tilt, the sign that it should come into action has to be derived
from the default signal. Which characteristics of the default signal could provide
this clue?
As tilt angle increases, the signal from the default system, based on vector addition, becomes weaker because the head-directed idiotropic and the otolith signal
point in widely different directions (see Fig. 2.1B). This decrease in signal strength
will increase with tilt angle and be more marked if the idiotropic is strong. Based
WHAT DETERMINES THE SWITCH BETWEEN SYSTEMS?
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Figure 2.7 SVV fit results of Mmodel and DM-model. A: M-model
fit to pooled CW and CCW data
from all subjects. Note that the
model cannot simultaneously account for the A-effect in the white
zone and the E-effect in the gray
zone. B: Dual-mechanism model,
incorporating different mechanisms
for the two tilt zones, accounts for
A-effect in white zone and E-effect
in gray zone. The curved line represents the best-fit result of mechanism 1 (M-model), operating in the
white zone. The straight line in the
gray zone, representing predicted
SVV settings of system 2 based
on perceived body tilt (Eq. 2.2),
slightly underestimates the E-effect
in the data. See text for further description. Best-fit parameter values
and the goodness of fit for the two
models are listed in Table 2.1. In
both fits, all data points were taken
into account (n = 366).

tilt position, ρ [deg]

on an M-value of 0.4, rotation from 0◦ to 180◦ will cause a 57% smaller and more
noisy net signal (the sum vector). A marked increase in noise level of SVV responses with tilt angle has been reported in previous experiments (Van Beuzekom
and Van Gisbergen 2000). In addition to this deterioration of signal strength, an
even more undesirable effect of the idiotropic at large tilts, further undermining
the trustworthiness of the default system, is that it causes large systematic errors
(A-effect).
Our data suggest that the critical threshold for abandoning the computational
strategy based on the idiotropic is reached when the default system suggests a line
setting perpendicular to the body axis. To illustrate this, we have plotted luminousline orientation relative to the body (β , see also Fig. 2.2A,B) as a function of tilt
angle in Fig. 2.8. The SVV task requires that subjects adjust the line according to
the rule β = ρ , as indicated by the dashed line. In the white zones, line settings
deviate from veridical as if subjects underestimate their body tilt (A-effect). The
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Figure 2.8 Possible trigger criterion for activating second system. Data points show line
settings in body coordinates (β ) as a function of tilt angle ρ . Correct execution of SVV task
(β = ρ ) is indicated by the unity-slope dashed line. The curved line in the white tilt zone denotes settings proposed by the default system (same parameters as in Fig. 2.7B). Short line
in gray zone represents predicted settings of second mechanism, based on perceived body
tilt. According to the hypothesis outlined in the text (see D ISCUSSION section “Modeling
results”), the change in response mode at white-gray border is triggered when β proposed
by the default system exceeds 90◦ (see inset). Abbreviations: G, direction of physical vertical; Z, z-axis of body; SVV, direction of subjective visual vertical setting proposed by
mechanism 1.

sudden transition to the different response mode occurs near 135◦ tilt where the
default system, indicated by the curved line, proposes a β -value that would actually
be appropriate for a 90◦ real body tilt (see inset Fig. 2.8). Based on the best-fit
value for the idiotropic (M = 0.33), this would imply that switching occurs when
the default system signal has lost 34% of its maximum strength.
If the β = 90◦ criterion is generally valid, one would expect subjects with larger
A-effect to have larger critical tilt angles. Data from individual subjects were insufficient to allow firm conclusions, but inspection of the data suggests that such a
relation exists.
This preliminary account suggests that the working range of the default system
is limited by the characteristics of its own signal according to the rule that only proposals for β -settings up to 90◦ will be implemented. Proposals beyond this range
are ignored and trigger the second system into action. Letting the default system
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provide the watch-dog signal frees the second system from the burden of constant
monitoring, allowing it the more passive role of coming into action when summoned. To explain the impression in subjects that several settings are possible at
large tilt, we suggest that the default signal, even if overruled, is always available.
This may also help to explain why the take-over by the second system does not
always occur.
If intervention by the second system serves to prevent excessive errors by the
default system, there would be no need for this scenario when the idiotropic is
small. Recent studies by Jaggi-Schwarz and coworkers (Jaggi-Schwarz and Hess,
2003; Jaggi-Schwarz et al., 2003) have shown that application of a rotation paradigm designed to activate the canals leads to better performance in the SVV task,
suggesting minimal involvement of the idiotropic vector. Since these studies were
limited to tilts up to 90◦ , results for the near-inverted tilt range are not available. To
follow up on this work, it would be interesting to assess performance and to check
for hysteresis effects in the subjective vertical task across the entire tilt range under
dynamic conditions that allow the canal input to express itself. The relatively slow
rotation at constant velocity and the waiting period in the present experiments must
have limited these effects.
Since the second system seems to result in smaller systematic errors for the majority of tested tilt positions, compared to the default system, the question remains
why it is not used throughout the entire range. Two possible factors may be considered. As already stated, the second system probably has a cognitive origin. The
default system, which is more automatic, relieves the brain from this cognitive load
in the normal range of tilt angles. A second point is that scatter in the SBT results
is considerably larger than in the SVV results, for all tilt positions (see Fig. 2.4).
Therefore, always relying on the second system would increase scatter in the SVV
at small tilts.

Conclusion
In the normal working range, we provide new evidence in support of previous
reports that there is a clear dissociation between performance in the subjectivevertical task and the sense of body tilt, compatible with the role of the idiotropic
vector in the former but not in the latter. At large tilts, both spatial orientation tasks
appear to rely on the same processing of body tilt signals, with no role for the idiotropic. We suggest that this dichotomy reflects the involvement of two systems in
external space perception, dedicated to different tilt domains. 1) A default system
conforming to Mittelstaedt’s idiotropic-vector model. 2) A more cognitive system,
relying on perceived body tilt or on the same underlying mechanism, that becomes
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active at large tilt where the computational approach of the default system is inadequate.
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Chapter 3

Nature of the transition between two
modes of external space perception in
tilted subjects

3.1 Introduction
When tilted in the dark, subjects make systematic errors in judging visual line orientations with respect to gravity. Most previous studies have reported that these errors
in the subjective visual vertical are compatible with tilt underestimation (Aubertor A-effect) for roll-tilts beyond 60◦ (see Fig. 3.1). For smaller tilts, errors of opposite sign (Müller- or E-effect) may be found (for a review, see Howard, 1982, 1986).
Systematic errors in the perception of body tilt are generally much smaller, suggesting that errors in visual orientation perception are not simply due to an inaccurate
head-orientation-in-space signal (see Jaggi-Schwarz and Hess, 2003; Kaptein and
Van Gisbergen, 2004; Mittelstaedt, 1983).
According to classical accounts (Van Beuzekom and Van Gisbergen, 2000; Mittelstaedt, 1983; Schöne, 1964), the A-effect peaks near 130◦ tilt and then gradually
decays towards zero in the inverted position. However, in a recent study (Kaptein
and Van Gisbergen, 2004) we found a collapse of the A-effect at tilts beyond ∼ 135◦
to errors of opposite sign (E-effect, see Fig. 3.1), suggesting the presence of two
Adapted from: Kaptein and Van Gisbergen (2005) J Neurophysiol, 93: 3356-3369
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Figure 3.1 Schematic illustration of systematic errors in the subjective vertical. The 3 diagrams show roll tilts of 60◦ , 105◦ and 150◦ , from left to right. Z indicates the orientation
of the body-axis, seen from behind. The arrow labeled A-effect shows the typical increase
of the A-effect with tilt angle, according to classical accounts. Comparison with the required response (UP) shows that the A-effect represents a bias towards the subject’s z-axis.
Kaptein and Van Gisbergen (2004) recently found an abrupt transition from an A- to an
E-effect at large tilts (≥ 135◦ ), which is indicated in the right-hand figure.

response modes at large tilt. It should be emphasized that the sudden transition was
not the expression of deteriorating performance at large tilts. In fact, systematic
errors were much smaller after the collapse.
The major objective of the present study was to establish the nature of the transition. Three possibilities can be envisaged. One is that the transition conforms to a
single-valued but discontinuous function, as suggested in Kaptein and Van Gisbergen (2004). Our earlier data cannot rule out, however, that the transition actually
follows a steep but smooth continuous function. The third possibility is that the
response in the critical zone cannot be described by a single-valued function. This
applies to the case of a bistable system which can give rise to either of two distinct
response modes at a given tilt angle, a possibility that has been mentioned anecdotally in the literature (Fischer, 1930; Schöne, 1964; Udo de Haes and Schöne,
1970). Settling these issues requires an extensive data set. With this in mind, the
original data set (Kaptein and Van Gisbergen, 2004) was expanded considerably
by taking repeated measurements of the subjective visual vertical and by testing at
more closely-spaced tilt angles. To test whether the transition shows signs of bistability on a short time scale, we also used a different testing method which allowed
us to obtain multiple responses within one trial.
Our second goal was to clarify why this transition from A-tot E-effect responses
has virtually escaped previous investigations in this field. Most earlier studies only
used a 180◦ rotation range, which means that rightward rotations never led to a
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leftward final tilt. This provided a degree of prior knowledge that was not present
in our previous study. Therefore we explored whether using the more common 180◦
range of rotations, instead of the 360◦ range in our previous investigation, would
affect the results. We also tested whether our use of a polarized luminous line,
which is not generally adopted, may have been a factor.
Our new data, showing two clearly separated response modes (A and E), firmly
rule out the continuous function hypothesis. We explain how the seemingly odd
error reversal in the A-E transition may represent a shift in an internal reference
used when adjusting line settings for sensed body tilt. We present indirect evidence
that the two distinct response modes are indeed linked to different computational
strategies. A major new finding is that the location of the transition along the tilt
axis depends on the direction of the preceding rotation. A quantitative analysis
of this hysteresis effect suggests that perceived body tilt may trigger the response
shift. Noise in the trigger signal is held responsible for scatter in the tilt angle where
the transition occurs and for the resultant signs of bistability that were found upon
repeated testing. Results from the commonly used 180◦ rotation paradigm showed
similar phenomena at higher tilt angles. The fact that this made the transition less
conspicuous may explain why these phenomena have been overlooked in earlier
studies.

3.2 Methods
Vestibular rotation paradigms
The subject was seated in a computer-controlled vestibular stimulator. Body tilt
was controlled by rotation about the naso-occipital roll axis at a constant velocity
of 30◦ /s. Roll position was measured using a digital position encoder with an angular resolution of 0.04◦ . The cyclopean eye was aligned with the axis of rotation by
adjusting the subject’s seat in height. The subject’s trunk was tightly fixated using
seat belts and adjustable shoulder and hip supports. The legs and feet where restrained by Velcro straps. The head was firmly fixated in a natural upright position
for looking straight ahead, using a padded helmet.
Rotation always started from upright and alternated between clockwise (CW)
and counterclockwise (CCW), defined as if seen from behind the subject. An important objective of the present study is to investigate whether there may be other
factors in the vestibular rotation paradigm, besides final tilt angle, that affect the
subjective visual vertical. One such potential factor is the rotation trajectory toward
the final position where testing took place. For example, as illustrated in Fig. 3.2A,
the subject can be brought into the 120◦ right-ear down position (starting from the
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upright position) either by the short-path rotation (120◦ CW) or by a long-path
rotation (i.e., 240◦ CCW) in opposite direction.
In our main experiment, we used both short and long-path rotation trajectories
for each final tilt angle. As a consequence, the rotation range was 0−360◦ , just as in
Kaptein and Van Gisbergen (2004), so that there was no fixed relation between the
direction of rotation and the orientation of the final tilt angle. Since short-path and
long-path rotations were alternated in random order, subjects had no cue whatsoever about the final tilt angle in the forthcoming trial. The experiment was designed
to compare the results of both rotation paradigms for each final tilt angle.
With rare exceptions, previous investigations of the subjective visual vertical
have exclusively relied on short-path rotations so that the rotation range never exceeded 180◦ . With this more restricted stimulus ensemble, a degree of prior knowledge about the forthcoming trial is unavoidable. For example, a rightward rotation
will never result in a leftward final tilt angle. To check whether this might affect
the results, we ran a separate set of control experiments, in which we presented the
same set of short-path rotations in isolation, thereby restricting the rotation range
to 0 − 180◦ (see Experiments). With this rotation paradigm, subjects reached their
final tilt angle without ever crossing the inverted position. Before the experiment
began, subjects were informed about the maximum rotation range that would be
used.
Irrespective of the rotation range used in the experiment, testing of the subjective visual vertical occurred at 30◦ intervals up to 120◦ absolute tilt (0, 30, 60, 90, 120).
Absolute tilt is defined as the net deviation in tilt angle from the upright position.
In order to get a detailed picture of the abrupt transition in response mode described previously, we used finer sampling, at 10◦ intervals, for larger absolute tilts
(130, 140, ..., 170, 180). In part of the experiments, some scatter (max ±10◦ ) was
superimposed on these final tilt positions. Testing of the various tilt angles occurred
in random order.
After the rotation to the final tilt angle of a given trial had been completed,
30 s elapsed before testing began in order to allow putative canal aftereffects to
wear off. After completion of the trial, the subject was rotated back to the upright
position where he remained for 60 s, with the room lights on, until the next trial
began. Vision was always binocular and subjects were allowed to move their eyes
freely.

Subjects
Five subjects, all male, gave informed consent to participate in the experiments.
Three of them had knowledge about the purpose of the experiments (RK, JG and
RV) and two of them were naive (SP and GE). Because the experiments required
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many sessions, it was not feasible to include more naive subjects. However, since
the results show no differences between the naive and non-naive subjects, it is unlikely that this has influenced our results. Age ranged from 23 to 60, with an average
of 28 ± 18. Four of the subjects also participated in the previous study (Kaptein and
Van Gisbergen, 2004), subject SP did not.
Before the experiment began, subjects were carefully instructed about the forthcoming task and were given a few practice runs to get used to the experiment. Subjects never received feedback about their performance. They were instructed that
they could terminate the experiment at any moment, if they wished.

Various testing methods of the subjective visual vertical
To test the subjective visual vertical, we used a luminous line with an angular subtense of 20◦ that was mounted at 90 cm in front of the subject. Its rotation axis
coincided with the roll axis of the subject. With the exception of one control experiment, where the line was non-polarized, the luminous line had the polarized
appearance of an exclamation mark. In the course of the experiments, we used two
different methods for recording the subject’s sense of verticality: the method of
adjustment and a scaling method.
In most experiments the task of the subject was to
adjust the line, which remained visible for 30 s, to the direction of gravity with
the dot pointing upwards. In the non-polarized line experiment, the subject was
merely asked to set the line parallel to the perceived direction of gravity. The line
could be adjusted back and forth by means of a joystick mounted near the subject’s
right hand. Trials not completed within the 30 s time window were discarded and
repeated later. The line could be set with an angular resolution of approximately
0.5◦ and its final setting was stored on disk.
METHOD OF ADJUSTMENT

A separate series of
experiments was designed to allow rapid sampling of the subjective visual vertical,
in order to capture its fluctuations within the time scale of a single trial (30 s).
Since the adjustment paradigm was too sluggish for this purpose, these data were
collected by flashing the polarized line in a series of 12 random orientations, to be
judged on a clock scale. Further details of this experiment will be provided in the
next subsection.

SCALING METHOD USING FLASHED-LINE PRESENTATIONS
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Experiments
The description of the experiments has been subdivided into two main categories,
based on the method that was used to determine the subjective visual vertical (adjustment versus scaling method).
As explained in the I NTRO one purpose of the present study was to expand the existing data set by
extended testing at more closely-spaced tilt angles. A further objective was to test
whether certain aspects of the experimental approach, that set our previous study
somewhat apart from what has become customary, might account for our finding of
the transition from A to E-effect at large tilt. Details of the experiments, undertaken
with these purposes in mind, will now be summarized.

EXPERIMENTS RELYING ON ADJUSTMENT METHOD
DUCTION ,

• Standard 360◦ -range experiment This paradigm was also used in our previous study (Kaptein and Van Gisbergen, 2004). Starting from upright, subjects
were rotated in roll between 0◦ and 360◦ , CW or CCW, to a final tilt angle
randomly selected out of the predetermined array specified above. Thus, the
final tilt angle might be reached either by a long-path or by a short-path rotation (see Fig. 3.2A). In subject SP, who had not participated in the earlier
study, these experiments were necessary for comparison with the control experiments described below. Three of the four subjects (RK, JG and RV) who
had participated in our previous study underwent additional testing in this
paradigm in order to obtain a larger number of responses at a given tilt angle
and to obtain finer sampling. Subjects in the present study adjusted the polarized luminous line with a joystick. This replaced the more indirect method
used in the previous study without any noticeable effect on the results. On average five sessions of 45 minutes were used to expand the data set in subjects
RK, JG and RV. Four such sessions were used for SP.
• Limited 180◦ -range control experiment The same set of final tilt angles
as in the standard paradigm was tested using the same polarized line and the
same method of adjustment. As in most studies reported in the literature, only
short-path rotations were used. The question behind this control experiment
was whether this difference could account for the fact that the transition from
A- to E-effect at large tilt was never reported as a robust finding in the literature. This paradigm was tested in five subjects, two of whom were naive
with respect to the purpose of the experiment. However, all subjects were
informed that the maximum rotation in the forthcoming experiment would
never exceed 180◦ . Two to three 45-minute sessions were needed to collect
the data from each subject.
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• Non-polarized line control experiment The rotation range was 0 − 360◦ ,
just as in the standard paradigm. The only difference was the use of a nonpolarized line, lacking the dot on one end. The subject was asked to set the
line parallel to the direction of gravity, using the joystick. The question behind the experiment was whether our use of a polarized luminous line might
have been a factor in the response transition at large tilt. A total of three
subjects participated in this experiment, none of them being naive. Approximately five sessions of 45 minutes were used to collect the data from each
subject.
The purpose of this experiment
was to gain a better understanding of the stochastic dynamics of the A- to E-effect
transition. Since this required a rapid method that allowed a quick succession of
independent tests within one trial, we used the flashed-line method introduced by
Van Beuzekom et al. (2001).
EXPERIMENT RELYING ON SCALING METHOD

• Flashed-line experiment Subjects were rotated between 0◦ and 360◦ , CW
or CCW, toward the same set of final tilt angles as tested in the standard 360◦
range experiment described above. After the 30 s waiting period, the polarized line was flashed briefly for 2 ms at intervals of 2.5 s. After each flash
the line changed orientation so that a total of 12 lines with different orientations were presented during 30 s. The subject was asked to judge the orientation of this line in world-fixed coordinates, using a clock scale (see also Van
Beuzekom et al., 2001). Subjects were instructed to imagine a clock hanging
in front of them on the wall of the room, and to judge the line’s orientation on
this clock. For example, a response of 12 o’clock would mean 0◦ (upward)
and 15 minutes past the hour would be 90◦ . Subjects mostly used one minute
accuracy but sometimes halve minutes were used. By presenting many different line orientations in random order, subjects were forced to make independent judgments and merely repeating memorized previous responses was
prevented. The subject’s verbal responses were listed by the experimenter
and recorded on audio tape to allow checking afterwards. Sometimes the response was unintelligible. Sometimes the subject did not respond because of
the quick succession or the short duration of the flashed lines. These causes
led to a loss of approximately 2% of the responses. Four subjects participated
in this paradigm, one of them (SP) being naive. Approximately six sessions
of 45 minutes each were needed to collect the data from each subject.
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Data analysis
Following the same conventions as in Kaptein and Van
Gisbergen (2004), tilt position ρ denotes the final angular head position (see Fig.
3.2) which can vary along a scale spanning the range 0◦ to 360◦ , with 0◦ (and 360◦ )
denoting the upright position. To avoid misunderstanding, it should be emphasized
that ρ (see scale in Fig. 3.2A) has nothing to do with the rotation (short-path or
long-path) used to reach that tilt position. Fig. 3.2A depicts how a ρ = 120◦ tilt
position can be accomplished by a 120◦ CW or a 240◦ CCW rotation.
The deviation from upright will be denoted ‘absolute tilt’, using a 0◦ − 180◦
scale. Figures showing tilt-dependent responses will be labeled using both ρ and
absolute tilt, where 90R and 90L indicate 90◦ right-ear down and 90◦ left-ear down
respectively.
In all experiments using the adjustment paradigm, response error, to be denoted
by γ , was defined as the difference between the line setting and the true vertical.
Luminous line settings in the CW direction, seen from behind the subject, were
taken positive (Fig. 3.2B). Accordingly, an A-effect during rightward tilt yields a
positive γ , an A-effect during leftward tilt (ρ > 180◦ ) reflects a negative γ .
In the flashed-line experiments γ equaled the estimated orientation minus the
presented orientation, with CCW deviations being defined positive (Fig. 3.2C).
These definitions allowed a direct comparison of response errors, irrespective of
which scoring method (adjustment or scaling) was used to assess performance.
DEFINITION OF ANGLES

To check whether the subjective impression of two distinct
response modes in the transition zone would stand the test of scrutiny, we performed a cluster analysis on the data. We applied the hierarchical clustering method
implemented in the ”linkage” algorithm (Matlab 6.0; The Mathworks) using a standardized Euclidian metric and an average distance measure. The algorithm served
to delineate the two major clusters in error-tilt scatter plots objectively. For comparison, we also performed K-means clustering, using the routine ”kmeans” (Matlab
6.0; The Mathworks) with k = 2. To verify whether the underlying assumption of
a bimodal response distribution applied, we used the non-parametric dip test of
unimodality (Hartigan and Hartigan, 1985; Hartigan, 1985), as implemented in the
”diptest” algorithm of the R statistical package(version 1.9.1, R Development Core
Team, 2004). Statistical results were considered significant if P < 0.05.
CLUSTER ANALYSIS

In the D ISCUSSION, we fitted a quadratic function
to the A-cluster, in a least-square sense. The coefficient a is defined according to
Y = a · X 2 , where X represents absolute tilt. The standard deviation was determined
with the bootstrap method (Press et al., 1992).
NONLINEAR-FUNCTION FITS

R ESPONSE MODE TRANSISTION IN THE SUBJECTIVE VERTICAL

49

A
330o

0o

Figure 3.2 Definition of angles and rotations with subject in rear view. Tilt position (ρ ) is 120◦ in all panels. A shows the 2
possible rotations to reach this tilt position,
starting from upright. Numbers denote the
ρ scale (0◦ − 360◦ ). In experiments using
the adjustment method (B), response error
(γ ) was defined as the true vertical (G) minus the subject’s line setting to the subjective visual vertical (SVV). CW deviations were taken positive. β represents the
line setting relative to the subject’s head
axis (Z). Tilt angle is denoted by ρ . In
the flashed-line paradigm (C), response error was defined as estimated (RESP) minus actual line (STIM) orientation, now
with CCW deviations defined positive. With
these conventions, performance in the two
types of experiments can be directly compared.
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To describe how the proportion of E-cluster responses in the A-E transition
zone increased gradually with tilt angle, we used a cumulative distribution function
PE (ρ ) defined as:
PE (ρ ) =

1
√
σ 2π

Z ρ
0

e

−(ρ ′ −ρt )2
2σ 2

dρ ′

(3.1)

In this expression, PE (ρ ) represents the fraction of E-responses as a function of
tilt angle. Parameter ρt can be interpreted as the mean tilt angle where the transition
occurs and σ reflects the scatter in this tilt angle.
The best-fit curves (see Fig. 3.7) were obtained with the maximum likelihood
method using a binomial distribution for each tilt position. This means that for each
tilt position, the distribution of A- and E-responses was taken to be binomial, with
the probability of getting an E-response given by PE (see Eq. 3.1) and the probability of an A-response by 1 − PE . The best-fit values for ρt and σ are those that maxi-
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mize the total likelihood. This maximization was done by minimizing the negative
log-likelihood, using the Nelder-Mead algorithm as implemented in ”fminsearch”
(Matlab 6.0; The Mathworks). See Wichmann and Hill (2001) for more details.
Standard deviations of the parameters were determined with the bootstrap method.

3.3 Results
Overview of results from control experiments
Recently, we found an unexpected transition from A-to E-effects at large tilt angles (Kaptein and Van Gisbergen, 2004). The major objective of this study was to
establish the nature of the transition and to find out whether it can be categorized
as continuous, discontinuous or bistable. A further goal was to understand why the
transition has not been reported in the earlier literature. To resolve these issues,
we first determined the subjective visual vertical in three different experimental
paradigms, all relying on the adjustment method and all testing the same set of
final tilt angles.
Figs. 3.3A-C show the pooled population results from three adjustment experiments: the 360◦ polarized-line paradigm (panel A), the 180◦ polarized-line paradigm (panel B) and the 360◦ non-polarized line experiment (panel C). Each graph
plots response error, measured in individual trials, as a function of final tilt angle.
The two different symbols represent the results of the clustering analysis that will
be presented in the next section (see section “Identification of two distinct response
modes by cluster analysis”). In A and C, short-path and long-path rotation results
have been pooled. Of course, panel B only shows responses to short-path rotations.
According to classical descriptions of the subjective visual vertical (Mittelstaedt, 1983; Schöne, 1964), A-effects show a gradual increase for absolute tilts
beyond ∼ 60◦ to a peak near 130◦ and then decay smoothly back to zero at 180◦
tilt. Responses with errors of opposite sign (E-effect), if present at all, would be
limited to small tilt angles. The large-tilt data in Fig. 3.3 clearly do not conform to
this classical picture at all.
To start with the results from the 360◦ polarized-line paradigm (Fig. 3.3A),
we see a dramatic collapse of the A-effect at large tilt in the form of a reset-type of
transition toward much smaller errors, mostly of the E-type. While this result firmly
corroborates the earlier findings described in Kaptein and Van Gisbergen (2004),
the much larger data set now available reveals interesting additional features that
were not apparent previously. It is now clear that the transition is not continuous,
because there is a clear separation into two response clusters. Along the horizontal
tilt axis, the A-E transition is less abrupt than previously suggested. Instead of
a well-defined critical tilt angle, marking a sharp boundary that assigns the two
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Figure 3.3 Comparison of results from different rotation and adjustment paradigms. A:
360◦ polarized-line paradigm. B: 180◦ polarized-line paradigm, C: 360◦ non-polarizedline paradigm, D: pooled across paradigms. In A, C and D short-path and long-path rotations were pooled, B only contains short-path rotation data. In all paradigms, there is a
clear A-effect which dominates in the range up to ∼ 135◦ . At larger tilts, a second response
type emerges, where systematic errors are smaller and mostly of the E-type. Different symbols show the result of the cluster analysis. Open circles represent A-cluster trials and filled
triangles denote E-cluster trials. The tilt range where the E-effect occurs in the 180◦ paradigm (B) seems more restricted. Wilcoxon rank-sum tests showed that the tilt relations of
the A- and E-clusters show no paradigm-related differences. The solid line in D shows the
result of a linear regression on the E-cluster. Best-fit parameters are: Slope: 0.29 ± 0.05;
Offset: −54 ± 8;R = 0.33;P < 0.0001; N = 311.

response modes to adjacent tilt domains, there now appears to be a tilt range where
both responses overlap. This suggests that the subjective visual vertical percept may
be locally bistable. Since these are pooled data, caution is warranted, so that it is
important to check whether the notion of a bistable tilt range is upheld in data from
individual subjects. This topic will be taken up again later (see “Analysis of the
transition zone”).
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Inspection of the results from the two control experiments (Fig. 3.3B,C) immediately shows a strong resemblance to the results in panel A. The results of the 180◦
rotation paradigm (Fig. 3.3B) also exhibit an indication of two response modes.
Again there is an indication of a bistable region where the two modes overlap, but
this zone now seems shifted to higher tilt angles and the E-zone is more restricted.
This latter aspect will be subjected to closer analysis later on.
Results from the non-polarized line paradigm, shown in Fig. 3.3C, also feature the same signs of two response modes and indications of bistability at certain
tilt angles, roughly similar to the response pattern in Fig. 3.3A. Since the 360◦
non-polarized line data are so similar to those from the standard 360◦ paradigm,
obtained with a polarized line, we conclude that this factor is irrelevant for the
explanation of our results. Therefore, the 360◦ polarized and non-polarized line
results were pooled for further analyses.
In conclusion, the consistent finding of bimodal response patterns in all three
paradigms suggests that the A-E transition is a genuine characteristic of the system,
rather than a curiosity of particular experimental conditions. At the same time, this
finding also rejects any notion that the transition could be described by a continuous function. That the E-effect range seems more restricted in the 180◦ paradigm,
an interesting fact in itself, may help to explain why this phenomenon has been
overlooked in earlier studies (see D ISCUSSION).

Identification of two distinct response modes by cluster analysis
Closer inspection of the error-tilt scatter plots in
Fig. 3.3A-C suggests several potential relationships that deserve further analysis:
APPROACH CLUSTER ANALYSIS

1. The large-tilt responses in both paradigms suggest a dichotomy, characterized by two major clusters with different modes
2. With increasing tilt angle, there appears to be a gradual shift in the probability
of obtaining either one or the other response, implying the existence of an
intermediate tilt zone with bistable behavior
3. Differences in rotation paradigm seem to affect the expression of this stochastic process (cf. Fig. 3.3A and 3.3B)
In an attempt to substantiate the notion of two major response modes, we performed a statistical cluster analysis (see M ETHODS). This analysis explored the
hypothesis that there are two major potential response modes at large tilts with
invariant properties across subjects and rotation paradigms (180◦ versus 360◦ ). According to this concept, subject and paradigm-related differences in performance
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reflect probabilistic differences determining which of the two invariant response
modes prevails. If this hypothesis is correct, the error-tilt relation dictated by each
response mode is paradigm independent.
To explore whether the notion of two paradigm-invariant response modes is a
plausible concept, the clustering analysis was performed on the combined adjustment data from all three paradigms in Fig. 3.3D, thus imposing a common set of
criteria on the pooled data. The data set obtained in this fashion contained the responses from 1063 trials in five subjects. Since we pooled responses from both the
360◦ and the 180◦ paradigm, the data set includes both short-path and long-path
rotation trials. Because there was no reason to suspect a left-right asymmetry in
the system, the data from left and rightward tilts were pooled as well. The actual
cluster analysis, performed in 2D, was limited to the data associated with absolute
tilts > 120◦ , the range where the response dichotomy comes to expression.
IDENTIFICATION OF A-RESPONSE AND E-RESPONSE CLUSTERS IN ADJUSTMENT

The results obtained with two different clustering algorithms (hierarchical clustering and K-means clustering, see M ETHODS) were in very good mutual
agreement. The description of the clustering results will concentrate on the two
clusters uppermost in the hierarchy detected by the hierarchical clustering method.
This is consistent with our objective: to find an objective basis for delineating two
major clusters in the error-tilt relation scatter plots. The two major clusters detected
by the hierarchical clustering algorithm are shown in Fig. 3.3D by two different
symbols. Despite the extensive data pooling across subjects, paradigms and tilt direction, the two clusters stand out very clearly. This robustness of the result lends
some credibility to the notion that there are two major response modes with broad
validity across subjects and experimental conditions.
Because of their association with large A-effects (open circles) and with Eeffects at large tilts (filled triangles), the two clusters in Fig. 3.3D will be dubbed
A-cluster and E-cluster, respectively. These terms serve as easily-memorized short
labels, to simplify description. It should be kept in mind, however, that there are
trials where this label is incorrect in a strict sense, especially in the E-cluster where
some trials show a small A-effect. Since the data collected at tilts below 120◦ form a
continuum with the A-cluster, these trials will be denoted as A-trials as well. Cluster
analysis is an objective procedure for distinguishing two clusters but gives no easily
interpreted statistical measure for their separation. We applied the non-parametric
dip test (see M ETHODS) to test whether distinguishing two clusters was justified.
When applied to the error distribution obtained by pooling all data with absolute
tilt > 120◦ in the data set of Fig. 3.3D (N = 574), the dip test rejected the null
hypothesis that the distribution is unimodal (P < 0.001). To illustrate that there is
DATA
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Figure 3.4 Bimodal error distributions compiled from data in range
120 − 180◦ absolute tilt. A: adjustment data, B: flashed-line data.
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a clear dip between the two major modes of the error distribution, Fig. 3.4A shows
a histogram of all the adjustment data with absolute tilt > 120◦ . The distribution is
clearly bimodal, with peaks around −5◦ and 50◦ . Application of the dip test on the
adjustment data of single subjects showed that the deviation from a unimodal error
distribution was significant (P < 0.01) in four of the five subjects. In subject GE
this was not the case (P = 0.13).
CHARACTERISTICS OF A- AND E-RESPONSE MODES IN DIFFERENT PARADIGMS

Now that the two major clusters have been defined in the pooled data, the question
arises how this classification works out in the widely-used 180◦ paradigm where the
existence of two distinct clusters has never been reported. Our 180◦ data (Fig. 3.3B)
also show two clusters with a vertical separation. We also performed the cluster
analysis on the separate paradigm data for comparison with the pooled-paradigms
result. With just a few exceptions, all trials were classified into the same cluster as
in the pooled cluster analysis. Closer inspection of Fig. 3.3B reveals that the A-E
transition is shifted to a larger tilt angle. As a result, the A-cluster dominates almost
the entire tilt range and the E-cluster is limited to a restricted tilt range near the
inverted position. A potential factor is that final tilt angle is not the only important
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variable and that it matters whether a short-path or a long-path rotation brought the
subject into the final testing position. Both trial types occurred in the standard 360◦
paradigm but the 180◦ paradigm only had short-path rotation trials. A thorough
comparison between the 180◦ and the 360◦ short-path data will be made in the later
R ESULTS section “Analysis of the transition zone”.
As has been mentioned earlier, responses classified in the E-cluster actually
show a mixture of E-effects and small A-effects. The fact that the E-cluster in the
pooled data (Fig. 3.3D) slopes upward from left to right indicates that this is not
just a matter of random scatter around zero. Indeed, a linear regression reveals a
highly significant tilt dependence, caused by a tendency toward larger E-effects at
tilts farther away from the inverted position (ρ = 180◦ ). The question is whether
the E-cluster responses in the various paradigms (Fig. 3.3A-C) adhere to this same
tilt dependence, even if their range of occurrence may be more restricted. In other
words, is there an invariant tilt-dependent relation characterizing the size of the error in a given response mode, even though the probability that this response mode
prevails may vary? To test this, we used a Wilcoxon rank-sum test. Grouping the
subject-pooled adjustment data in adjacent 10◦ wide bins, for both clusters separately, we obtained three groups of data in each bin, one for each paradigm. The
Wilcoxon rank-sum test on each separate bin showed no paradigm-related differences for the A-cluster nor for the E-cluster. We conclude that the error-tilt relation
in each response mode, when activated, is paradigm invariant. As will be shown
later (see subsection “Scatter and hysteresis in transition tilt angle”), the probability that a given response mode will come to expression depends not only on tilt
angle, but also on the direction of the preceding rotation.
Since collecting a large data set
with the adjustment method is tedious (each response requires a separate rotation
trial) we also used the flashed-line paradigm (see M ETHODS) which yielded 12 responses in each trial. The experiments, undertaken in four of the five subjects that
participated in the adjustment experiments, resulted in a roughly four times larger
data set (N = 3702). Since the method for collecting these data was different in various respects, it is important to check whether the results show similar characteristics. We again performed the cluster analysis on the subject-pooled data. Short-path
and long-path rotations and left- and rightward tilts were also pooled. Fig. 3.5A,B
compares the adjustment results and the flashed-line results from subject JG. The
results are very similar.
The dip test (see M ETHODS) on the pooled flashed-line data collected at absolute tilts > 120◦ was positive (P < 0.001), just as in the adjustment results. A
histogram of the pooled flashed-line results for absolute tilts > 120◦ can be seen in
CLUSTERING RESULTS FLASHED-LINE DATA
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Fig. 3.4B. The distribution is clearly bimodal and is very similar to the histogram
of the adjustment results (Fig. 3.4A). The two clusters were also present in the
flashed-line data from individual subjects (see Fig. 3.5B for an example). The dip
test on individual subjects on the paradigm-pooled data in the absolute tilt range
> 120◦ rejected unimodality (P < 0.001).

Analysis of the transition zone
The cluster analysis has shown that there are two distinct response clusters at large
tilts in all paradigms (see Figs. 3.3, 3.5). This bimodal character demonstrates that
the A-E transition cannot be described by a continuous function. Visual inspection
of the population data (Fig. 3.3) further suggests that the two response modes occupy slightly overlapping tilt ranges. This led us to investigate the possibility that
the system can be locally bistable.
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The analysis of population data revealed
signs of bistability in all adjustment paradigms. However, this result must be interpreted with caution if the A-E transition occurs at different tilt angles in different
subjects. The two bottom rows in Fig. 3.5, where short-path and long-path rotations
are shown separately, show examples of bistability in the 360◦ responses from one
subject. This illustrates that the bistability phenomenon is not merely an artifact of
pooling.
A survey of the adjustment and flashed-line data from individual subjects, led
to the following conclusions. First, bistable responses are limited to large absolute
tilts, which could already be seen in Fig. 3.3 and Fig. 3.5. Second, bistability occurs
in all subjects and in all paradigms. In total, we found 48 tilt angles where both an
A-type and an E-type response were present within a 4◦ wide bin. This analysis
was done for subjects, paradigms and tilt directions separately.
Further analysis of the flashed-line data concentrated on the question whether
the bistability also manifests itself within a single trial. To introduce the topic,
Fig. 3.6 shows stimulus-response relations from subject JG, for two different tilt
angles that were each tested twice on different days. The horizontal axis, in earthcentric coordinates, plots the different orientations of the polarized line that were
presented in each trial. The vertical axis represents the corresponding clock-scale
estimate given by the subject, transformed into the same coordinate system. The
solid line denotes perfect responses. The vertical shift in the responses is the expression of systematic errors in the subjective judgments. The point to be noticed
is that these shifts are different among trials but consistent within a single trial,
except for small noisy variations. Since the slopes of the linear-regression lines do
not deviate significantly from unity (see caption), all line orientations presented in a
single trial were misperceived by nearly the same angle. Thus, it appears that tilting
has rotated the subject’s internal clock scale out of alignment with the physical vertical without distorting the scale (see Van Beuzekom et al., 2001). Since there is no
sign of fluctuating systematic errors within a single trial, the examples in Fig. 3.6
show no sign of bistability on a short time scale. In Fig. 3.6A, representing data at
90◦ tilt, we see also no sign of bistability upon repeated testing. At this tilt angle,
long-term and short-term variability is comparable and all tests show a consistent
A-effect. However, the two trials in Fig. 3.6B at a larger tilt angle (140◦ ) show a dramatic expression of bistability upon repeated testing in identical trials in different
sessions. The filled triangles in Fig. 3.6B correspond to an E-effect. The open circles represent an A-effect. As can be seen from the offsets of the linear-regression
lines, both effects are huge (A-effect: −76 ± 6; E-effect: 57 ± 6).
The question arises whether the result in Fig. 3.6B, with its striking expression of bistability across trials but not within trials, is typical for large tilts. To
BISTABLE NATURE OF THE TRANSITION
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Figure 3.6 Flashed-line orientation estimates
in subject JG at 2 tilt positions. For each tilt
position, the results of 2 trials are shown,
indicated by different symbols. The dashed
and dashed-dotted lines show the results of
linear regressions on the data of each trial.
The best-fit parameters are: A: Slope: 0.98 ±
0.04; Offset: −15 ± 5; R=0.997 (dashed
line), Slope: 0.99 ± 0.02; Offset: −25 ±
3; R=0.999 (dashed-dotted line). B: Slope:
1.03 ± 0.03; Offset: 57 ± 6; R=0.998 (dashed
line), Slope: 1.02 ± 0.03; Offset: −76 ± 6;
R=0.997 (dashed-dotted line). The slopes are
always close to 1.0, which means that systematic errors (vertical offset) do not depend on
stimulus orientation. In A there is an A-effect
in both trials. In B one trial (open circles) corresponds to an A-effect, the other trial (filled
triangles) to an E-effect. Within each of the 4
trials all responses are of the same type, either
an A- or an E-effect.

stimulus angle [deg]

investigate this, we first identified all tilt angles where repeated testing had yielded
responses in both clusters. Remarkably, this analysis showed that at the bistable tilt
angles the response was rarely bistable within a single trial. We found that there
were 45 flashed-line trials at bistable tilt positions. These 45 trials yielded a total
of 506 recorded single flash responses. Of these, 17 trials yielded exclusively Acluster response strings, 16 produced pure E-cluster response strings and 12 trials
contributed both A- and E-responses. Of these 12 mixed trials, nine were almost
purely A- or E-type with one exception. In total, the selected trials yielded 270
A-responses and 236 E-responses.
According to the simplest model, the statistics underlying the response string
to 12 lines within one trial would reflect a series of independent decisions, each
involving the probabilities implied by the overall totals. If this were the case, the
probability that a trial would produce a pure A-response string (0.5312 ) or a pure Eresponse string (0.4712 ) would be vanishingly small (< 0.1%). Since, in fact, most
trials produce pure A- or E-response strings, we may conclude that the subjective
visual vertical is quite stable on a time scale of many seconds.
As we have seen, the
bistability findings have yielded mixed results. The disparity between within-trial
and across-trial results would be expected if the critical tilt angle where the tranSCATTER AND HYSTERESIS IN TRANSITION TILT ANGLE
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sition occurs in repeated trials is subject to noisy variation. In order to analyze the
transition zone data from this perspective, we proceeded in two steps. We began by
computing the frequency of E-trials as a fraction of the total in adjacent 10◦ wide
bins across the entire 0◦ − 180◦ range of absolute tilts by pooling left and right tilt
data. Data from short-path and long-path rotations (360◦ experiment) and from the
180◦ experiment were analyzed separately. The resulting data were then fitted with
an integrated Gaussian function (Eq. 3.1, see M ETHODS). Since the data sets from
single subjects were not quite large enough to perform this analysis thoroughly, we
performed it on the pooled data. The resulting fits for the pooled adjustment data
are shown in Fig. 3.7A. In all three curves, the fraction of E-trials rises smoothly
from zero at small tilt to a value near 1.0 at 180◦ absolute tilt. This fact implies that
the two response modes occur jointly in a certain tilt range. There are differences
between the long-path and short-path curves, demonstrating a hysteresis effect. The
short-path curve is shifted to the right, meaning that the transition zone is displaced
to a higher tilt range in the short-path data. The curve for the 180◦ data is still further shifted to the right, indicating that it is relevant whether short-path trials are
presented in isolation or in a randomly mixed ensemble containing also long-path
trials.
To interpret the curves in Fig. 3.7A, it is helpful to consider the underlying
Gaussian curves (see Fig. 3.7B). These Gaussian distributions represent the probability of switching from the A- to the E-mode (or from E to A), as a function of tilt
angle. Since the width of the Gaussian curves specifies the zone where most A- to
E-transitions occur (95% occur within ±2σ ), parameter σ is a measure of the scatter in the transition tilt angle, whose mean value is located at ρt . These mean and
scatter values (see Eq. 3.1) are shown in Table 3.1, which also lists the best-fit parameters extracted from the flashed-line data. Note that the pooled flashed-line data
demonstrate the same pattern as the adjustment data, with very similar parameter
values (see Table 3.1).
A caveat in the preceding analysis is that we used population data so that the
curves will partly reflect idiosyncratic differences. The data that we have from four
subjects consistently show a difference in ρt for the 360◦ short-path and the 360◦
long-path data (cf. Fig. 3.5C-F), qualitatively compatible with the pooled data in
Table 3.1. We had insufficient data to obtain reliable scatter estimates in individual
subjects, so that the obtained σ values may represent an overestimation.
In summary, this analysis interprets the bistable zone as a probabilistic transition between two distinct response modes. It suggests that the transition tilt angle
is subject to noisy scatter, a process depicted by the Gaussian curves in Fig. 3.7B.
Describing the transition statistics as a Gaussian process allowed a fair characterization of the results from two different methods for testing the subjective vi-
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Figure 3.7 Quantative analysis of
A-E transition in pooled adjustment
data. Upper panel shows shows the
E-cluster fraction for 360◦ longpath (open squares), 360◦ shortpath (filled circles) and 180◦ data
(open circles), together with the fits
of the cumulative distribution functions (long-path: dashed line, shortpath: thick solid line, 180◦ : thin
solid line). Lower panel shows the
corresponding probability distribution functions. Best-fit parameters
are listed in Table 3.1. The curves
in the lower panel can be interpreted as the probability of switching from A- to E-mode, as a function of absolute tilt. The fact that
the 360◦ short-path and 360◦ longpath curves are displaced horizontally means that the system shows
hysteresis.
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sual vertical and from three different rotation paradigms. The results obtained by
the adjustment and the scaling method were almost identical but there were clear
rotation-paradigm related differences. This paradigm dependence took the form of
a hysteresis effect that caused the mean transition tilt angle to shift into the direction of the preceding rotation. Use of the 180◦ paradigm amplified this difference.
In the D ISCUSSION, we explore two hypotheses on how the hysteresis effect and
the scatter in the transition tilt angle may come about.

3.4 Discussion
Overview of main findings
When tilted sideways in the dark, subjects estimating the direction of gravity make
systematic errors (A-effects) for tilts up to ∼ 135◦ and show an abrupt transition
to errors of opposite sign (E-effect) for larger tilts (Kaptein and Van Gisbergen,
2004). The present study was undertaken to study the nature of this A-E transition
and to find out whether it can best be characterized by a continuous function, a
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rotation
◦
360 long path
360◦ short path
180◦ short path

mean (ρt )
adjust
flash
143 ± 1 142 ± 1
151 ± 2 154 ± 1
159 ± 2
-
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scatter (σ )
adjust
flash
9±2
8±1
10 ± 2 12 ± 1
11 ± 2
-

Table 3.1 Best-fit parameters for cumulative transition curves in different paradigms. Results are from the subject-pooled data. The results obtained with the adjustment (see
Fig. 3.7) and the flashed-line method are shown separately. Recall that the 180◦ paradigm was not done with the flashed-line method. Results for adjustment and flashed-line
data are quite similar. Mean transition tilt angle is lowest for the 360◦ long-path condition
and highest for the 180◦ condition. Scatter is smallest for the 360◦ long-path condition.
The 180◦ condition and the 360◦ short-path condition have similar scatter. All measures in
degrees.

discontinuous function, or as a bifurcation of a bistable system. Since this transition
was not noticed in earlier studies, we also investigated how its expression depended
on the experimental paradigm used for subject rotation and for testing the subjective
visual vertical.
Our results demonstrate that
the tilt-dependent pattern of systematic errors in the subjective visual vertical cannot be described by a continuous function. Cluster analysis singled out two distinct response modes at large absolute tilts (≥ 135◦ ) that even stood out clearly in
the pooled population data (Fig. 3.3D). Further statistical analysis confirmed that
the error distributions of the two response clusters, termed A- and E-cluster, were
separated by a gap (Fig. 3.4). This demonstration of two distinct response modes
allowed us to classify each trial as either A- or E-type. The response error distributions in both the A- and the E-cluster are tilt dependent. In the A-cluster there
is a pronounced monotonic increase in the size of the error with tilt angle, similar
to the trend known from previous studies (Udo de Haes, 1970; Van Beuzekom and
Van Gisbergen, 2000). In the E-cluster, mean errors are small and tend to decrease
to zero as tilt approaches the inverse position. A linear regression on the pooled Ecluster data (Fig. 3.3D) returns a slope of 0.29 ± 0.05, which is in close agreement
with the slope found in Kaptein and Van Gisbergen (2004).
EVIDENCE FOR TWO DISTINCT RESPONSE MODES

The two
response modes were plainly visible in the results of the various adjustment paradigms (Fig. 3.3) and in the flashed-line data (Fig. 3.5). We found that use of a polar-
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ized or a non-polarized line made no obvious difference (see Fig. 3.3A,C). The adjustment experiments used both short-path and long-path rotations (see Fig. 3.2A).
These were either mixed randomly (360◦ paradigm) or presented as a separate series (180◦ paradigm). In the 360◦ data, the two response modes were manifest in
individual subjects (Fig. 3.5, two bottom rows) as well as in the population data
(Fig. 3.3A,C). In the 180◦ experiment the pooled data again showed the two clusters (Fig. 3.3B), but this was not always unmistakable in individual subjects. The
results from the 360◦ paradigm showed that the tilt ranges occupied by the A- and
E-response modes depended on rotation paradigm (see Fig. 3.7). We found an earlier onset of the E-response mode in long-path rotations. In the 180◦ experiments,
the range dominated by the E-response mode was even more displaced to higher
tilts than in the 360◦ short-path rotations (see Fig. 3.7). This difference is remarkable, since the physical stimulus was exactly the same in the two conditions. The
only difference was the set in which the trials were embedded. The 180◦ experiment
contained only short-path trials, while the 360◦ short-path data were collected in
experiments containing both trial types. Since subjects were always told what the
maximum rotation would be, a plausible reason for the difference is prior knowledge. That prior knowledge about the experimental paradigm and other cognitive
effects may affect the responses in vestibular psychophysics has been noticed before (Mast et al., 2001; Wertheim et al., 2001; Wright and Glasauer, 2003).
The result that the emergence of two distinct response modes was robust in each
separate paradigm and was even retained after pooling across all adjustment experiments and all subjects, leaves unexplained why this feature was not noticed in earlier studies (Udo de Haes, 1970; Van Beuzekom and Van Gisbergen, 2000). There
have been a few incidental reports of two response modes in vestibular experiments.
Udo de Haes and Schöne (1970) and Fischer (1930) reported different line settings
at large tilts, similar to what we found. Pettorossi et al. (1999) reported a sudden
change in direction of reflexive eye movements in rabbits when tilt exceeded a critical threshold. The fact that the two modes in the subjective visual vertical were not
noticed before, except in a few anecdotal reports, may have several reasons. First
of all, we would have overlooked the two distinct response modes in our 180◦ data,
if we had applied the common practice of computing the average response at each
tilt angle. To illustrate this, we refer to Fig. 3.8 where this procedure was applied
to our own data. As can be seen, the result is a smooth curve that is very similar to
classical data in the literature (Mittelstaedt, 1983; Schöne, 1964). A further artifact
resulting from simply averaging bimodally distributed data is the suggestion of a
hysteresis effect at ρ = 180◦ , of the type described in Van Beuzekom and Van Gisbergen (2000). The actual distribution of the data points does not support such an
effect.
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Figure 3.8 Mean response error
in pooled 180◦ -paradigm data.
Open circles and filled triangles
correspond to A- and E-cluster
respectively (see Fig. 3.3B).
Solid line shows that computing
the overall mean, ignoring the
existence of two separate clusters, is misleading. The mean
curve shows a smoothly increasing and decaying A-effect and
hysteresis at 180◦ tilt. The curve
is very similar to the one found
by Van Beuzekom and Van Gisbergen (2000).

Other factors that may explain why the two response modes were not noticed
before include the need for fine sampling at closely-spaced tilt angles and for repeated testing, to ensure a sufficiently large database. The latter point may help
to explain why the bimodal character is not always visible in data from individual
subjects, even when its expression in pooled data is convincing.
The analysis of the responses in the
transition zone (R ESULTS), has yielded the following picture:
BISTABILITY AND HYSTERESIS FINDINGS

1. Pooled data from multiple sessions show that the two response modes occur
jointly in part of the tilt range. In this overlap zone, the subject may produce
an A-type response in one trial and an E-type response in another trial (see
Fig.3.6B). This result was seen in the adjustment experiments and in data
from repeated flashed-line experiments. Further analysis (Fig. 3.7) showed a
hysteresis effect in that the bistable zone was shifted, depending on whether
the data were collected in short-path or in long-path rotation trials. This paradigm dependence is illustrated schematically in Fig. 3.10.
2. Analysis of the single-trial data obtained with the flashed-line method, which
allowed repeated testing, established that flipping between response modes
was very rare on a 30 s time scale. Most response strings within the single
trial belonged to a single response category (either A or E).
These findings suggest that the system is not intrinsically bistable, but that the
critical tilt angle at which the transition occurs varies between trials. This noisy
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variation is represented by the Gaussian curves in Fig. 3.7B. In the section ”Interpretation of the bistability and hysteresis findings” these findings will be discussed
in more detail.

The transition may represent a shift in reference frame
Reconstructing the
orientation of a visual contour in terrestrial coordinates requires information about
line orientation on the retina and about body tilt. According to the literature, bodytilt information may involve various sources such as the otoliths (Mittelstaedt,
1983), the semicircular canals (Pavlou et al., 2003; Keusch et al., 2004) and the somatosensory system (Bronstein et al., 1996; Anastasopoulos and Bronstein, 1999).
A peripheral explanation of the A-E transition, in the sense that this phenomenon
reflects a tilt-related discontinuity in the properties of primary sensory afferents,
seems unlikely. First, the tilt range where the sudden jump occurred was different
in the 180◦ and the 360◦ short-path data although the physical conditions in the
preceding rotation and during testing in the stationary condition were exactly the
same. Second, the analysis of subjective body tilt estimates in Kaptein and Van
Gisbergen (2004), collected under similar conditions, showed that the jump in the
subjective visual vertical has no parallel in perceived body tilt.
EVIDENCE THAT THE TRANSITION HAS A CENTRAL ORIGIN

EVIDENCE THAT THE TRANSITION REFLECTS A SHIFT IN COMPUTATIONAL STRAT-

A striking feature of visual verticality estimates during external space perception in the dark, found beyond 60◦ tilt, is a severe under-compensation for lateral
body tilt (A-effect). Since body-posture percepts do not have these systematic errors (see Kaptein and Van Gisbergen, 2004; Van Beuzekom and Van Gisbergen,
2000), the question must be faced why external space perception would accept
these seemingly unnecessary errors. Two different explanations, invoking different
mechanisms but in essence mathematically equivalent, have been proposed (Eggert, 1998; Mittelstaedt, 1983). Both models interpret the A-effect as the downside
of a computational strategy for optimizing performance at small tilt.
If the A-effect reflects a computational strategy, could the brusque departure
from this response mode in the A-E transition represent a shift in strategy? This
interpretation requires that there should be some advantage for the system to justify
this added complexity. The strong improvement in performance (smaller systematic
errors) engendered by the transition indeed seems to argue in favor of a strategy
shift. What still remains to be explained, though, is why the transition gives rise
to errors of opposite sign (E-effect). Whereas the A-effect represents a bias toward
the head, the E-responses at near inverse tilt can be interpreted as a bias toward the
opposite body pole (the feet), suggesting a possible shift in reference.
EGY
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Indirect evidence that the strategy shift may indeed involve a reference shift
was obtained in a supplementary experiment. This work was inspired by comments
from several experienced subjects, who had participated in multiple sessions. These
comments suggested that task execution at large tilt trials confronted them with
problems that were not apparent at smaller tilts. A recurring theme in these subjective appraisals is the contrast between a more indirect approach in task execution
at large tilt and more automatic settings at smaller tilts. A more detailed account of
these comments sketches the following scenario. For most of the tilt range, subjects
have a vivid percept of up and down and the orientation of the horizon. Since the
subjective cardinal axes of external space are directly available as a reference, setting the line to the vertical is effortless, without necessitating conscious awareness
of how one it tilted. This type of task execution, without conscious use of perceived
body tilt, will be denoted as the default response strategy. At very large tilts near
the inverted position, spatial awareness (where is the horizon?) may be lacking.
Under such conditions, the direction of ”up” is reconstructed indirectly from the
only vivid percept that is momentarily available: the strong sense of being tilted at
a very large angle. Based on this awareness, the brain decides that the line should
be aligned near the direction of the upward pointing feet. Small sensed deviations
from inverted tilt then guide small adjustments relative to this reference. We will
denote this as the alternative strategy.
We considered that this suggested dichotomy would gain significance and credibility if it could be linked to the A- and E-response modes. In four subjects (two
naive), who had participated in many previous subjective vertical experiments, we
repeated the 360◦ -paradigm, using the adjustment method. After the line setting
was made, we asked them to indicate either whether their response had been effortless and automatic or whether they had been aware of using their percept of body
tilt as an intermediary step to obtain the line setting (forced choice). Care was taken
that all subjects understood these instructions. After the verbal responses had been
collected, we relabeled them to the shorthand terms ’default’ and ’alternative’, for
descriptive purposes.
The result of this experiment can be seen in Fig. 3.9. Remarkably, default (open
circles) and alternative (filled triangles) judgments corresponded almost perfectly
to the two major clusters distinguished before (Fig. 3.3). Note that this is not just a
loose coupling which arises because both the proportion of E-trials and the proportion of alternative responses increase with tilt angle. The fact that there is an almost
one-to-one correlation in the tilt region where A- and E-responses are mixed rules
out that the relation is spurious.
Partly on the basis of these results, we hypothesize that the seemingly odd error
reversal in the A-E transition may reflect the use of different internal references
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by the default system and the alternative system when adjusting line settings for
sensed body tilt. According to this scenario, when the system is in the default mode
(responsible for A-responses), it compensates line settings for the tilt deviation of
the head from upright (Fig. 3.10, upper inset). At large tilts, the alternative system
(responsible for E-responses) bases its line settings on the tilt deviation of the feet
from upright (Fig. 3.10, lower inset), which equals the deviation of the head from
the upside-down position. In both modes, the sensed tilt deviation from the chosen
reference is under-compensated, with opposite errors in line settings as a result. In
this way, the hypothesis also provides a simple explanation for the discontinuous
nature of the A-E transition. Without the putative reference shift, the error reversal
(A to E) would be hard to explain.
A further major question is why is the mean transition tilt angle (ρt ) is different
for long-path and short-path rotations, and how this relates to the bistability. These
topics are the subject of the next section.

Interpretation of the bistability and hysteresis findings
The literature on the subjective visual vertical contains anecdotal reports of bistable
responses, but this phenomenon has never been subject of systematic study. For example, Fischer (1930), Schöne (1964) and Udo de Haes and Schöne (1970) noticed
that subjects sometimes doubted between two possible settings. Our flashed line
data showed that the sense of verticality is quite stable on a 30s time scale. However, a bistable response pattern did emerge at large tilt angles if subjects were
repeatedly tested in multiple sessions (see Fig. 3.5, 3.6). The two seemingly con-
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flicting sets of data can be reconciled. Apparently, the decision as to which response
mode prevails is taken early in the trial and is generally irreversible. As a result, all
responses in a given trial are typically of the same type (Fig. 3.6B). That the system may nonetheless appear bistable upon repeated testing on different days, can
be ascribed to noisy variations in the tilt angle where the A-E transition may occur
(see Fig. 3.7B). This linkage to the A-E transition also explains why the bistability
phenomenon is limited to a restricted range of angles, always at high tilt.
Udo de Haes and Schöne (1970) and Fischer (1930) also described a hysteresis
phenomenon in the subjective visual vertical. These authors noticed that subjective
vertical settings at a given static tilt angle were different depending on the direction
of the preceding rotation. Udo de Haes and Schöne (1970) attributed this finding
to an aftereffect of the semicircular canals. Although there is indeed indirect evidence for a role of the canals in the subjective visual vertical (Jaggi-Schwarz and
Hess, 2003; Jaggi-Schwarz et al., 2003; Keusch et al., 2004; Pavlou et al., 2003),
a problem with the Udo de Haes and Schöne (1970) hypothesis has always been
that it cannot easily explain why the hysteresis is restricted to large tilt angles. Our
analysis suggests a different origin for the hysteresis which also explains why this
phenomenon occurs only at large tilts. We find that there are two potential response
modes at large tilt with very different responses and that the system’s preference
for one mode or the other, at a given tilt angle, depends on how that tilt angle was
approached (see Fig. 3.10). We have no evidence that the response modes, as such,
are affected by the direction of the preceding rotation. In the R ESULTS, Wilcoxon
rank-sum tests showed that the tilt dependences of both the A- and E-cluster were
not significantly different among paradigms.
We now concentrate on the question of how the
shifts between the two computational strategies, as a function of tilt angle and as a
function of the experimental paradigm, can be understood. As a simple model for
the switching mechanism we suggest that the brain applies a criterion to some tiltrelated signal to determine which response mode should be adopted. The challenge
is to come up with a plausible candidate for this signal that can account for the
statistical characteristics of the shifting behavior.
In our previous study (Kaptein and Van Gisbergen, 2004) we suggested that
the tilt-related signal driving the decision might be the line setting relative to the
body (β ) proposed by the default mechanism (A-mode). For the definition of β ,
see Fig. 3.2. According to this idea, the brain would switch to the E-mode when
β exceeds a certain criterion. Specifically we proposed a criterion of β near 90◦ ,
corresponding to a line setting perpendicular to the body axis. To illustrate the
rationale behind this idea, Fig. 3.11 shows β -values from the pooled adjustment
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Figure 3.10 Schematic illustration of hysteresis in 360◦ data. Scheme shows mean A- and
E-responses and indicates how the mean transition angle (see Table 3.1) is different for
short-path (A to E) and long-path (E to A) rotations. The mean curve for the A-cluster
was obtained by fitting a quadratic function (see M ETHODS) to the pooled A-cluster data
(Fig. 3.3D). The E-cluster line is the result of the linear regression on the pooled E-cluster
data (Fig. 3.3D). The best-fit parameter for the A-cluster: a = 0.00270 ± 0.00003; R =
0.86; N = 752. The two insets show how a reference shift can explain the error reversal.
When the system works in A-mode, the line setting relative to the body axis compensates
(comp) only partially for the tilt deviation of the head. When in E-mode, line settings compensate only partially for the tilt deviation of the feet from upright. Partial compensation
for the tilt deviation of the head from upside down would have the same effect. Gray arrow
denotes the upward direction. Subjective visual vertical is indicated by a black arrow, the
body axis by a white arrow (subject seen from behind).

data set as a function of absolute tilt. The subjective vertical task requires that
subjects set the line using β = ρ (dashed line with slope 1). As tilt increases, β
remains more and more behind the required value which means that the system
becomes less and less sensitive to further tilt increments, with huge A-effects as a
result. Therefore, it seemed reasonable to suggest that the shift in response mode,
which leads to a dramatic reduction in systematic errors, might be provoked by
the saturation in the β values proposed by the default A-system. It appears that, to
account for the experimentally obtained ρt values, β criteria near 90◦ would indeed
be adequate. Small differences of a few degrees would be sufficient to account for
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Figure 3.11 Line settings relative to body (β ) as a function of absolute tilt. Paradigms and
subjects were pooled. The two clusters are indicated by open circles (A) and filled triangles
(E). The oblique dashed line indicates perfect performance. The A-cluster clearly illustrates
that tilt is undercompensated. The horizontal solid line illustrates that the β = 90◦ line has
a very broad intersection with the data, making it an unlikely criterion. Also indicated
(gray) is a 4σ wide band centered at mean β . The mean β curve (not shown) and the 4σ
curves are based on the fits from Fig. 3.10 and Fig. 3.12.

paradigm-related differences.
The major problem with proposing β as the tilt-related signal that drives the
switching mechanism is that the noise characteristics of the β signal cannot account
for the width of the bistable zone. Why the noise characteristics create a problem is
illustrated in Fig. 3.11. The intersection of the β = 90◦ line with the β -data is much
broader than the width of the transition curves (Fig. 3.7). The β = 90◦ criterion,
necessary to match the location of the bistable zone along the tilt axis, implies
that the first A-E transitions should already occur near 90◦ absolute tilt. The actual
width of the bistable zone is much narrower so that the β -criterion hypothesis has
to be rejected.
The gray zone in Fig. 3.11 indicates the noise level in β as a 4σ band around
the mean. Fig. 3.12 shows how this tilt-dependence of the noise level in the pooled
adjustment data was derived using a simple linear fit. The noise increases with tilt
from ∼ 2◦ to 15◦ − 20◦ . The scatter in the E-cluster is more or less a continuation
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Figure 3.12 Scatter in the adjustment data. All 5 subjects and all 3 paradigms were pooled.
The scatter in the A-cluster (open circles) and E-cluster (filled triangles) was analyzed
separately. Note strong increase in random error with tilt angle. Also note that there is no
clear difference between scatter in the A-cluster at large tilts and the scatter in the E-cluster.
Gray line shows result of linear regression. The fit was performed on scatter as a function
of absolute tilt, so left- and rightward tilt positions were pooled. Best-fit parameters are:
slope: 0.09 ± 0.01; offset: 1.1 ± 0.9; R = 0.85; P < 0.0001.

of the scatter in the A-cluster. Of course, calculating the scatter without making
the distinction between the two clusters will result in a large noise peak in the
bistable zone. Such a peak has been found by Udo de Haes (1970), suggesting that
bistability may have confounded his scatter estimates.
We now consider the hypothesis that the signal driving the switching decision is
the subject’s perceived body tilt signal. This signal is a promising candidate since
it shows hysteresis in the right direction and by roughly the amount required to
explain the bistability data with a single threshold criterion. Kaptein and Van Gisbergen (2004) showed that perceived body tilt for short-path rotations is on average
veridical, while for long-path rotations subjects tend to overestimate their body tilt
by about 11◦ at the critical tilt range where the transition occurs.
Accordingly, a shift criterion set at 150◦ absolute tilt would cause an A-E transition at an absolute tilt of about 150◦ for short-path rotations, but at a smaller
tilt of about 139◦ for long-path rotations. This is close to the actual ρt values com-
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puted from the 360◦ data (Table 3.1). Furthermore, Van Beuzekom and Van Gisbergen (2000), using the 180◦ paradigm, noted a small underestimation in perceived
body tilt, which was not apparent in the 360◦ short-path tilt estimates (Kaptein and
Van Gisbergen, 2004). The underestimation that they found near 160◦ absolute tilt,
about 10◦ , would explain the difference between our 180◦ and 360◦ short-path data
(Table 3.1).
If the perceived body-tilt criterion determining the shift is fixed, the present
hypothesis implies that the width of the bistable zone reflects the noise in the perceived body-tilt signal. Data for the 180◦ paradigm (Van Beuzekom and Van Gisbergen, 2000) show an average standard deviation of about 8◦ for the large tilt range
above 90◦ , which is roughly in agreement with our findings ( σ -values in Table 3.1).
Since these σ -values concern subject-pooled data, they may be overestimated.

Overall conclusions
1. The clustering analysis has shown two distinct response modes (A and E)
in the subjective visual vertical task at large tilt in all three tested rotation
paradigms and in all subjects.
2. Reports on how the task was executed suggest a shift in computational approach. If the error reversal is interpreted as a reference shift, from compensating line settings for the head deviation from upright to compensating for
the deviation of the feet from upright, both the A- and the E-effect can be
seen as signs of tilt under-compensation. This hypothesis also explains the
discontinuous nature of the A-E transition.
3. Statistical analysis showed that the tilt angle where the transition occurred
was subject to noisy variation in repeated trials. This variability caused an
appearance of bistability in pooled data from multiple sessions even though
the subjective visual vertical was found to be quite stable on a shorter time
scale.
4. Comparison of data from different rotation paradigms revealed a hysteresis
phenomenon in that the transition zone shifted into the direction of the previous rotation. By contrast, the error-tilt relation characterizing each response
mode was unaffected.
5. The noisy variability in the transition tilt angle and its dependence on the
direction of the preceding rotation can be explained if a noisy tilt signal
with hysteresis properties enforces the shifting decision by crossing a fixed
threshold. A promising candidate signal, endowed with such properties, is
perceived body tilt.
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Chapter 4

Canal and otolith contributions to visual
orientation constancy during sinusoidal
roll rotation

4.1 Introduction
An intriguing aspect of spatial vision, known as orientation constancy, is our ability to maintain at least a roughly correct percept of allocentric visual orientations
despite changes in head orientation (Bischof, 1974; Sauvan and Peterhans, 1999).
To what extent, and how, external space perception can be maintained during self
motion is still an unresolved issue. In the dark, the vestibular system plays an important role in this process, but its sensors are imperfect and partly ambiguous. The
semicircular canals, sensing angular velocity, exhibit high-pass-filter characteristics with poor responses during low-frequency or constant-velocity rotations. The
otoliths, measuring gravito-inertial force (GIF), cannot distinguish between tilt and
linear acceleration for elementary physical reasons (Young, 1984). How does the
brain handle this sensory information for spatial vision? Current interest into the
solution of the ambiguity problem focuses on two main approaches. The first solution is to use frequency filtering of the otolith signal to differentiate between tilt
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and translation (e.g. Paige and Tomko, 1991). The second approach relies on canalotolith interactions to resolve the ambiguities (e.g. Mayne, 1974; Angelaki et al.,
1999; Glasauer, 1992; Merfeld, 1995; Zupan et al., 2002). Recently it has been
suggested that human oculomotor performance is governed by frequency filtering
while ego-motion percepts reflect canal-otolith interaction (Merfeld et al., 2005).
Whether this notion of differential disambiguation mechanisms for perception
and action can be generalized to the domain of visual space perception remains to
be studied. The contribution of the canals, whether in an indirect interactive role or
in the form of an additive signal, has remained unclear. Previous studies on the role
of vestibular mechanisms have yielded seemingly conflicting results concerning
the relative importance of canal and otolith signals in the maintenance of visual
stability. Classical visual orientation studies, testing the sense of verticality under
static tilt conditions, have strongly emphasized the role of the otoliths (Mittelstaedt,
1983). Other studies, using rapid tilt paradigms, found canal-related effects, but still
considered the otoliths as the main source of information (Jaggi-Schwarz et al.,
2003; Keusch et al., 2004; Udo de Haes and Schöne, 1970). Also a recent study
by Klier et al. (2005), which compared saccadic updating after upright and supine
roll tilts involving vigorous canal stimulation, concluded that the contribution from
graviceptive signals is critical. In contrast, Jaekl et al. (2005) found no evidence for
any otolith involvement at all in a study on the effect of active head movements on
visual stability.
The present study was designed to test to what extent the otoliths and the canals
can maintain a degree of visual orientation constancy during passive roll rotation,
even in the absence of panoramic visual cues. Making spatial stability judgments
under such circumstances, requires an analysis of whether the incoming visual motion signals match the change of head orientation in space detected by the vestibular
system. When head rotation is underestimated under such reduced conditions, there
will be no match between the vestibular signals and the visual signals evoked by
an earth-fixed line which will therefore be seen as moving. Our approach was to
present a variety of visual line motions in the frontal plane of the subject, coupled
to the motion of the vestibular chair, to determine which combination of visual motion and vestibular motion would yield the pair of matching signals required for a
stable visual percept (no line rotation in space).
In experiments, subjects seated in a vestibular chair were subjected to sinusoidal roll rotation in a dark room. At the same time, they saw a visual line that
rotated in counterphase to chair motion, at a variety of amplitudes. Expressed as a
fraction of chair motion, these amplitudes varied from zero (line moving in space
with the body) to 1.5 and thus included the special case (rotation fraction 1.0) that
the line was physically stationary in space (see Fig. 4.1). From the perceived line
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sway estimates in all trials, the matching condition for perceived stability could be
determined. This was done at various vestibular rotation frequencies chosen in a
frequency range (0.05 - 0.4 Hz) where current disambiguation models predict that
the availability of otolith cues for the estimation of body sway will gradually diminish with frequency. Potential canal contributions, on the other hand, would be
expected to increase with frequency in this range. In a further attempt to assess
the relative importance of otoliths and canals, the experiment was performed in
the upright and the supine condition. In upright, both canal and otolith signals are
available whereas supine rotation will only provide canal signals.
The total data set collected in all these experiments served to answer two major
questions: 1) Is it possible to quantify the involvement of the canals and the otoliths
in the computation of body motion underlying this task? 2) What are the implications for current otolith-disambiguation models? Before these questions could be
addressed, it was necessary to sort out how various confounding factors, such as
the gain of the vestibulo-ocular reflex (VOR), affected the outcome of the experiments. After correction for these effects, the results showed a remarkably strong involvement of canal signals which completely dominated the response at the higher
frequencies. By contrast, the modest improvement in performance in the upright
experiments, which reflected the otolith contribution, was most noticeable at lower
frequencies. These relationships in the data could be described by a linear combination of weighted otolith and canal contributions, irrespective of which neural
strategy for otolith disambiguation was incorporated in the overall model.

4.2 Methods
The subject was seated in a computer-controlled vestibular stimulator. Body rotation was controlled by rotation about the naso-occipital roll axis. Roll position was
measured using a digital position encoder with an angular resolution of 0.04◦ . The
cyclopean eye was aligned with the axis of rotation by adjusting the subject’s seat
in height. The subject’s trunk was tightly fixated using seat belts and adjustable
shoulder and hip supports. The legs and feet where restrained by Velcro straps. The
head was firmly fixated in a natural upright position for looking straight ahead,
using a padded helmet.
In different sessions, all subjects were rotated sinusoidally in the upright and
supine position (Fig. 4.1), in complete darkness, at frequencies of 0.05, 0.1, 0.2 and
0.4 Hz and an amplitude of 15◦ (30◦ peak-peak). These frequencies were chosen to
be equally spaced on a log scale. The peak angular velocities at 0.05, 0.1, 0.2 and
0.4 Hz were 4.7◦ /s, 9.4◦ /s, 18.8◦ /s and 37.7◦ /s respectively. The corresponding
peak angular accelerations for these 4 frequencies were 1.5◦ /s2 , 5.9◦ /s2 , 23.7◦ /s2
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Figure 4.1 Cartoon illustrating relations between line rotations and vestibular rotations
in upright condition. Body orientation relative to gravity changes continuously due to sinusoidal rotation around the naso-occipital axis (A). In the supine condition, there is no
gravity modulation. In the trial shown in B, the luminous line (polarizing dot on one end
not shown) is fixed relative to the subject (no counterrotation, rotation fraction 0), so that it
rotates in space, in phase with and at the same amplitude as the subject. In C the luminous
line counter rotates with an amplitude exceeding the amplitude of chair motion (rotation
fraction 1.5), so that the line moves opposite to chair rotation, in space. Note that B and
C represent the two extreme counter-rotation fractions on the x-axis scale in Fig. 4.2. In
all trials, the task of the subject was to estimate the perceived angular sway of the line in
space and to indicate when its motion was clockwise or anti clockwise.

and 94.7◦ /s2 .
To avoid discontinuities in velocity and acceleration at motion onset, angular
velocity increased linearly over an integer number of sinusoidal periods (see Merfeld et al., 2005). The number of such ramp-up cycles was frequency dependent:
one for 0.05 Hz, two for 0.1 and 0.2 Hz and three for 0.4 Hz. The number of steadystate cycles was also frequency dependent and ranged from about 10 to about 75,
such that the total steady-state period available for testing was always about 3 to

V ESTIBULAR

CONTRIBUTIONS TO VISUAL ORIENTATION CONSTANCY

77

3.5 minutes.
In total, runs lasted between three and four minutes. Between runs, there was a
resting period of one minute, with the room lights on. Vision was always binocular
and subjects were allowed to move their eyes freely.

Subjects
Six subjects (5 male, 1 female) gave written informed consent to participate in the
experiments. Three of them had no knowledge about the purpose of the experiments. Age ranged from 25 to 61. Subjects were always given a few practice runs
to get used to the experiment and never received feedback about their performance.

Experiments
Spatial orientation constancy was tested in the upright and supine positions. Testing
was done using a luminous line mounted on the frame of the vestibular chair, 90
cm in front of the subject (angular subtense 20◦ ). The line was polarized by a bright
dot at one end and could rotate in the fronto-parallel plane about an axis aligned
with the vestibular rotation axis (see Fig. 4.1).
During the steady-state cycles, the luminous line switched on for 2 consecutive
cycles in the 0.05, 0.1 and 0.2 Hz conditions and for 3 cycles in the 0.4 Hz condition. In the course of the experiment, we applied various amplitudes of line rotation,
always in counter phase to the vestibular motion, using the same frequency. Line
rotation was defined relative to the subject and its amplitude was expressed as a
fraction of chair-rotation amplitude (rotation fraction, for short). When there was
no counter rotation (rotation fraction 0), the line moved in space and remained
aligned with the subject’s long body axis (Fig. 4.1B). By contrast, if the counter
motion was very large (e.g. rotation fraction 1.5), the line rotated in space in a direction opposite to body motion (Fig. 4.1C). At a rotation fraction of 1.0, the line
remained physically stationary in space. The goal of the experiment was to determine the critical rotation fraction where the line would be perceived as stable in
space.
The subject’s task was to judge the peak-to-peak movement of the line in an
earth-fixed reference frame. A toggle switch, mounted near the right hand, served
to indicate whether the line was seen moving clockwise or counterclockwise, in
space. This signal, which was recorded on disk, provided us with a rough indication
of perceived phase. After the line was switched off, subjects verbally reported its
perceived peak-to-peak sway in space, using a clock scale (see Van Beuzekom et al.,
2001). Subjects could fully concentrate on their percept of line motion in space,
which did not require a conscious awareness of the imposed body movements. After
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practising a few trials, all subjects reported that they could perform this task without
problem. Subjects were instructed that it was not relevant, in the upright condition,
whether or not the line was perceived as earth vertical. In each run, 4 (at 0.05 Hz)
to 15 (at 0.4 Hz) different rotation fractions could be tested. Between trials the line
was switched off and the subject had at least 3 s to verbally report his response,
before the line switched on for the next trial. On average, 4 sessions of ∼ 45 min
were needed to collect the data from each subject for all conditions.
To check whether the continuous visibility of the rotating line had an optokinetic effect, we performed a control experiment. This control experiment was the
same as the standard experiment described above, except that the line now flashed
at a rate of 5 Hz, with a duration of 1 ms. At this frequency, the number of flashed
lines in each cycle was still sufficient to get a clear percept of its sinusoidal movement, even at the highest frequency. The control experiment was performed in the
upright and supine conditions, at the two extreme rotation frequencies (0.05 and
0.4 Hz). Three subjects participated in the control experiment, which took 1 to 2
sessions to collect the data from each subject.

Data analysis
The purpose of the experiments was to characterize updating for visuo-spatial orientation during vestibular rotation. By testing at various rotation-fraction values
(see previous section), we determined the amount of line counter rotation required
for visuo-spatial orientation stability. The verbal response was used to express the
perceived amplitude of line sway and the toggle-switch responses specified the perceived rotation direction. When the toggle-switch responses in a given trial implied
that the line was perceived as moving in the direction of ego motion, the verbal
sway estimate got a positive sign. If these responses indicated that the line was perceived as moving in opposite direction, the verbal estimate was given a negative
sign. Plots of these responses versus the amount of counter rotation (i.e. rotation
fraction) were found to be linear. An example can be seen in Fig. 4.2. The intersection of a linear regression line with the x axis determined the amount of counter
rotation necessary for spatial stability. This critical rotation fraction will be called
’null fraction’, represented by symbol F0 . Note that a veridical response requires
F0 = 1.

Model simulations
Model simulations in the D ISCUSSION were performed using Matlab 6.0 and Simulink
4.0 (The Mathworks). Details on model simulations can be found in the A PPENDIX.
Best-fit parameters of the two models in the D ISCUSSION were obtained using non-
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linear least-squares data fitting by the Gauss-Newton method (routine lsqcurvefit in
Matlab) in combination with a multi-start procedure using different initial parameters. Results were double-checked with the Nelder-Mead algorithm. Standard deviations of the parameters were computed from the Jacobian matrix and the residuals
were obtained with the Matlab routine nlparci. We used two goodness-of-fit measures: the adjusted R-square (R2adj ) and the root mean squared error (rmse). The
latter is defined as the square root of the mean squared distance between a data
point and the corresponding model prediction. We included the rmse measure since
R2adj was not always a proper indication of goodness-of-fit.

4.3 Results
To illustrate how we determined the amount of counter rotation necessary for spatial stability from the sway estimates, Fig. 4.2 shows the responses from a typical
subject in the upright experiment. The dashed line denotes the theoretical case of
perfect responses (i.e. slope -1, intercept 1). The solid line is a linear regression
through the data points. At all frequencies, the intersection of the regression line
with the horizontal axis is to the left of the dashed line, implying that the amount
of counter rotation necessary for spatial constancy (the null fraction, F0 ) was less
than the ego-motion amplitude. For example, the null fraction of 0.48 in Fig. 4.2A
means that line counter rotation amounting to only 48% of chair rotation (instead of
100%) was already sufficient for visual stability. Thus, what looked visually stable
to the sinusoidally rotating subject was far from stable in a physical sense, as if the
changes in body orientation were severely underestimated with respect to the visual
orientation changes. We will now characterize the responses by the slopes and the
x-axis intercepts that follow from the linear regressions on the sway estimates.

Comparison of upright and supine results
The regression lines in Fig. 4.2 are all steeper than the veridical response
(dashed line). This appeared to be a general phenomenon. In the upright condition,
all regression lines had slopes beyond -1, ranging from -1.1 to -2.9, with a mean
(±1sd) of −1.7 ± 0.5. In the supine condition, slopes ranged between -0.7 and
−2.0, with an average of −1.4 ± 0.4. In both conditions, there were considerable
differences among subjects. The frequency dependence of the slope is shown in
Fig. 4.3, for the upright (A) and supine (B) conditions. It can be seen that there
is no clear frequency dependence. A repeated-measures ANOVA, with frequency
(0.05, 0.1, 0.2 and 0.4 Hz) and condition (upright and supine) as factors, revealed no
SLOPES
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Figure 4.2 Results from the upright experiment in a representative subject (JG). Sign of
verbal sway estimates indicates whether perceived line motion in space, at the counterrotation fraction indicated horizontally, was with (+) or against (-) ego motion (see M ETH ODS ). Dashed line indicates veridical performance. Solid lines indicate results of linear
regressions. Parameters are: A: slope: −1.3 ± 0.1; X-intersection: 0.48 ± 0.04; r = −0.94.
B: slope: −1.5 ± 0.1; X-intersection: 0.53 ± 0.02; r = −0.97. C: slope: −1.1 ± 0.1; Xintersection: 0.63 ± 0.02; r = −0.96. D: slope: −1.2 ± 0.1; X-intersection: 0.68 ± 0.02;
r = −0.96. P < 0.0001 for all regressions. Note that slopes are expressed as estimated amplitude divided by counter rotation amplitude, so that slope for veridical performance is -1.
Null fractions (F0 ), indicated at the bottom left of each panel, increase with frequency. The
horizontal axes on top of Figure denote counter-rotation amplitude, relative to the subject
(in degrees).

significant effect of frequency (F(3, 35) = 1.24; P = 0.33), but showed a significant
effect of condition (F(1, 35) = 18.2; P < 0.01).
To avoid cluttering, Fig. 4.3 does not contain standard deviations. The mean
standard deviation for the upright condition (Fig. 4.3A) was 0.12 ± 0.05 for 23 of
the 24 data points. There was one outlier with SD=0.69. For the supine condition
(Fig. 4.3B), the mean SD was 0.08 ± 0.03 for 23 of the 24 data points, with 1 outlier
(SD=0.33).
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Figure
4.3
Linearregression
slopes
for
upright (A) and supine
(B) conditions. Note that
slopes were mostly steeper
than required for veridical
performance (-1), with
considerable
differences
among subjects. Of the 24
data slopes, 19 were significantly different from -1,
based on the 2σ criterion.
As confirmed by an ANOVA
analysis (see text), there
was no clear frequency
dependence. This absence
of frequency dependence,
together with substantial
overlap between upright and
supine, contrasts markedly
with the null-fraction results
in Fig. 4.4.
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A control experiment measuring peak-to-peak sway of moving lines in four
stationary subjects showed gains closer to 1 but still with a significant bias. From
this result, it seems unlikely that the unexplained bias phenomenon is related to the
visual stability task. The effect was not explored further since our conclusions will
entirely be based on the null fractions (see D ISCUSSION).
The null fractions for all subjects, i.e. the intersections of the
linear regressions with the x-axis, are shown in Fig. 4.4 as a function of frequency,
for the upright (A) and the supine (B) condition. Recall that perfect performance
would yield null fractions of 1.0 and note the horizontal logarithmic scale.
Fig. 4.4A shows that five of the six subjects exhibited very similar behavior in
the upright condition. Null fractions increased significantly with frequency from
NULL FRACTIONS
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Figure 4.4 Null fractions for
upright (A) and supine (B)
conditions. Each line represents a subject. Null fractions (F0 , fraction of counter
rotation necessary for spatial constancy, see left-hand
scale) were always below 1
(ideal performance) except
for subject BB at 0.05 Hz
in upright condition (1.03 ±
0.3). In 5/6 subjects, null
fractions increased with frequency. Availability of gravity cues in upright condition
markedly improved performance at the lower frequencies. The right-hand axis indicates the vestibular gain,
Gvest , derived from the null
fractions, following Eq. 4.1
(see D ISCUSSION for details). Note that the horizontal scale is logarithmic.
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about 0.5 to about 0.8. A linear regression of null fraction on log(frequency), using the data of these 5 subjects, yielded r = 0.93; P < 0.0001; N = 20. Subject
BB, with clearly better performance, did not conform to this picture. This subject
showed rather a frequency-dependent decay from a null fraction of about 1 to about
0.75, which was however difficult to substantiate due to the small number of tested
frequencies (N = 4).
Compared with upright, the supine experiments (Fig. 4.4B) always yielded
poorer performance, especially at the lower frequencies. Five of the six subjects
again showed similar behavior, and subject BB was again different. In the homogeneous group of five subjects, the mean null fraction increased with frequency
from about 0.15 to about 0.6. A linear regression of null fraction on log(frequency)
yielded r = 0.90; P < 0.0001; N = 20. Subject BB again showed no clear frequency
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dependence in this condition. A repeated-measures ANOVA, with frequency and
condition as factors, indeed revealed significant effects of frequency (F(3, 35) =
15.4; P < 0.001) and condition (F(1, 35) = 97.6; P < 0.01).
As in the previous figure, standard deviations are not shown in Fig. 4.4. The
standard deviations for the two conditions were comparable and showed no frequency dependence. The mean standard deviation was 0.03 ± 0.02 for 47 of the 48
data points. The upper left data point (0.05 Hz) in the upright condition (Fig. 4.4A)
is an outlier with SD=0.27.

Results of control experiment
We performed a control experiment to investigate the possibility of an optokinetic
effect induced by the the continuously visible moving line. In the control experiment, we used a stroboscopic line, flashed at a frequency of 5 Hz. Sway estimates
(not shown) were very similar to those of the standard experiment (Fig. 4.4), in
showing the same frequency dependence and the same supine-upright difference.
Indeed, a three-way ANOVA, with frequency (0.05 and 0.4 Hz), condition (upright
and supine) and line type (continuous and stroboscopic) as factors, revealed no
significant effect of line type (F(1, 20) = 0.59; P > 0.05).

4.4 Discussion
We investigated visuo-spatial orientation perception during sinusoidal rotation with
and without gravity cues. The results of the standard experiment (Fig. 4.4) show that
performance was imperfect in that the null fraction, i.e. the fraction of counter rotation yielding spatial constancy, was nearly always well below one. In the upright
condition performance was always better than in the supine condition, and this difference was most pronounced at low frequencies. The interpretation of these results
will proceed in two steps. First, we will discuss how the null fractions can be interpreted as the expression of visual and vestibular processing, and how the vestibular
contribution to visuo-spatial orientation updating can be determined. Second, we
will discuss two different schemes for how this vestibular gain could be obtained
from canal and otolith signals.

What determines spatial orientation constancy?
In our experiments, the two important physical variables were head orientation in
space (Hs ) and line orientation relative to the head (LH ). The task of the subject
was to judge peak-to-peak variations of line-orientation in space (∆L̂S ). In order to
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estimate L̂S , the subject needs estimates of head orientation in space (ĤS ), of eye
orientation relative to the head (ÊH ) and of line orientation relative to the eye (L̂E ).
A simple scheme of how the two inputs can be transformed into the estimated
line orientation, based on intermediate internal estimates, can be seen in Fig. 4.5.
The purpose of this scheme is to be explicit about the various factors that may have
contributed to the non-veridical performance seen in the experiments (see Fig. 4.4).
These factors, indicated by five triangular gain boxes in Fig. 4.5, include imperfect
coding of retinal line orientation (Gvis ) and of head tilt (Gvest ). Although it has been
suggested that somatosensory cues may also contribute to signal ĤS (e.g. Anastasopoulos and Bronstein, 1999), this system was not included since its role at small
tilt angles (< 30◦ ) appears negligible (Trousselard et al., 2004). A complicating factor in the interpretation of the data is the torsional vestibulo-ocular reflex (VOR),
with gain Gvor , which causes discrepancies between LH and LE . The scheme allows
for the possibility that these visual consequences may be compensated centrally,
if only partially, with gain Gcomp . Finally, determining ∆L̂S from the time-varying
signal L̂S may also be subject to error (i.e., if Gscal 6= 1).
Our first objective is to determine the vestibular gain (Gvest ) as a function of
frequency, both for the upright and supine condition. In view of the many factors
involved, this may seem impossible at first sight. To make the problem tractable,
we translated Fig. 4.5 into analytical terms (see VOR compensation in A PPENDIX).
Based on the resulting expression (Eq. 4.5), it could be shown that the slope of the
regression line through the sway estimates (see Fig. 4.2) has no relation to Gvest
and depends only on the product of Gvis and Gscal .
The expression for the null fraction (F0 ) reads (see Eq. 4.7 in A PPENDIX):
F0 =

Gvor (Gcomp − Gvis ) + Gvest
Gvis

(4.1)

Accordingly, Gvest can be computed from the null-fraction data if we can substitute plausible values for Gvis , Gvor and Gcomp . We will now show that this is possible
for Gvis and Gvor , but less so for Gcomp . It will be shown later that the remaining
uncertainty about Gcomp has only limited effects on Gvest with no consequences for
our overall final conclusions.
Fig. 4.5 shows that instead of separate processing of visual and vestibular signals, the two interact through the torsional VOR. The
brain could compensate for this effect if it has access to inflow or outflow signals
(Carpenter, 1988; Wurtz and Sommer, 2004) about the eye movements. When the
torsional VOR is fully taken into account by the brain (i.e. Gcomp = 1), this interaction has no effect on L̂s . However, it has been suggested that Gcomp < 1, meaning
TORSIONAL VOR PARAMETERS
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Figure 4.5 Scheme suggesting how the physical inputs (line orientation relative to head
LH and head orientation in space HS ) are transformed into estimated line sway in space
(∆L̂S ). Internal estimates are indicated by a hat symbol (ˆ). Vestibular processing leads to
a head orientation in space signal (ĤS ) and also drives the torsional VOR, but processing
may differ in the two systems, as indicated by the two separate pathways. Both processes
involve a gain (Gvest and Gvor ). Because of the VOR, line orientation relative to the head
LH may differ from line orientation relative to the eye (LE ). The central compensation for
this effect has a gain Gcomp , which represents the fraction of torsional VOR that is taken
into account by the brain. The transformation of retinal line orientation (LE ) into a neural
representation (L̂E ) has gain Gvis . Subjects estimated the total sway of the visual line in
space (∆L̂S ) from the extreme values of L̂S in the course of the sinusoidal stimulation.
Gain factor Gscal incorporates all errors in this transformation (peak-to-peak detection,
temporary storage in memory and scaling to verbal response). Of course, all signals are
time dependent, e.g. HS = HS (t), but t was left out for simplicity. All variables are angles,
but the descriptive scheme is not intended to imply that the causal variables are always
position signals. For example, it is known that the dynamical torsional VOR is at least
partly driven by head angular-velocity signals (Schmid-Priscoveanu et al., 2000). The gray
rectangle indicates the part of the scheme, expanded in Fig. 4.7A and Fig. 4.7B, that is
analyzed in the D ISCUSSION.

that the torsional VOR is only partially compensated (Pavlou et al., 2003; Wade
and Curthoys, 1997; Balliet and Nakayama, 1978). Values for Gcomp suggested in
the literature are ∼ 0.24 (Pavlou et al., 2003), ∼ 0.67 Balliet and Nakayama (1978)
and 1.0 (Mast, 2000). We used Gcomp = 0.5. Given this uncertainty, we will later
explore the effect of using different values for this parameter.
The VOR icon in the scheme represents the total gain of the canal and otolith
driven VOR subsystems. For simplicity, these subsystems have been approximated
as a lumped linear system and the role of head velocity signals in the canal-driven
VOR has not been made explicit. The point emphasized in the scheme is that tor-
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sional eye movements affect the relation between line orientation relative to the
head and line orientation relative to the retina, irrespective of which subsystem
caused them. The overall gain of the human torsional VOR (Gvor ) that we used,
taken from Schmid-Priscoveanu et al. (2000), did take into account that the VOR
gain depends on rotation frequency and on whether the subject is rotated in upright
or supine posture. In the upright condition, Schmid-Priscoveanu et al. (2000) found
that gain increased from about 0.15 to about 0.30, between 0.05 and 0.4 Hz. In the
supine condition, gain increased from ∼ 0.05 to ∼ 0.20. Our Gvor gains are based
on the model of Schmid-Priscoveanu et al. (2000) (depicted in figure 6 of their paper), which describes their experimental VOR gains very well. In our analysis, Gvor
was taken negative to express the compensatory nature of the VOR.
VISUAL AND SCALING GAIN The visual gain Gvis and the scaling gain Gscal were
introduced in the scheme to consider two further possible sources of error (i.e.
gains different from 1). In a pure mathematical sense, either term could explain
why the slopes of the regression lines (Fig. 4.2) differ systematically from -1 (see
Eq. 4.6). However, that Gvis would be responsible can be safely excluded on functional grounds.
The visual gain Gvis represents the coding of retinal line orientation by the visual system. It is very unlikely that Gvis 6= 1 since the full range of orientations
(0 − 360◦ ) has to be coded, which is only possible when Gvis = 1. Further indications come from line-orientation estimates (Van Beuzekom et al., 2001; Kaptein
and Van Gisbergen, 2005a). Based on these considerations we fixed Gvis at 1 which
implies that the slope of the regression lines reflects Gscal (Eq. 4.6). In the R E SULTS (see Fig. 4.3) we saw that there was some dependence of the slopes on pitch
orientation (upright vs. supine). We cannot explain this effect, but, because the difference was relatively small (mean slope upright: −1.7 ± 0.5, supine: −1.4 ± 0.4),
and lacked frequency dependence, we ignored it in further analyses.

Using these values for Gvor ,
Gcomp and Gvis , we can apply Eq. 4.1 on the null fraction data in Fig. 4.4 to obtain
the vestibular gain. Note that if we had fitted the complete expression (Eq. 4.5) on
the raw data instead, the results would be identical. The derived vestibular gains
differ from the null fractions by a value of 0.5Gvor , which is frequency dependent.
This value ranges from 0.14 at 0.05 to 0.17 at 0.4 Hz in the upright condition and
from 0.09 at 0.05 Hz to 0.12 at 0.4 Hz in the supine condition. Since this frequency dependence of the correction factor is only weak, the transformation from
null fraction to vestibular gain can be approximated by a frequency-independent
vertical shift of 0.16 for the upright condition and 0.11 for the supine condition.
RECONSTRUCTED VESTIBULAR GAINS
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Using this approximation, the vestibular gain Gvest was indicated along additional
vertically-shifted axes on the right-hand side of Fig. 4.4.
We are aware that the scheme in Fig.
4.5 may not be complete. For example, large-field visual motion may have an effect on ĤS (Dichgans et al., 1974; Wertheim, 1987). It has also been shown that a
rotating line can affect ocular torsion (Mezey et al., 2004), which means that LH
can influence EH .
Inspired by Wertheim (1987), we performed a control experiment using a stroboscopic line, to check for such potential optic-flow effects. In this way, a percept of
continuous movement was prevented, but subjects could still estimate the peak-topeak sway by comparing successive line orientations. Since the results were very
similar to those of the standard experiment (see R ESULTS) we conclude that the
effect of these factors on our results may be safely ignored.
NO EVIDENCE FOR OPTIC-FLOW EFFECTS

Role of rotational and gravitational cues
We now proceed to consider how central processing of canal and otolith signals
in the gray-marked zone of Fig. 4.5 could account for the frequency dependence
of the total vestibular gains (Gvest ) in upright and supine conditions (see Fig. 4.4).
Maintaining orientation constancy during self motion requires information about
changes in head orientation with respect to a spatial reference frame. This information could be obtained through two very different mechanisms. One method,
based on the use of rotational cues, requires mathematical integration of head angular velocity (path integration). A second approach uses graviceptive cues to detect changes in head position. While the first mechanism could work in both the
upright and the supine condition, the graviceptive mechanism was only available
in the upright experiment. Thus, performance in the supine experiment must have
been based exclusively on the processing of rotational cues.
In the upright condition, however, the availability of both cues suggests three
potential strategies to perform the task. The first possibility is that the brain uses
only rotational cues, just as in the supine experiments. According to the second
scenario, the brain shifts strategy in upright by exploiting the availability of gravitational cues and ignoring the rotational cues. The third option is that performance
in upright reflects a combination of both graviceptive and rotational cues. Interestingly, as will be shown shortly, the first two scenarios can be discounted on the
basis of the data whereas the third appears quite feasible.
The first abovementioned strategy for performing the task in upright implies
that subjects always relied exclusively on rotational cues, both in upright and in
supine. An explanation of the fact that performance was better in upright would
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then require that rotational cues should be different in these two conditions. In theory, the canal-otolith interaction model (Merfeld, 1995; Merfeld and Zupan, 2002)
allows for this possibility in that gravity cues can improve the estimate of angular
velocity, and thereby have an effect on rotational cues. In fact, when using parameter values proposed earlier for ego-motion perception under similar conditions
(Merfeld et al., 2005) the effect of gravity on the estimate of angular velocity is
marginal and far insufficient to explain the upright-supine difference in our data
(not shown)
The second option, to use graviceptive cues in the upright position and to rely
on rotational cues in the supine position, is not realistic either. The problem is that
neither the canal-otolith interaction model nor the frequency-segregation model can
account for the high-pass characteristics of the upright data. This is obvious for
the frequency-segregation model, which relies on low-pass filtering of the otolith
signal to obtain a gravity-based estimate. When using parameter values proposed
earlier, the canal-otolith interaction model predicts an almost veridical gravity estimate, which similarly lacks the required high-pass characteristics (see Merfeld
et al., 2005).
We are thus left with the third possibility: to use both gravity cues and rotational
cues in parallel, whenever the occasion arises. That rotational cues can influence visual space perception in the upright condition has been suggested before (Udo de
Haes and Schöne, 1970; Keusch et al., 2004; Jaggi-Schwarz and Hess, 2003; JaggiSchwarz et al., 2003). Furthermore, it is known that optic flow stimulation with a
rotating random dot pattern about the line of sight has a clear effect on the visual
subjective vertical (Dichgans et al., 1972; Held et al., 1975; Mittelstaedt, 1995).
Our working hypothesis, then, can be formulated as follows. The total vestibular
response as a function of frequency, Gvest ( f ), seen in Fig. 4.4, is the sum of a component derived from rotational cues, R( f ), and a component based on graviceptive
cues, G( f ). In the simplest version of this linear-summation model, to be worked
out next, component R( f ) is independent of condition and contributes equally in
upright and supine.
The reconstruction of the two contributing terms (R and G), based on this assumption of independence, is shown in Fig. 4.6. The thin lines show component
R( f ), measured in isolated form in the supine condition where contribution G( f ) is
zero. Note the high-pass characteristics, compatible with the expectation that this
signal must have a canal origin (Young, 1984). The thick lines show contribution
G( f ), which is the gain improvement in the upright condition, obtained by subtracting the supine from the upright data. It can be seen that the gravity effect decreases
with frequency (low-pass behavior) in all subjects.
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Figure 4.6 Rotation-based and
gravity-based contributions to
vestibular updating gain reconstructed on the basis of linearsummation model. Each subject
is shown separately. Thin lines
show the rotation-based contribution (R), i.e. the vestibular
gain in the supine experiment.
Thick lines show the gravitybased contribution (G), i.e. the
difference between the upright
and the supine vestibular gains.
For details on the standard
deviations, see description of
Fig. 4.4.

frequency [Hz]

Two implementations of linear-summation model
Our next objective is to explore in some detail how contributions G and R could
be derived from the vestibular sensors (otoliths and canals). To get a better insight into this fundamental question, we performed simulations with two specific
model implementations of our linear-summation hypothesis (see Model simulations
in A PPENDIX).
Each scheme contains two branches, one for the G and one for the R component, which are added after scaling by a weighting factor (see Fig. 4.7). The major
difference between the two models revolves around a hot topic in the literature: the
question of how the G component can be derived from the vestibular sensors, better known as the otolith-ambiguity problem (see I NTRODUCTION). The solutions
to the ambiguity problem that we implemented in the two models were borrowed
from the existing literature. In the first model that we will consider (Fig. 4.7A),
this process relies on canal-otolith interaction. The second scheme (Fig. 4.7B) obtains the G component by simple low-pass filtering of the raw otolith signal.In both
models, the R contribution is obtained by path-integration, after preprocessing of
estimated head angular velocity (ω̂ ) by a velocity-threshold element.
We found that incorporating the threshold element was essential. In both models, path integration without the nonlinear element failed to simulate the frequency
characteristics of the supine data. In the canal-otolith interaction model, this reflects the fact that the rotational output shows basically no frequency dependence
in our frequency range, due to the implemented velocity-storage mechanism. In the
filter model the frequency-dependence of the raw canal signal also has a too high
gain at the lower frequencies. These observations show that additional processing
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is necessary to account for our data. One possibility for such additional processing
is including a velocity threshold (Mergner et al., 1991; Glasauer and Mittelstaedt,
1998) in the R branch. The effect of the velocity threshold is to shift the integrated
canal curve to higher frequencies, as if the cut-off frequency was higher. Without
a threshold, the decay occurs at lower frequencies, out of sight of the frequency
range investigated in this study. Becker et al. (2002) have suggested that a velocity threshold may be functionally useful by preventing low-frequency noise in the
canal signal from influencing the subsequent velocity-to-position conversion. Simulation results, to be presented in the next sections, have shown that incorporating a
velocity threshold can at least partly solve the problem encountered by the simpler
versions of the two models. The effect of a velocity threshold suggests that adding
a high-pass filter in the R branch would be a potential alternative. In the sections Fit
results and Evaluation of linear-summation model, this possibility will be discussed
in more detail.
To emphasize the important differences in the G branch, the two models will
be denoted as interaction and filter model, respectively. These labels should not
be mistaken as indications that our two schemes are merely replicas of the existing canal-otolith interaction and frequency-segregation models in the literature.
Instead, both are extended versions of these schemes by the addition of the pathintegrating R branch and both embody our proposal of linear summation of G and R
signals. The question is whether the linear-summation model can work with either
otolith-disambiguation proposal.
Fig. 4.7A shows how we incorporated the canal-otolith
interaction module into our linear-summation scheme. The module, taken from
Merfeld and Zupan (2002), has four parameters (see A PPENDIX, subsection Canalotolith interaction module). We used the same parameter values that Merfeld et al.
(2005) found to be optimal for ego-motion perception .
The model computes internal estimates for the direction of gravity (ĝ), for angular velocity (ω̂ ) and for linear acceleration (â) from the canal and otolith signals.
Output signal â plays no role in our model which is limited to rotational updating.
As shown, signal ĝ drives the G pathway and ω̂ feeds the R pathway. Note that
all outputs, including ω̂ , are the result of canal-otolith interaction and thus can be
affected by gravity. Accordingly, this scheme allows for the possibility that the R
contribution may differ somewhat in the two conditions (upright vs. supine). HowINTERACTION MODEL

Fitting these parameters as well, which would mean a total of 7 parameters, appeared infeasible,
mainly due to computational limitations. The model is quite robust to parameter changes (Merfeld
et al., 1993) and if we took values proposed by Merfeld and Zupan (2002) for the VOR, the results
were indeed almost the same.
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Figure 4.7 Two versions of the linear-summation model. Both model versions are a detailed
account of the gray zone in Fig. 4.5. In A, otolith disambiguation is accomplished through
canal-otolith interaction (Merfeld and Zupan, 2002). In B, the gravity component of the
raw otolith signal is obtained by low-pass filtering (Paige and Tomko, 1991). Apart from
these different otolith-disambiguation approaches, schemes A and B are virtually identical.
Gray boxes represent free parameters. Estimate of
head angular velocity (ω̂ ) is fed through
R
a velocity threshold (ω0 ) and then integrated ( ) to obtain a rotation-based estimate of
head sway (R). The gravity-based estimate of head sway is derived from detected changes
in the direction of gravity relative to the head (ĝ). Components R and G are scaled by WR
and WG , respectively, and finally added to obtain an estimate of head-orientation in space
ĤS . The otoliths are modeled as a unity transfer function, the canals as a high-pass filter
with time constants of 5 s and 80 s. The δ -box is included to transform head-orientation in
space HS to head angular-velocity in space. Note that ĝ is a 3-dimensional vector, which is
used to obtain roll tilt angle. For more details, see text and A PPENDIX.

ever, simulations for our experimental conditions with the chosen set of parameters
have shown that ω̂ is virtually identical in the upright and supine conditions.
Both the G and the R signal are scaled and then combined in a summing junction. Altogether, the model has 3 free parameters: the velocity threshold (ω0 ) and
two scaling parameters (WG and WR ). Note that all parameters are independent of
condition (upright vs. supine). See A PPENDIX, section Model simulations, for further details.
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Fig. 4.7B shows that otolith disambiguation in this version of the
linear-summation model is managed by low-pass filtering of the raw otolith signal
(Paige and Tomko, 1991; Seidman et al., 1998). This frequency-segregation module
has only 1 free parameter, the time constant of the low-pass filter (τlp ). Signal ω̂
in this model equals the output of the canals, i.e. a high-pass filtered head-velocity
signal. Since there is no effect of gravity on ω̂ in this model, the R contribution
in this scheme (Fig. 4.7B) is identical for upright and supine, as assumed in the
reconstruction of R and G in Fig. 4.6.
As in the interaction model, a velocity threshold, two weighting factors and a
summing junction complete the scheme. This model has 4 free parameters (τlp , ω0 ,
WG and WR ). Again, all parameters are independent of condition.
FILTER MODEL

The best-fit result of the interaction model for the homogenous
group of five subjects can be seen in Fig. 4.8A. The model fits these pooled data
rather well (R2adj = 0.72, N = 40). However, the low-pass characteristic of G (see
Fig. 4.6) was not captured accurately by the model. Fig. 4.8A shows that the additional effect of gravity (solid minus dashed line) in the fit is roughly constant, with
almost no sign of low-pass decay. We can not exclude that using a different parameter set for the canal-otolith interaction module (kω , k f ω , k f and ka ) would improve
model performance in this respect. The fit results for subject BB are shown separately in the inset of Fig. 4.8A. The model can also fit the data from this deviating
subject reasonably well. Best-fit results for individual subjects can be found in Table 4.1, which provides two measures for the goodness of fit (R2adj and the rmse, see
M ETHODS).
The best-fit results of the filter model for the pooled data of five subjects, shown
in Fig. 4.8B, were very good (R2adj = 0.82, N = 40). Note that this model can better
account for the contribution of gravity cues in the upright condition. The best-fit
result for deviating subject BB in the inset shows that the model can also describe
his results very well. Best-fit parameters can be found in Table 4.1.
Comparison of the best-fit values in Table 4.1 shows that WR typically exceeds
WG in both models, by roughly a factor of 2. The fitted velocity thresholds range
between 2.2◦ /s and 6.3◦ /s, which is in the range of values proposed by others (e.g.
Sills et al., 1978; Glasauer and Mittelstaedt, 1998; Mergner et al., 1991). Subject
BB appears to have no significant velocity threshold. Values for the low-pass filter
time constant (τlp ) reported in the literature include 7 s (Seidman et al., 1998), 2.8
s (Bos and Bles, 2002) and 2.3 s (Merfeld et al., 2005). Our values range between
0.9 s and 4.8 s, mostly rather low compared to the values in the literature.
Earlier we made the assumption that Gcomp = 0.5, admittedly a rather arbitrary
choice. The main effect of changing Gcomp is to shift the curves in Fig. 4.4 upward
FIT RESULTS

V ESTIBULAR
1

CONTRIBUTIONS TO VISUAL ORIENTATION CONSTANCY

BB

A

BB

B

0.8

0.6

0.4

vestibular gain, G vest

0.2

0

1

0.8

0.6

0.4

0.2

93

Figure 4.8 Fit results of both linearsummation models (Fig. 4.7). A
shows the best-fit result of the interaction model (Fig. 4.7A), panel B
shows best fits from the filter model
(Fig. 4.7B). These fits were performed on pooled data of 5 similar subjects. Results from subject
BB are shown in insets. Best-fit parameters of the pooled data and of
individual subjects can be found in
Table 4.1. The kink in both model
predictions at low frequencies is
an effect of the velocity threshold.
At frequencies below the inflection,
the rotational contribution (R) is 0
so that the (low-pass) graviceptive
contribution (G) dominates. Note
that the supine predictions in A and
B are not exactly equal since the
models were fitted to the upright
and supine data simultaneously and
because the estimate of angular velocity from the canal-otolith interaction module is not exactly equal
to the canal output.
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(Gcomp > 0.5) or downward (Gcomp < 0.5) with respect to the right-hand vertical
scale, while the high-pass characteristics always stay intact. When the two models were refitted on the pooled data of the five similar subjects by setting Gcomp to
the theoretical limits of 0 and 1 successively, the goodness-of-fit measures for both
models changed hardly. Compared to the values from Table 4.1 (Gcomp = 0.5), the
best-fit values for WG and WR fell and rose by about 0.15 for the filter model and
by roughly 0.10 for the interaction model, for Gcomp values of 0 and 1 respectively.
The parameter ω0 changed by about 1◦ /s, downwards for Gcomp = 1 and upwards
for Gcomp = 0, in both models. Parameter τlp of the filter model was not significantly affected by changes in Gcomp . Thus the value of Gcomp has no effect on our
conclusion concerning the relative strength of canal and otolith contributions.
As stated before, a high pass-filter would be a potential alternative to the velocity threshold in the R branch. When a high-pass filter with a single time constant
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Interaction model
Subject

WG

WR

ω0

rmse

R2adj

RK
RV
SP
JG
MV
BB
Pooled

0.18 ± 0.12
0.33 ± 0.08
0.32 ± 0.12
0.24 ± 0.06
0.25 ± 0.06
0.14 ± 0.14
0.29 ± 0.03

0.89 ± 0.14
0.71 ± 0.14
0.83 ± 0.22
0.52 ± 0.07
0.81 ± 0.11
0.81 ± 0.14
0.77 ± 0.06

2.4 ± 0.7
4.2 ± 1.2
4.3 ± 1.6
2.2 ± 0.5
3.8 ± 0.8
0.0 ± 0.6
3.8 ± 0.5

0.08
0.06
0.09
0.04
0.05
0.09
0.09

0.70
0.78
0.61
0.75
0.86
0.72

Filtermodel
Subject

WG

WR

ω0

τlp

rmse

R2adj

RK
RV
SP
JG
MV
BB
Pooled

0.71 ± 0.36
0.37 ± 0.06
0.41 ± 0.15
0.33 ± 0.09
0.27 ± 0.08
0.9 ± 1.1
0.37 ± 0.05

0.81 ± 0.05
0.66 ± 0.07
0.77 ± 0.14
0.52 ± 0.09
0.70 ± 0.09
0.63 ± 0.05
0.70 ± 0.04

4.2 ± 0.6
6.3 ± 0.8
6.2 ± 1.6
4.9 ± 1.5
5.4 ± 1.0
0.02 ± 0.05
5.5 ± 0.5

4.8 ± 3.2
0.9 ± 0.4
1.3 ± 1.2
1.0 ± 0.7
0.9 ± 0.7
3.3 ± 4.2
1.4 ± 0.4

0.02
0.03
0.06
0.04
0.04
0.06
0.07

0.96
0.93
0.78
0.62
0.89
0.82

Table 4.1 Best-fit parameters of both model versions for all subjects. Pooled fit results refer to the data from the homogeneous group of 5 subjects (excluding subject BB). Additive
combination of G and R provided very acceptable fits in either model, but note that the
filter model was generally better. Furthermore, weighting factor for rotational cues (WR )
typically exceeded weight of graviceptive cues (WG ), irrespective of how these cues were
derived. Both the root mean squared error (rmse) and the adjusted R-square (R2adj ) serve as
a measure for the goodness of fit (see M ETHODS). The R2adj values for BB have been omitted because they were negative and therefore difficult to interpret. R2adj is a poor measure of
model performance in this particular subject whose data lacked a clear frequency dependence (see insets Fig. 4.8). The rmse values of BB show that the goodness-of-fit is about the
same as in the other subjects, for both models. N = 8 for all subjects (i.e. 4 frequencies, 2
conditions). Dimensions of parameters: ω0 : degrees/second, τlp : seconds. Parameters WG
and WR are dimensionless weighting factors.

τhp was used instead, both models fitted the data almost as well as the velocitythreshold versions. The best-fit parameters of the filter model for the pooled data of
the five similar subjects were: WG = 0.40 ± 0.04, WR = 0.62 ± 0.07, τlp = 0.4 ± 0.1
s, τhp = 0.61 s and R2adj = 0.75. For the interaction model the best-fit parameters
were: WG = 0.33 ± 0.04, WR = 0.71 ± 0.08, τhp = 0.7 ± 0.2 s and R2adj = 0.69. Since
the weighting factors of both contributions are close to the values in Table. 4.1, it
appears that this issue is not critical for our conclusions regarding the weighting of
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rotational and graviceptive cues.
In both versions of the model, integration of the original ω̂ signal failed to account for the supine data. Simulations
showed the necessity of additional processing that partly excludes the lower frequencies in this signal from the integration process, which can be achieved by a
velocity threshold element or a high-pass filter. We also showed that, in order to
explain the upright data, both models required a combination of a rotational and a
gravity-related signal. The former, processed as in supine, was essential to account
for the high-pass frequency characteristics of the upright data. Addition of the latter
signal was crucial to explain the improvement in performance at the lower frequencies, compared with the supine results. The filter model was better able to account
for the low-pass characteristics of this improvement in upright performance, shown
in Fig. 4.6, by virtue of the low-pass filter in its gravity pathway. This was a problem for the interaction model whose gravity signal, when using the parameter set
from Merfeld et al. (2005), appears to have an almost flat frequency characteristic
in the presently tested frequency range. Given these characteristics, the optimal fit
result that can be obtained entails that the gravity pathway adds an almost constant
gain factor. As a result, the supine and upright curves of the interaction model (see
Fig. 4.8A) are almost vertically shifted versions of each other.
However, this finding should be interpreted with some caution. For example,
we cannot exclude that the interaction model would perform better with a different
set of parameters for the interaction module. Further testing under a broader range
of experimental conditions, preferably including exposure to combined rotationtranslation paradigms, may also change the picture. The lack of detailed phase information in our data is further reason for postponing definite judgment about the
relative merits of the two implementations of the model. The rough phase indications, provided by the toggle-switch responses, were compatible with both model
predictions.
We showed that use of a velocity threshold or a high-pass filter in the R branch
gave similar results. However, these elements are not simply exchangeable under all
conditions, since the high-pass filter is frequency dependent while the the threshold
is velocity dependent. To test whether the observed frequency dependence is in fact
a velocity dependence, it would be useful to perform further experiments, using
the same frequencies but with higher velocity amplitudes. If this results in a higher
gain, especially at the lower frequencies, this would argue for a velocity threshold.
Apart from these remaining questions, a major conclusion supported by these
results is that the notion of additive rotational and gravitational signals is essential
for either version. This concept of additive rotational and graviceptive signals has
EVALUATION OF LINEAR-SUMMATION MODEL
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been proposed in studies of the torsional VOR (Schmid-Priscoveanu et al., 2000;
Bartl et al., 2005) but had not yet been evaluated for visuo-spatial perception. A
further interesting conclusion is that the relative importance of gravitational and
rotational contributions (weights WG and WR ), reconstructed on the basis of the two
models, yields a consistent picture (see Table 4.1). In virtually all subjects, and in
both models, WR exceeded WG roughly by a factor of 2. Based on this measure,
it may be argued that reliance on rotational cues dominated, even in the condition
where gravitational cues were fully available. Whether WG and WR are really fixed
weighting factors, independent of condition, is an implication of the model that deserves further testing. This would require exploration of a more extensive range of
experimental conditions, including different rotation axes and a broader frequency
range.

Weights of rotational and graviceptive cues: comparison with earlier
studies.
Two studies which cannot be explained within the present framework were performed by Jaekl et al. (2005) and Wallach (1987). Both studied visual stability
during self-generated head tilts. Wallach (1987) found null fractions close to 1.0.
The values found by Jaekl et al. (2005) were clearly above 1.0 but had a very large
range of uncertainty. Remarkably, Jaekl et al. (2005) found no effect of gravity. By
contrast, we found null fractions below one and a clear effect of gravity. These discrepancies between our data and the data of the two previous studies may reflect
differences in experimental design. Since, in contrast to our study, the head movements in both previous studies were active, neck proprioceptive information may
have played an important role (Mergner et al., 2001). Also the use of a large-field
visual stimulus may have induced optokinetic effects that could have influenced the
earlier results (Wertheim, 1987). As noticed before, optokinetic effects could not
be demonstrated in our conditions.
Studies of the subjective visual vertical under static conditions have suggested
a dominant otolith contribution (Mittelstaedt, 1983; Kaptein and Van Gisbergen,
2004). Other studies, using dynamic conditions (Udo de Haes and Schöne, 1970;
Jaggi-Schwarz and Hess, 2003; Jaggi-Schwarz et al., 2003; Keusch et al., 2004),
did find canal-related effects, but these were considered relatively small compared
with the otolith contribution, or were seen as a sign of canal-otolith interaction.
Unfortunately, since such experiments cannot be carried out in supine, canal and
otolith contributions could not easily be distinguished.
A recent study that did compare both upright and supine rotations was performed by Klier et al. (2005). Using saccadic responses, they investigated spatial
updating of allocentric positions necessitated by constant-acceleration rotations.
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This study found rotational updating gains around 0.3 and 0.9 in the supine and
upright condition respectively, suggesting an important role for the otoliths. Seen
from the perspective of our summation-model, performance in the upright condition
reflects the combined effects of R and G cues. Simulations show that reproducing
the data of Klier et al. (2005) requires roughly equal R and G weights (interaction
model: WG ≈ 0.6, WR ≈ 0.5; filter model: WG ≈ 0.6, WR ≈ 0.6). In other words,
this interpretation of upright results suggests an important graviceptive contribution (G), along with a substantial rotational contribution (R). These data cannot be
used to argue for or against either method of disambiguation. The fact that different
weighting factors are necessary, compared with those derived from our data (Table 4.1), may relate to the fact that the Klier et al. (2005) experiment, unlike our paradigm, did not require moment-to-moment updating. Furthermore, the emergence
of systematic errors at the larger tilts used in the saccadic experiment (Mittelstaedt,
1983; Van Pelt et al., 2005) may have affected the results.
Thus, both linear-summation models (Fig. 4.7) with tilt-independent weights
for the rotational and graviceptive contributions, work quite well for our data and
may also apply to the data of Klier et al. (2005). It remains to be seen whether this
approach can be extended to other paradigms.

Conclusions
The vestibular role in visual orientation constancy during sinusoidal roll rotation
was tested with and without gravity cues. Performance in the supine condition was
far from perfect and showed high-pass characteristics. Gravity cues in the upright
condition improved performance predominantly at lower frequencies.
Our results suggest that visuo-spatial rotational updating relies on a linear summation of rotational and graviceptive cues. This conclusion is supported irrespective of whether canal-otolith interaction or frequency-segregation is used to solve
the otolith-ambiguity problem.

4.5 Appendix
VOR compensation
On the basis of Fig. 4.5, L̂S can be written as the sum of three terms: L̂E , ÊH and
ĤS . Each of these can be written in terms of the input variables (LH and HS ) and the
gains Gvis , Gvor , Gcomp and Gvest according to:
L̂E = Gvis · LE = Gvis · (LH − EH ) = Gvis · (LH − HS · Gvor )

(4.2)
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ÊH = HS · Gvor · Gcomp

(4.3)

ĤS = HS · Gvest

(4.4)

ˆ S = Gscal · (Gvis · LH − HS · (Gvor (Gvis − Gcomp ) − Gvest ))
∆L

(4.5)

d∆L̂S
= Gvis Gscal
dLH

(4.6)

ˆ S , can now be written as:
The sway estimate of the subject, ∆L

In all experiments, the amplitude of head motion (HS ) was kept constant at 15◦ .
ˆ S and LH . The slope of this linear
Eq. 4.5 then predicts a linear relation between ∆L
relation corresponds to:

The null fraction (F0 ), i.e. the intersection with the x axis (see Fig. 4.2), is given
by:
F0 = −

Gvor (Gcomp − Gvis ) + Gvest
LH
|∆L
ˆ S =0 =
HS
Gvis

(4.7)

Ratio LHHS is negative because LH and HS had opposite signs when the line was
counter rotating relative to ego motion. Merely to ensure that F0 was positive, we
included the minus sign before LHHS in Eq. 4.7.
Since we assume that Gvis , Gvor and Gcomp are known, Gvest immediately follows from F0 . Note that Gvest is independent from Gscal .

Model simulations
To obtain the graviceptive and rotational contributions to the total vestibular updating gains of the models (Fig. 4.7) we began by computing the real-time predictions
of both model branches (G and R) during the steady-state phase. The resulting
periodic curves were added (Σ) and the maximum peak-to-peak excursion of the
resulting signal was used to calculate the total gain. Fits were performed on the
upright and supine data simultaneously.
In both linear-combination models that we explored (Fig. 4.7), canals were represented as a high-pass filter with two time constants of 5 s and 80 s (see Merfeld
and Zupan, 2002). Otoliths were modeled as a unity transfer function. Three parameters are common to both models: the velocity threshold ω0 and the weights for the
graviceptive and rotational contributions (WG and WR respectively). As in Mergner
et al. (1991), the velocity threshold was implemented as a dead-zone element.
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The canal-otolith interaction module
in our interaction model (see 4.7A) was taken from Merfeld and Zupan (2002).
Briefly, the model obtains initial estimates about gravity (g), linear acceleration
(a) and angular velocity of the head (ω ) from the sensors. Using an optimization
process involving internal feedback loops, the model then derives a set of output
signals (ĝ, â and ω̂ ) as its best guess of the underlying physical variables, based
on inbuilt knowledge about the properties of its sensors and the laws of physics
(internal model). The model has 4 parameters which scale the feedback signals
before they enter the internal model. In our simulation, the parameters had the same
values as in Merfeld et al. (2005): kω = 3, k f ω = 1, k f = 1, ka = −2. Both kω and
ka are dimensionless, while k f and k f ω have units of rad/s/rad.
CANAL-OTOLITH INTERACTION MODULE
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Chapter 5

Analysis of illusory visual translation
percepts during sinusoidal roll rotation

5.1 Introduction
The vestibular system is essential for maintaining a stable representation of visual
space during self motion, especially in the absence of panoramic visual cues. However, interpreting the raw signals provided by the vestibular sensors is far from
trivial. The semicircular canals, sensing angular velocity, possess high-pass-filter
characteristics with poor responses during low-frequency or constant-velocity rotations. A further challenge is the inherent ambiguity of the otolith signal. The
otoliths measure gravity-inertial force (GIF) which is the sum of two components:
the pull of gravity (g) and linear acceleration (a). Since the otolith hair cells cannot
discriminate between these two sources of shearing force, some form of later neural
processing is necessary.
Current modeling of how the brain can overcome this ambiguity problem focuses on two approaches: one using frequency filtering of the otolith signal (e.g.
Paige and Tomko, 1991), the other relying on canal-otolith interactions (e.g. Angelaki et al., 1999; Glasauer, 1992; Merfeld, 1995; Zupan et al., 2002). Both models
implement the GIF-resolution hypothesis (Merfeld, 1995), which states that the internal estimates of gravity (ĝ) and acceleration (â) always add up to the measured
In preparation for publication
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GIF ( fˆ = ĝ + â). Hence, a straightforward interpretation of this hypothesis implies
that any activity in the otolith afferents ( fˆ) that cannot be attributed to tilt must
reflect translational changes, and vice versa. While the GIF-resolution assumption
makes sense as a constraint that the inverse reconstruction process has to respect,
this approach is bound to confuse tilt and translation when the disambiguation process is in error. As a result, both models predict that errors in the perceived direction
of gravity must be accompanied by errors in acceleration (i.e. translation) perception.
To explore the tilt outcome of the disambiguation process, we recently investigated otolith and canal contributions to visual-orientation constancy (Kaptein and
Van Gisbergen, 2005b). Results showed that central vestibular compensation for
head rotation, which was found to be too low in all conditions, could be described
by a linear summation of otolith and canal components. Here, we investigated
whether such errors would be accompanied by errors in translation estimates.
To explore this notion, we tested visual position constancy under the same roll
rotation paradigms that were used in our previous study. Accordingly, subjects were
sinusoidally rotated in roll at various frequencies, in the upright and supine condition (i.e. with and without gravity cues). Rotation was imposed about the nasooccipital axis, so that there was no physical head translation (see Fig. 5.1A). During
rotation, we presented a visual probe in the fronto-parallel plane of the subject, at
one of various vertical distances (eccentricities) from the rotation axis. Different
eccentricities were tested in random order in sequential trials in which subjects estimated perceived spatial motion of the test probe on a centimeter scale. Unknown
to the subject, the probe either remained physically stable in space or remained
stable relative to the rotating subject in randomly alternating trials.
In the upright condition, results showed a consistent pattern suggesting underestimation of body rotation, compatible with linear summation of a gravity and a
canal component, as in Kaptein and Van Gisbergen (2005b). During high-frequency
rotation in upright, spatially stable visual probes at straight ahead were perceived
as moving. The fact that this illusory translation percept was absent in supine suggests that this erroneous signal stems from faulty otolith disambiguation at higher
rotation frequencies.
In contrast to what straightforward application of the GIF hypothesis would
predict, we saw no coupling between the underestimation of body rotation and the
magnitude of the illusory translation in upright. We explain how later processing
steps, necessary to account for our findings, may obscure this correlation. Simulations strongly suggest that these later stages involve leaky integration of the estimate of linear acceleration to match the translation results and linear summation of
otolith and canal signals responsible for the roll-rotation signal used in maintaining
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a degree of visual position constancy. The reconstruction of these later processing
steps was not critically dependent on which of the two disambiguation approaches
was adopted. Similarities and discrepancies with previous ego-motion perception
results under similar vestibular conditions will be discussed.

5.2 Methods
Vestibular stimulation
The subject was seated in a computer-controlled vestibular stimulator. Body rotation was controlled by rotation about the naso-occipital roll axis. Roll position
was measured using a digital position encoder with an angular resolution of 0.04◦ .
The cyclopean eye was carefully aligned with the axis of rotation by adjusting the
subject’s seat in height. The subject’s trunk was tightly fixated using seat belts and
adjustable shoulder and hip supports. The legs and feet where restrained by Velcro
straps. The head was firmly fixated in a natural upright position for looking straight
ahead, using a padded helmet with reproducable settings.
In different sessions, subjects were rotated sinusoidally in the upright and supine
position, at frequencies of 0.05, 0.1, 0.2 and 0.4 Hz and an amplitude of 15◦ (30◦
peak-peak). These frequencies were chosen to be equally spaced on a log scale. The
peak angular velocities at 0.05, 0.1, 0.2 and 0.4 Hz were 4.7◦ /s, 9.4◦ /s, 18.8◦ /s and
37.7◦ /s respectively. The corresponding peak angular accelerations for these 4 frequencies were 1.5◦ /s2 , 5.9◦ /s2 , 23.7◦ /s2 and 94.7◦ /s2 .
To avoid discontinuities in velocity and acceleration at motion onset, angular
velocity increased linearly over an integer number of sinusoidal periods (see Merfeld et al., 2005). The number of such ramp-up cycles was frequency dependent:
one for 0.05 Hz, two for 0.1 and 0.2 Hz and three for 0.4 Hz. The number of steadystate cycles was also frequency dependent and ranged from about 10 to about 75,
such that the total steady-state period available for testing was always about 3 to
3.5 minutes. In total, runs always lasted between three and four minutes. Between
runs, there was a waiting period of one minute, with the room lights on. Vision was
always binocular.

Subjects
Six subjects (5 male, 1 female) gave written informed consent to participate in the
experiments. The same subjects also participated in our earlier study (Kaptein and
Van Gisbergen, 2005b). Three of them had knowledge about the purpose of the
experiments and three were naive. Age ranged from 25 to 61. Subjects were always
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given a few practice runs to get used to the experiment and never received feedback
about their performance.

Experiments
The goal of the experiments was to quantify the deviations from visual stability that
were evoked when a visual point stimulus (an LED) in the fronto-parallel plane was
lit, during sinusoidal rotation in roll, at various vertical distances (eccentricities)
from the rotation axis (see Fig. 5.1). To present these probes, we used a computercontrolled linear array of 39 red LEDs, mounted approximately 90 cm in front of
the subject. The angular separation between LEDs was 1◦ . The array could rotate
in the fronto-parallel plane about a roll axis through the center LED. Both this axis
and the axis of the vestibular chair intersected the cyclopean eye of the subject.
During the steady-state cycles, a randomly chosen LED was switched on for
2 (in the 0.05, 0.1 and 0.2 Hz conditions) or 3 (in the 0.4 Hz condition) consecutive cycles. In randomly mixed trials, the visual probe to be tested either remained
stationary with respect to the subject (head-fixed trial) or was moved opposite to
the direction of chair motion so as to be stable in space (space-fixed trial). During
head-fixed trials, the LED array was always aligned with the subject’s long body
axis, while during space-fixed trials the array was stationary in space. As will be
shown, in most trials of either type subjects perceived the dot as moving in space.
The task of the subject was to judge the lateral displacement of the presented
visual probe, in space. Using a toggle switch, subjects indicated whether they perceived the probe as moving leftward or rightward, in space. After the LED was
switched off, subjects reported its maximum net lateral displacement in the course
of a full rotation cycle, i.e. the difference between the two extreme positions in
space, using a centimeter scale. Subjects had at least 3 s to verbally report their
response before the next trial began. Eye movements were not restricted and images recorded by an infra-red video camera on board of the vestibular chair showed
that subjects looked into the direction of a test LED when it was lit. On average,
4 sessions of ∼ 45 min were needed to collect the data from each subject for all
conditions.
Since use of the centimeter scale
by the subject may be subject to systematic error, for example due to inaccurate
depth perception (Viguier et al., 2001) or errors in visual motion perception during
smooth pursuit (Freeman and Banks, 1998), we calibrated the subject’s subjective
scale in each session. Positioned as in the experiment (upright or supine), but without rotating, subjects again judged the total lateral displacement of several sequentially presented LEDs, which moved sinusoidally at various amplitudes at each of
CALIBRATION OF CENTIMETER ESTIMATES
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the four different frequencies. A linear regression on actual versus reported translation provided a conversion factor which was then used to correct the responses
collected in the main experiment.
Results showed that the relation between real and perceived translation was linear in good approximation. We found considerable variability among subjects, but
within each subject the conversion factor was reasonably constant. Mean subject
values were typically below one and ranged between 0.33 and 1.14. The average
was 0.7 ± 0.2, with no clear dependence on condition (upright vs. supine) or frequency.

Data analysis
We define A as the amplitude of head rotation, which was always
LED position is denoted by L, the eccentricity (in cm) from the LED-line
rotation axis. Positive L values indicate LED positions above the axis. D is the amplitude of physical LED displacement in space, which in head-fixed trials obeys the
simple relation D = L sin(A) and was zero in space-fixed trials. D̂ denotes the amplitude of perceived spatial displacement in the course of a complete rotation cycle.
Subjects actually reported 2D̂ since they were instructed to estimate the side-toside displacement of the LED. Responses were taken positive if the toggle-switch
responses implied that the visual probe was perceived as moving in phase with head
rotation and negative otherwise.
DEFINITIONS

15◦ .

We assumed that the violations of perfect
visual position stability during selfmotion reflected imperfections in the representation of head motion used for spatial vision. On this basis, we reconstructed the
putative head motion signal, characterized by a rotation gain and a putative illusionary translation component, that would optimally account for the visual perception
data.
Both components were reconstructed based on their effects on position stability in the frontal plane (i.e. the plane perpendicular to the rotation axis). The rotation compensation gain, the fraction of vestibular head rotation accounted for in the
compensation process, will be denoted by Grot . Accordingly, Grot = 1 indicates perfect rotational compensation while Grot = 0 indicates no rotational compensation at
all. The head-translation component in the compensation process involves an illusionary translation of the cyclopean eye, invoked to explain the perceived displacement of an LED positioned on the rotation axis. This horizontal visual translation
will be denoted T̂ , expressed in centimeters. How the combined visuo-vestibular
stimulation would be perceived spatially if compensation would be marred by the
combined effect of Grot < 1 and T̂ 6= 0 is shown in Fig. 5.1B,C. For the head-fixed
OUTLINE OF DESCRIPTIVE MODEL
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Figure 5.1 Real and hypothetical perceived motion of LED array. A shows the physical
situation in a head-fixed trial. An LED, identified by its eccentricity to the rotation axis
(L), has a physical displacement 2D, which is a function of L. Note absence of physical
head translation. Also note that in the experiments, only one LED at a time was visible.
The most rightward (black) and leftward (gray) orientations of the array are shown. B and
C show hypothetical perceived array positions, for a head-fixed and a space-fixed trials
respectively, when compensation process underestimates head rotation (Grot < 1) and is
further misguided by an illusionary head translation (T̂ 6= 0). The two extreme perceived
orientations are shown. Perceived lateral head translation in one rotation cycle is denoted
by 2T̂ . Perceived visual side-to-side displacement of a random LED is denoted by 2D̂. Note
that D̂ is different for each LED. In the figure, we assumed that rightward rotation was
accompanied by a rightward illusionary translation, in accordance with the data. In the
head-fixed trial (B), the array is seen in a horizontally shifted position relative to the origin
(because T̂ > 0) and less rotated (since Grot < 1) compared to the physical situation in
A. In the space-fixed trial depicted in C, the suboptimal rotation gain is reflected by the
perceived leftward rotation of the line when the head is tilted rightward (black dots) and
vice versa (gray dots). As in B, the horizontal shift is the result of T̂ > 0 . Note that rotations
have been exaggerated for the sake of clarity. The actual rotation amplitude was 15◦ .

trials, the subjective displacement D̂ of an LED according to this descriptive model
can be written as a linear combination of errors caused by rotational compensation
and those due to illusionary head translation:
D̂ = L · sin(Grot A) + T̂

(5.1a)

For the space-fixed trials we get:
D̂ = L · sin(Grot A − A) + T̂

(5.1b)

To visualize how Grot and T̂ affect perceived motion of all LEDs in the array,
Fig. 5.1 illustrates two scenarios: perfect (A) and imperfect compensation (B,C).
All panels show the extreme positions in space of all LEDs observed at the time of
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maximal rightward (black dots) and leftward (gray dots) head rotations. Fig. 5.1A
indicates veridical performance (Grot = 1, T̂ = 0) in a head-fixed trial. If, unlike
in the experiments, all LEDs would be lit simultaneously, the array would be perceived as rotating in space about its center (L = 0) with amplitude A. Fig. 5.1B
shows the perceived array for the same head-fixed trial, for the hypothetical case
that Grot < 1 and T̂ > 0. The array is now seen in a horizontally shifted position
relative to the origin (because T̂ > 0) and less rotated (since Grot < 1) compared to
the physical situation in Fig. 5.1A. In Fig. 5.1C, the perceived array is shown for
a space-fixed trial in which the array remains stationary in space, using the same
compensation parameters as in Fig. 5.1B. Again, the horizontal shift relative to the
origin is the result of T̂ > 0. The suboptimal rotation gain (Grot < 1) now causes the
array to be seen in a counter-clockwise rotated position when the head is rotated
rightward (black dots) and vice versa.
Thus, according to this descriptive model, underestimation of vestibular rotation causes underestimation of actual LED displacement in head-fixed trials and
an illusionary LED displacement in space-fixed trials. In both types of trials, compensation for illusionary head translation, if any, causes the array to be perceived
as translated horizontally relative to the origin. In Fig. 5.1B,C we assumed that
rightward rotation is accompanied by a rightward illusionary translation, and vice
versa. However, it is important to note that our descriptive model (Eq. 5.1), is not
explicit on this relation. The reason for choosing this particular phase relation in
the examples in Fig. 5.1B,C is that this assumption matches the actual responses,
as will become clear in the R ESULTS.
To obtain a concise graphical representation of the experimental data, we plotted the perceived displacement of each tested LED on the horizontal axis against
LED eccentricity on the vertical axis. Data from head-fixed and space-fixed trials were plotted separately. Examples of such plots can be seen in Fig. 5.2. Displacements were plotted as positive or negative, depending on the relation between
the direction of perceived LED displacement (obtained through the toggle-switch
responses) with respect to the vestibular rotation (same directions positive; opposite direction negative). Based on such plots, Grot and T̂ were obtained by fitting
Eq. 5.1a,b to the data from each subject in each condition and for each frequency.
Head-fixed and space-fixed trials (described by Eq. 5.1a and Eq. 5.1b respectively)
were fitted simultaneously. Examples of results from this fit procedure can be seen
in Fig. 5.2A-D.
Fits of Eq. 5.1 and the translation fits in the D IS were obtained using the least-squares method, using the Nelder-Mead
minimization algorithm as implemented in the routine fminsearch (Matlab 6.0;
FITS AND MODEL SIMULATIONS
CUSSION
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The Mathworks). Standard deviations were determined with the bootstrap method
(Press et al., 1992). Best-fit parameters of the linear-summation model were obtained using non-linear least-squares fitting by the Gauss-Newton methods (routine
lsqcurvefit in Matlab). Standard deviations of the parameters were computed from
the Jacobian matrix and the residuals, using the Matlab route nlparci.
Model simulations in the Discussion were performed using Matlab 6.0 and
Simulink 4.0 (The Mathworks). More details on the models can be found in the
D ISCUSSION and the A PPENDIX.

5.3 Results
The purpose of the experiments was to quantify conditions for visual position constancy during sinusoidal roll rotation. Tests were performed at different rotation
frequencies, with and without gravity cues. Since rotation was around the nasooccipital axis, there was no head translation. Subjects judged lateral movement of
visual points in space, which were either head or space fixed and were located
at various eccentricities from the rotation axis. Based on these results, we reconstructed the rotational and the translational component of perceived body movement that best fitted the visual motion percepts.

Reconstruction of rotational and translational compensation
The responses of subject JG for the upright condition are shown in Fig. 5.2, which
plots LED eccentricity L versus perceived LED displacement D̂ (see Fig. 5.1). Recall that L is an experimental parameter and that D̂ reflects the subject’s response, so
that the axes are reversed compared to usual conventions. The open circles show the
result for head-fixed trials and the filled circles denote space-fixed trials. The dashed
and solid black lines indicate the best-fit results of Eq. 5.1a,b respectively. These
fits were performed on the head-fixed and space-fixed data simultaneously, but for
each frequency separately. As can be seen, fit results are quite good (R2 ≥ 0.77 for
all four panels). For head-fixed trials, veridical responses would be on the dashed
gray line. The dashed black line is always less tilted than the dashed gray line,
which means that the rotation was undercompensated (Grot < 1). In the two bottom
panels, the black dashed line is also shifted to the right, indicating a visual translation percept (T̂ > 0). Veridical responses for space-fixed trials would be on the Y
axis, i.e. no visual displacement, as indicated by the vertical solid gray lines. The
filled circles and associated solid black fit lines show that this is never the case. The
solid black line is always tilted counterclockwise, in agreement with a rotational
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Figure 5.2 Visual-displacement estimates (D̂) of subject JG, in the upright condition. Open
circles indicate responses for head-fixed trials, filled circles indicate space-fixed trials.
Black dashed and solid lines indicate fit of Eq. 5.1a,b to data (for each frequency separately). Dashed gray line indicates veridical response for head-fixed trials, solid gray line
(y axis) for space-fixed trials. Best-fit parameters of Eq. 5.1a,b are: A: Grot = 0.29 ± 0.06,
T̂ = 0.2 ± 0.2, R2 = 0.81, N = 32, B: Grot = 0.42 ± 0.05, T̂ = 0.4 ± 0.2, R2 = 0.77,
N = 28, C: Grot = 0.52 ± 0.03, T̂ = 1.5 ± 0.1, R2 = 0.90, N = 24, 7 D: Grot = 0.56 ± 0.03,
T̂ = 1.1 ± 0.1, R2 = 0.88, N = 30. Note that the ranges of both axes are different, so that
angles in the figure are distorted.

compensation gain Grot < 1 . The solid black lines in the two bottom panels are
again clearly shifted to the right.
The best-fit parameters of Eq. 5.1 (see Fig. 5.2) confirm what was already visible by eye: the rotation gain Grot is always below one and the perceived translation
T̂ is significantly above 0 for the 0.2 Hz and 0.4 Hz conditions, based on the ±2σ
criterion (Fig. 5.2C,D). Grot also shows a clear increase with frequency. We will
now discuss the results from all subjects.
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Reconstructed compensation for rotation and translation in all subjects
ROTATIONAL COMPENSATION GAINS The compensation gain for rotation, Grot ,
obtained by fitting Eq. 5.1, can be seen in Fig. 5.3, as a function of frequency, for all
subjects. Results from upright (A) and supine (B) conditions are shown separately.
Horizontal dashed lines indicate veridical performance (Grot = 1).
Grot was always suboptimal, but clearly increased with frequency in both conditions. In the supine condition, the rotational compensation gain was only slightly
lower. A repeated-measures ANOVA, with frequency (0.05, 0.1, 0.2 and 0.4 Hz)
and condition (upright and supine) as factors indeed revealed significant effects of
frequency and condition (frequency: F(35, 3) = 44.9, condition: F(35, 1) = 14.8,
P < 0.05 in both cases). Linear regressions of Grot on log(frequency) resulted in
slopes of 0.37 ± 0.07 (R = 0.75, P < 0.001, N = 24) and 0.47 ± 0.13 (R = 0.67, P <
0.001, N = 24) for the upright and supine conditions, respectively.
To test for upright-supine differences, we performed Wilcoxon rank-sum tests
on the pooled data of all subjects, for each frequency separately. We found significant differences at 0.05 and 0.1 Hz, but not at 0.2 and 0.4 Hz.

Fig. 5.4 shows the perceived
visual displacement, T̂ (see Eq. 5.1 and Fig. 5.1), as a function of frequency. Results
from upright (A) and supine (B) conditions are shown separately. Horizontal dashed
lines indicate veridical performance (T̂ = 0).
The immediate impression is that there was no consistent perceived translation
in the supine condition. In the upright condition, there was a translation percept of
roughly 1 cm at the two highest frequencies (0.2 and 0.4 Hz), but not at the lower
frequencies. Thus, at 0.2 and 0.4 Hz, subjects perceived the LED located on the
rotation axis as having a side-to-side displacement of about 2 cm. In reality this
LED was stationary in space. It is interesting to note that perceived translation at
0.4 Hz was smaller than at 0.2 Hz in all subjects, but this difference did not reach
significance.
A repeated-measures ANOVA, with frequency (0.05, 0.1, 0.2 and 0.4 Hz) and
condition (upright and supine) as factors revealed significant effects of frequency
and condition (frequency: F(35, 3) = 5.1, condition: F(35, 1) = 12.9, P < 0.05 in
both cases). A Wilcoxon rank-sum test on the pooled data from all subjects, for
each frequency separately, confirmed a significant difference between upright and
supine for 0.2 and 0.4 Hz, but not for 0.05 and 0.1 Hz. With one exception, all
subjects had significant translation percepts in the upright condition at 0.2 and 0.4
Hz, based on the ±2σ criterion. At 0.05 Hz, none of the subjects has a significant
translation percept and at 0.1 Hz only two. In the supine condition, 9 of the 24 data
COMPENSATION FOR PERCEIVED TRANSLATION
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Figure 5.3 Reconstructed rotational compensation gains, Grot ,
for upright (A) and supine (B)
conditions. Each line represents a
subject. Standard deviations (not
shown) were roughly comparable
for all data points. Mean SD is
0.06 ± 0.03 for A and 0.05 ± 0.02
for B.

rotational updating gain, Grot

0.2

0

−0.2

1

0.8

0.6

0.4

0.2

0

−0.2

0.05

0.1

0.2

0.4

frequency [Hz]

points at various frequencies deviated significantly from zero (in a positive as well
as a negative direction), but not in a manner that was consistent among subjects.
The positive sign of the translation deserves some comment. It means that perceived translation was to the right when rotating clockwise and to the left when rotating counterclockwise, just as in the schematic examples in Fig. 5.1B,C. Toggleswitch responses hardly ever showed exceptions to this finding, suggesting that the
perceived displacement was always roughly in phase with head rotation.
In the previous section, we described
the observed deficiencies in visual position constancy as the combined effect of
insufficient compensation for head rotation and inappropriate compensation for a
temporally-coupled illusionary head translation. Mathematically, such a combinaALTERNATIVE SHIFTED-AXIS DESCRIPTION
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tion of coupled rotational and translational motion can be described equally well
by a pure rotation about an appropriately positioned shifted axis (Medendorp et al.,
1998). Seen from this perspective, the errors in visuo-spatial perception reflect incomplete compensation for head rotation about an misperceived subjective axis that
was located below the real axis. The question arises: which downward shift of the
subjective rotation axis would account for the illusionary translation percept in part
of the upright data? Given a rotation amplitude A, a rotation gain Grot and an illusionary translation amplitude T̂ , the downward shift Ŝ of the perceived rotation axis
is given by:
Ŝ =

T̂
sin(Grot A)

(5.2)
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In the upright condition at 0.2 Hz, the average translation was 1.2 cm and the
average rotational compensation gain was 0.62. Following Eq. 5.2, this can also be
described by stating that the tilt gain was 0.62 and that the perceived rotation axis
was 7.4 cm below the real rotation axis. At 0.4 Hz, average translation was 0.84
and average rotation gain was 0.71, leading to a downward rotation-axis shift of
4.5 cm.

No correlation between rotation and translation
In the light of the GIF-resolution hypothesis (see I NTRODUCTION), it is interesting
to investigate a possible correlation between errors in the rotation and translation
components of the compensation process. Since there is no perceived translation in
the supine condition, we focus on the upright condition. We first standardized each
data point by subtracting the mean and then dividing by the standard deviation.
The mean and standard deviation was calculated for each frequency separately. In
this way, the underlying frequency dependence in both variables was removed and
a correlation could be performed on all 24 data points simultaneously. Using this
method, we found no significant correlation between Grot and T̂ .

5.4 Discussion
It is known from previous work that subjects make systematic errors in visual orientation perception during pure sinusoidal rotations in the absence of panoramic
visual cues (Jaekl et al., 2005; Kaptein and Van Gisbergen, 2005b). Otolith-disambiguation strategies proposed in the literature imply that such errors may be accompanied by errors in translation perception (see Merfeld et al., 2005). This led us to
test specifically for an illusionary translation percept during pure rotation vestibular
stimulation. In the experiments, we investigated visual position constancy during
sinusoidal roll rotations at four different frequencies. Experiments were carried out
in upright and supine conditions to investigate the role of the otoliths.
In the upright condition, we found illusionary translation percepts at the two
highest frequencies. Our finding that there were no translation percepts in the supine
condition suggests that the illusionary translation may indeed stem from the otoliths.
The compensation for rotation showed high-pass characteristics, both in the upright
and the supine position. The improvement due to gravity in the upright condition
was small and mainly limited to the lower frequencies.
We now consider the possibility that the rotational and translational compensation components were affected by the vestibulo-ocular reflex (VOR), in which case
the results in Fig. 5.3 and Fig. 5.4 do not simple reflect internal compensation for
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head movement. In this respect, it is important to note that the task naturally implied that subjects fixated the LEDs (see M ETHODS). This means that visual probes
were always projected at the fovea so that torsional VOR responses did not lead to
a dissociation of LED position relative to the head and relative to the eye. As a
result, it was not necessary to account for the torsional VOR in the interpretation of
the rotational compensation gain, contrary to our earlier study where visual orientations were considered (Kaptein and Van Gisbergen, 2005b). Due to the fact that
subjects fixated the LEDs, translational VOR responses, if any, were presumably
very small. This means that during fixation of the center LED, whose perceived
displacement is a measure for illusionary head translation, this stimulus was physically stable relative to the head as well as to the eye. On this basis, we assumed that
the violations of visual position constancy mainly reflect errors in perceived body
motion due to imperfect vestibular signals. In the next section, we will discuss the
possible origin of these signals.

The GIF-resolution problem
Fig. 5.5 illustrates the GIF ambiguity problem
facing the brain. Acceleration (a) and gravity (g), physically indistinguishable, exert a gravito-inertial force f on the otoliths. The output of the otoliths can be regarded as an accurate internal representation ( fˆ) of the GIF (Fernández and Goldberg, 1976), at least in the frequency range of this study. The challenge for the
brain, then, is to solve the inverse problem, which is to reconstruct gravity and
acceleration from sum signal fˆ. This central mechanism is represented by the disambiguation box in the scheme.
The GIF-resolution hypothesis (Merfeld, 1995) imposes a plausible constraint
on the disambiguation box. It states that the internal estimates of gravity (ĝ) and linear acceleration (â) must always add up to the measured GIF ( fˆ). In mathematical
terms, the GIF-resolution hypothesis states:
THE PROBLEM FOR THE BRAIN

fˆ = ĝ + â

(5.3)

Here, we defined g as pointing upward, equivalent to an upward acceleration.
Note that in our experiments the physical acceleration (a) was zero since rotation
occurred about the naso-occipital axis.
According to the GIF-hypothesis, imperfect decomposition errors will cause errors in â
and ĝ to be coupled in the sense that the part of the measured GIF that is not attributed to gravity will be interpreted as acceleration and vice versa. Unfortunately,
LATER PROCESSING STAGES COMPLICATE INTERPRETATION OF DATA
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experimental constraints prevented us from measuring â and ĝ directly. Instead,
we measured compensation for rotation and translation, i.e. angular and linear displacement. This complication is indicated in Fig. 5.5, on the right-hand side of
the disambiguation box. As shown, both â and ĝ must undergo further processing
to obtain the experimentally determined compensation parameters. The fact that
there is no well-established model for these later processing steps precluded any
attempts to deduce ĝ and â directly from our data. Furthermore, this additional
processing may obscure the presumed correlation between errors at the level of â
and ĝ. Indeed, we found no significant correlation between rotational compensation
gain (Fig. 5.3) and perceived translation (Fig. 5.4), as was shown in the R ESULTS
(section No correlation between rotation and translation).
Since there is no straightforward procedure to test the validity of Eq. 5.3 by
working backwards from our results, our strategy, instead, will be to incorporate
existing disambiguation models as part of an extended model, using a forward approach to see if these schemes are reconcilable with our data. In this process, we
cannot exclude the operations that follow the disambiguation process and these will
have to incorporated in the overall model.
In the literature, two main approaches to the otolith-disambiguation strategy
have been proposed. The frequency-segregation model (Paige and Tomko, 1991)
proposes that low-pass and high-pass filtering of the raw otolith signal leads to
tilt and translation estimates respectively. By contrast, the canal-otolith interaction
model (Angelaki et al., 1999; Merfeld, 1995) suggests that otolith disambiguation
is implemented by relying on canal-otolith interaction in the context of an internal
model. Both models, whether implicitly (frequency segregation) or more explicitly
(canal-otolith interaction), rely on the GIF-resolution hypothesis as a key concept
(Eq. 5.3). We will now separately discuss the processing of ĝ and â in the light of
these two models.

Modeling compensation for perceived rotation and translation
Simulation results from the two versions of the forward model will be presented
in two steps. The next section will concentrate on how the brain may obtain the
compensation signal correcting for perceived changes in body roll. The subsequent
section will deal with the problem of how the illusory translation percepts can be
explained quantitatively.
We first address the problem of how
the perceptual system obtained the estimate of head roll that was used in the visual
compensation process (right-bottom branch in Fig. 5.5). A similar problem was
MODELING ROTATIONAL COMPENSATION

116

C HAPTER 5

^
a

a
Σ
g

f

otoliths

^
f

disambiguation
strategy

g^

∫∫
WG

Translation

Σ

Rotation

WR

∫

^
ω
Figure 5.5 Schematic illustration of GIF-resolution. Acceleration (a) and gravity (g) combine to produce a gravito-inertial force ( f ) which is converted to a neural signal fˆ by the
otoliths. The task of the brain, illustrated by the GIF-resolution box, is to split fˆ into estimates of gravity (ĝ) and acceleration (â). Two models that have been proposed for GIF
resolution are the frequency-segregation model (Paige and Tomko, 1991) and the canalotolith interaction model (Merfeld, 1995). Further processing of â and ĝ is shown on the
right-hand side of the disambiguation box . A rotation estimate is obtained by a weighted
combination of a gravity component and a rotational (canal) component, as shown in the
bottom branch. The rotational estimate is obtained by integrating the estimated angular velocity. Physically, â needs to be integrated twice to obtain a translation estimate, as shown
in the upper branch.

previously addressed in Kaptein and Van Gisbergen (2005b), where we investigated visual orientation constancy using the same vestibular stimulation paradigms
as in the present study. As we will show shortly, the results in Fig. 5.3 are quite similar to those in the earlier study. There is one small difference between rotational
compensation performance in the two data sets: the improvement in the upright
condition, afforded by gravity cues, appears smaller in the current data.
In Kaptein and Van Gisbergen (2005b) we could describe the rotational compensation process quite well by linear summation of a rotational (i.e. canal related)
contribution and a graviceptive contribution. The bottom branch at the right-hand
side of Fig. 5.5 also implements this approach. As in our previous paper, the internal estimate of angular velocity (ω̂ ) is first subjected to a velocity threshold (ω0 )
and then integrated to obtain an estimate of head rotation. Another estimate of the
change in roll is directly inferred from ĝ. Both estimates are weighted (with weighting factors WR and WG respectively) and then added in summing junction Σ to obtain
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Filter model
Interaction model

WG
0.26 ± 0.07
0.20 ± 0.04

WR
0.68 ± 0.04
0.84 ± 0.04

ω0
2.9 ± 0.3
2.2 ± 0.2

τlp
1.2 ± 0.5
-
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R2 ad j
0.75
0.74

Table 5.1 Best-fit parameters of both versions of the linear-summation model for pooled
data of 5 of the 6 subjects. Subject BB, an outlier, was left. See Fig. 5.5 for a schematical
illustration of the model. In the filter model, otolith disambiguation is based on frequency
filtering while the interaction model relies on canal-otolith interaction. WG and WR represent the weights of the graviceptive and rotation contribution, respectively. ω0 represents
the angular-velocity threshold and τlp denotes the time constant of the low-pass filter in the
filter model. Both model versions perform almost equally well. Dimensions of parameters:
ω0 : degrees/second, τlp : seconds. Parameters WG and WR are dimensionless.

a final head-rotation estimate. Since the literature contains two methods for otolith
disambiguation, we simulated two corresponding versions of the linear-summation
model, to be denoted briefly as the interaction model and the filter model. In the
interaction model, ĝ and ω̂ are obtained by canal-otolith interaction. In the filter model, ĝ is obtained by frequency segregation and ω̂ equals the output of the
canals.
Both versions of the linear-summation model were fitted to the rotation gain
(Grot ) extracted from the present data (Fig. 5.3), with very satisfactory results (see
Table 5.1). The table shows the best-fit parameters of each model version when fitted on the pooled data of 5 of the 6 subjects. Subject BB, an outlier, was left out. The
most notable difference with the earlier study is the rather small graviceptive contribution (WG ) which contrasts with a substantial additive canal contribution. That the
role of the otoliths in the present study was rather limited, in this respect, reflects
the fact that Grot values were only slightly better than in supine (see Fig. 5.3).
We conclude that, although the two visual constancy tasks are very different
for the subject, the processes determining the compensation in spatial vision for
sensed changes in body orientation are nevertheless remarkably similar. That the
two versions of the model (interaction and filter model) show hardly any difference
in their ability to account for the rotational compensation data is not too surprising,
since the two models differ mainly in their graviceptive contribution, which is small
in our data.
We will now focus on the further
processing of the internal estimate of acceleration indicated in the upper branch of
Fig. 5.5. As shown, â has to be integrated twice to obtain perceived translation. It
has been suggested on the basis of translation experiments in humans that the brain
MODELING TRANSLATIONAL COMPENSATION
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can achieve perfect integration of acceleration (Israel et al., 1993) but this scenario
appears untenable in the present context. It should be noticed that both disambiguation models predict qualitatively similar high-pass frequency dependence of â. As
shown in Fig. 5.6, simply integrating the â signal leads to huge overestimations of
the translation percepts in both versions of our model, particularly at low rotation
frequencies (see also Merfeld et al., 2005). By contrast, the translation percepts in
our data (Fig. 5.4) were much smaller and showed a high-pass frequency dependence.
An effective way of overcoming this dual problem is imperfect double integration of â in the model. Leaky integration has recently been proposed by Merfeld
et al. (2005) for ego-motion perception during sinusoidal roll rotation and also for
visual perception during off-vertical axis rotation (Vingerhoets et al., 2005). Interestingly, simulations showed that leaky integration works in the right direction by
reducing the displacement predictions to acceptable values and by improving the
frequency characteristics. Since fitting our data with multiple free parameters was
infeasible , we imposed two constraints. First, the parameters of both disambiguations modules were held fixed. The time constant of the high-pass filter in the filter
model was fixed at 1.4 s, which equals the time constant of the low-pass filter that
we used earlier in the tilt branch (Kaptein and Van Gisbergen, 2005b). The parameter values for the canal-otolith interaction module were taken from Merfeld et al.
(2005) (see A PPENDIX). Our second assumption was that the time constants of
the two serial leaky integrators are identical. With these assumptions, both model
versions have just one free parameter, the leaky-integrator time constant τint .
The best-fit value for τint for both model versions can be found in Table 5.2 and
the corresponding fit curves are shown in Fig. 5.6. The figure shows that both fit
curves describe the data quite well and are very similar to one another. Thus, irrespective of the disambiguation strategy implemented in the model, our data clearly
require leaky integration at the subsequent stage. As can be seen in Table 5.2, the
filter model required more leaky integration than the interaction model. This difference would be smaller/larger if we had used a shorter/longer time constant for
the high-pass filter in the disambiguation stage of the model. This illustrates the illposed problem encountered here in the sense that fitting our data could be achieved
by various combinations of the high-pass filter at the early stage and the low-pass
effect of the subsequent leaky integration stage.
So far, these model evaluations focused on the amplitude of the responses. Accurate phase information could not be obtained, but our toggle-switch data indicate
Since the two leaky integrators are connected in series, the two time constants are interchangeable. It is therefore not possible to determine each parameter uniquely. The same problem arises when
the time constant of the high-pass filter in the frequency-segregation model is also considered a free
parameter.

I LLUSORY TRANSLATION PERCEPTS DURING ROLL ROTATION

Filter model
Interaction model

τint
0.06 ± 0.01
0.17 ± 0.01
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R2 ad j
0.26
0.29

Table 5.2 Best-fit parameter for leaky integration in both model versions, for pooled data
of all subjects. Fits were performed on upright data (Fig. 5.4A) only. In the filter model,
otolith disambiguation is based on frequency filtering while the interaction model relies on
canal-otolith interaction. The time constants of the two leaky integrators are assumed to be
identical. Note that R2adj is not an ideal measure of model performance since the data have
only a weak frequency dependence. Dimension of τint : seconds.
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Figure 5.6 Model predictions for translation perception in upright condition. The black
solid line represents the mean (±1SD) of all subjects (Fig. 5.3A). Dashed lines show filtermodel predictions, solid gray lines show interaction-model predictions. The two upper lines
depict the predictions when using perfect double integration. Predicted translations are
way too large (note the logarithmic Y-axis scale) and show the wrong frequency dependence. When using leaky double integration, both models can produce very acceptable
predictions, as shown by the dashed black and solid gray lines through the data. Best-fit
parameters for the leaky-integration curves can be found in Table 5.2.
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that rotation and translation were roughly in phase. Both disambiguation models
predict that the internal estimate of acceleration (â) in the tested frequency range
is roughly in phase with head angular position . If the subsequent integration stage
would be perfect, a large phase difference between head rotation and head angular
position would occur, in conflict with our data. When further processing is based
on leaky integrators with time constants in the order of 0.1 s (see above), perceived
head translation will be roughly in phase with head angular position, as in the data.
Thus, the phase characteristics of our data, although only crude, lend further credibility to the leaky integration hypothesis.

Evaluation of the two model versions
The rotation component of our position-constancy data (Fig. 5.3) supports the notion that compensation for rotation is based on a linear combination of weighted
canal and otolith cues (Kaptein and Van Gisbergen, 2005b). It should be noted,
however, that the relative graviceptive contribution was weak compared to the canal
contribution (see Table 5.1).
Our simulations revealed that the translation results present strong evidence
for leaky integration of acceleration in visual space perception, irrespective of the
precise mechanism for otolith disambiguation. Despite the fundamental differences
between the two disambiguation models, our data did not allow a clear judgment on
which of the two models is most applicable to visual space perception. The problem was not that the â predictions of the two models were almost indistinguishable
in the studied frequency range. That these were clearly different is evident from
the perfect-integration predictions in Fig. 5.6 (two curves on top). The problem is
that there are two unknowns so that this difference can be compensated by choosing different time constants for the leaky integrators to match the data. A further
complication in reconstructing the disambiguation process is that the combination
of double leaky integration in the translation branch and the contribution of canal
cues to the rotation branch may easily obscure the correlation at an earlier level,
expected on the basis of the GIF-resolution hypothesis.

Comparison with earlier studies
Our position constancy data could be described by assuming a rotation and a translation component for compensation (Fig. 5.3, 5.4). Merfeld et al. (2005) also obtained rotation and translation estimates during pure sinusoidal roll rotation in upright, when testing ego-motion perception rather than visual-space perception. The
By this we mean that a rightward (clockwise) tilt leads to a positive (rightward) internal estimate
of acceleration and that â reaches its maximum at maximum tilt
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task of their subjects was to estimate the maximum side-to-side translation of the
nose and the maximum head tilt experienced in one cycle.
We found that the rotation component had gains below one which increased
with frequency. Merfeld et al. (2005) found that the tilt percept was close to veridical but deteriorated slightly with frequency. This difference in the representation of
roll rotation probably reflects the fact that the task was different in the two experiments. In Merfeld et al. (2005), subjects also had to report their maximum leftward
and rightward tilt, which necessitates the use of the direction of gravity as a reference. The task of our subjects was to judge the movement of an LED in space,
which requires a terrestrial but not necessarily a gravitational reference frame. In
the previous section we showed that the rotation component could be described by
a linear summation of graviceptive and a rotational (i.e. canal-derived) contributions. That rotational cues may be used in the estimation of head orientation has
recently also been suggested by Lewis et al. (2005). The graviceptive contribution
in the present study showed low-pass behavior, as in Merfeld et al. (2005).
The translation percept showed high-pass behavior in the upright condition with
a maximum amplitude of roughly 1 cm (2 cm side-to-side) at the two highest frequencies and no significant translation perception at 0.05 and 0.1 Hz. Merfeld et al.
(2005) also found high-pass behavior of the translation percept during roll rotation,
but there are clear differences with our data. The cut-off frequency of the high-pass
behavior appears lower in Merfeld et al. (2005) in the sense that translation was still
reported for frequencies ≤ 0.1 Hz. However, the most striking difference concerns
the magnitude of the translation percepts. Subjects in the experiments of Merfeld
et al. (2005) reported illusionary side-to-side translations that were roughly an order
of magnitude larger than the illusionary visual translations in our data (Fig. 5.4).
A similar discrepancy has been reported by Guedry and Harris (1963), cited
in Guedry (1974) and Mayne (1974). They obtained horizontal-displacement estimates during oscillation on a parallel-swing. In separate experiments, subjects
had to judge their whole-body displacement in the dark and the displacement of a
head-fixed visual target. Guedry and Harris (1963) found that the visual translation
estimates where much smaller than the ego-motion estimates. The difference was
roughly a factor of 10, very similar to the difference between our data and the data
of Merfeld et al. (2005). Also other studies have emphasized that compensation for
visual perception and for ego-motion perception may rely on different mechanisms
(e.g. Mittelstaedt, 1983; Karnath et al., 2000; Kaptein and Van Gisbergen, 2004).
In terms of the scheme in Fig. 5.5, these differences between ego-motion perception and visual space perception could reflect different disambiguation strategies
or differences in subsequent processing. When using parameters for the disambiguation modules within the range of proposed values (Merfeld and Zupan, 2002;
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Merfeld et al., 2005; Seidman et al., 1998; Bos and Bles, 2002; Paige and Seidman,
1999, e.g.), it seems impossible to obtain these differences by only changing the
disambiguation parameters. If we assume that the disambiguation process underlying both tasks is similar, the difference between the two data sets must reflect
different further processing of â (right-hand side in Fig. 5.5). We showed that leaky
integration of â was essential to explain our data. Also the data of Merfeld et al.
(2005) necessitates leaky integration. The much larger translation percepts in Merfeld et al. (2005) then suggests leaky integrators with a larger time constant (i.e.
less leaky).
Another way of looking at the striking difference in translation perception in
the two studies is to describe them as caused by a shifted subjective axis (see R E SULTS ). As shown before, our data are compatible with a rotation axis 5 to 10 cm
below the cyclopean eye. In contrast, Eq. 5.2 implies a maximum axis shift (Ŝ) of
about 44 cm for the data from Merfeld et al. (2005). Interestingly, these values are
similar to two of the main rotation axes of the body: head-on-neck rotation roughly
corresponds to a rotation axis 3 to 10 cm below the cyclopean eye (Medendorp
et al., 1998; Pedrocchi and Ferrigno, 2004; Moore et al., 2005), while trunk sway
roughly corresponds to a rotation axis near the navel, roughly 50 cm below the
cyclopean eye (Amblard et al., 1997; Pozzo et al., 1995). Although this similarity could be merely a coincidence, it may also suggest that the brain uses a-priori
assumptions about body movements that are most likely to occur, depending on
context.

Conclusion
The vestibular role in visual position constancy during sinusoidal roll rotation was
tested with and without gravity cues. Results showed illusionary translation percepts in the upright condition, but not in the supine condition, suggesting that
inappropriate interpretation of the otolith signal played a critical role. Translation perception was compatible with double leaky integration of an internal estimate of acceleration, irrespective of whether canal-otolith interaction or frequencysegregation is used to solve the otolith-ambiguity problem. Substantial underestimation of body rotation, based mainly on canal signals with only a very small
gravity contribution, further contributed to deficiencies in visual space constancy.
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5.5 Appendix
Model simulations
The acceleration branch of the filter model was implemented as a high-pass filter
with a time constant of 1.4 s. This time constant equals the time constant of the
low-pass filter in the tilt branch in our earlier paper(Kaptein and Van Gisbergen,
2005b). However, it turned out that the exact value of this time constant was not
critical for our conclusions.
The disambiguation module relying on canal-otolith interaction in our interaction model was taken from Merfeld and Zupan (2002). This model obtains initial estimates about gravity (g), acceleration (a) and angular velocity of the head
(ω ). Based on inbuilt knowledge about the sensory characteristics and the laws of
physics (internal model), the model then derives a set of output signals (ĝ, â and
ω̂ ) as its best guesses of the underlying physical variabls, using an optimization
process involving internal feedback loops. The model has 4 free parameters scaling
the internal feedback signals. In our simulation, the parameters had the same values
as in Merfeld et al. (2005) : kω = 3, k f ω = 1, k f = 1, ka = −2. Both kω and ka are
dimensionless, while k f and k f ω have units of rad/s/rad.
In both disambiguation models, canals were modeled as a high-pass filter with
two time constants of 5 s and 80 s (see Merfeld and Zupan, 2002). Otoliths were
modeled as a unity transfer function.
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Summary
This thesis describes the results of a research project to investigate vestibular aspects of visual updating in roll-tilted subjects. The first part (Chapter 2 and 3) focuses on errors in verticality perception of tilted subjects. We tested whether the
SVV was influenced by semicircular-canal signals. Furthermore, we tried to quantify a bistability phenomenon at large tilts that has been reported earlier, but only
in a qualitative sense. In the second part (Chapter 4 and 5) we investigated canal
and otolith contributions to visual stability during dynamic head rotations. We determined the relative role of the canals and the otoliths in this mechanism, and also
tried to gain more insight into the otolith-disambiguation process. The next sections
summarize the main questions and conclusions of the previous chapters.
Results of earlier spatial-orientation studies focusing on the sense
of verticality have emphasized an intriguing paradox. Despite evidence that nearly
veridical signals for gravicentric head orientation and egocentric visual stimulus
orientation are available, roll-tilted subjects err in the direction of the long body
axis when adjusting a visual line to vertical in darkness (Aubert effect). This has
led to the suggestion that a central egocentric bias signal with fixed strength and
direction acts to pull the perceived vertical to the subjects’ zenith (M-model).
In the present study the subjective visual vertical (SVV) was tested in six human
subjects, across the entire 360◦ range. For comparison, body-tilt estimates from
four subjects where collected in a separate series of experiments. For absolute tilts
up to about 135◦ SVV responses showed a gradually increasing Aubert effect which
could not be attributed to errors in perceived body tilt but was nicely in line with the
M-model. At larger absolute tilts, SVV errors abruptly reversed sign, now showing
a pattern concordant with errors in body-tilt estimates but incompatible with the Mmodel. These results suggest that, in the normal working range, the perception of
external space and the perception of body posture are based on different processing
of body-tilt signals. Beyond this range, both spatial-orientation tasks seem to rely
mainly on a common tilt signal.
CHAPTER 2
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A striking feature of visual verticality estimates in the dark is undercompensation for lateral body tilt. Earlier studies and models suggest that this socalled A-effect increases gradually to around 130◦ tilt and then decays smoothly
upon approaching the inverted position. By contrast, we recently found an abrupt
transition toward errors of opposite sign (E-effect) when body tilt exceeded 135◦ .
The present study was undertaken to clarify the nature of this transition. We
tested the subjective visual vertical in stationary roll-tilted human subjects using
various rotation paradigms and testing methods. Cluster analysis identified two
clearly separate response modes (A- or E-effect), present in all conditions, which
dominated in different but overlapping tilt ranges. Within the overlap zone, the
subjective vertical appeared bistable upon repeated testing, with responses in both
categories. The tilt range where bistability occurred depended on the direction of
the preceding rotation (hysteresis). The overlap zone shifted to a smaller tilt angle
when testing was preceded by a rotation through the inverted position, compared to
short opposite rotations from upright.
We discuss the possibility that the A-E transition reflects a reference shift from
compensating line settings for the head deviation from upright to basing them on
the tilt deviation of the feet from upright. In this scenario, both the A- and the Eeffect reflect tilt under-compensation. To explain the hysteresis and the bistability,
we propose that the transition is triggered when perceived body tilt, a signal with
known noise and hysteresis properties, crosses a fixed threshold.
CHAPTER 3

Using vestibular sensors to maintain visual stability during changes
in head tilt, crucial when panoramic cues are not available, presents a computational challenge. Reliance on the otoliths requires a neural strategy for resolving
their tilt/translation ambiguity, such as canal-otolith interaction or frequency segregation. The canal signal is subject to bandwidth limitations. In this study, we
assessed the relative contribution of canal and otolith signals and investigated how
they might be processed and combined. The experimental approach was to explore
conditions with and without otolith contributions in a frequency range with various
degrees of canal activation.
We tested the perceptual stability of visual line orientation in six human subjects during passive sinusoidal roll tilt in the dark at frequencies from 0.05 to 0.4
Hz (30◦ peak-to-peak). Since subjects were constantly monitoring spatial motion
of a visual line in the frontal plane, the paradigm required moment-to-moment updating for ongoing ego motion. Their task was to judge the total spatial sway of
the line when it rotated sinusoidally at various amplitudes. From the responses we
determined how the line had to be rotated to be perceived as stable in space. Tests
were taken both with (subject upright) and without (subject supine) gravity cues.
CHAPTER 4
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Analysis of these data showed that the compensation for body rotation in the
computation of line orientation in space, while always incomplete, depended on
vestibular rotation frequency and on the availability of gravity cues. In the supine
condition, the compensation for ego motion showed a steep increase with frequency, compatible with an integrated canal signal. The improvement of performance in upright, afforded by graviceptive cues from the otoliths, showed low-pass
characteristics. Simulations showed that a linear combination of an integrated canal
signal and a gravity-based signal can account for these results.
Using vestibular signals to maintain visual stability during dynamic
changes in head tilt in darkness is not straightforward. Since the otoliths respond
equally to linear acceleration caused by translation and gravity, the brain must solve
the inverse problem of what caused the combined signal. Current models for this
disambiguation process suggest that errors in the estimation of the gravity contribution may cause illusory translation percepts.
To test the role of vestibular signals, we assessed deficiencies of visual position
constancy in six human subjects during passive sinusoidal roll rotation in the dark
at frequencies from 0.05 to 0.4 Hz (30◦ peak-to-peak). The rotation axis was located between the eyes, so that there was no head translation. While being rotated,
subjects judged the extent of spatial motion induced by head-fixed and space-fixed
visual stimuli in the frontal plane at various vertical distances from the rotation
axis. Tests were performed with and without gravity cues (upright and supine) to
evaluate the role of the otoliths.
Violations of visual stability in supine showed that subjects severely undercompensated for the amplitude of rotation, detected by the canals. In upright, the
otoliths improved compensation for rotation at lower frequencies, but led to an illusionary translation percept at higher frequencies. Extensions to existing otolith disambiguation models that were needed to account for these findings are discussed.
CHAPTER 5

Samenvatting
In het dagelijks leven is het erg handig om te weten welke richting omhoog is,
waar we naar toe bewegen, en wat de oriëntatie van ons lichaam is. Onze ogen
komen hierbij goed van pas. Bomen staan meestal rechtop, en als we het puntdak
van een huis naar onze voeten zien wijzen staan we waarschijnlijk op ons hoofd.
Ook zelfbeweging kan vaak uit visuele informatie worden afgeleid. Als we een
huis langs zien komen is het erg onwaarschijnlijk dat het huis zelf beweegt, en we
kunnen dan ook wel aannemen dat we in een trein of auto zitten.
Ons visuele systeem is echter niet altijd bruikbaar. Het houdt ons voor de gek
als we in een trein zitten en de trein naast ons vertrekt: de meeste mensen zullen
juist het gevoel hebben dat ze zelf wegrijden. Ook tijdens snelle hoofdbewegingen
is het visuele systeem nauwelijks bruikbaar omdat het relatief traag is. Natuurlijk is
er ook een situatie waarin het visuele systeem compleet nutteloos is: in het donker.
Het vestibulaire systeem, ook wel evenwichtsorgaan genoemd, heeft de ideale
eigenschappen om voor deze tekortkomingen te compenseren: het is vooral gevoelig voor snelle hoofdbewegingen en werkt ook in het donker. Ons vestibulaire
systeem is een buitenbeentje in vergelijking met de meer vertrouwde zintuigen. We
zijn ons er niet van bewust dat we het hebben, zoals wel het geval is bij bijvoorbeeld horen en zien. De enige keren dat we merken dat we het bezitten is als het niet
helemaal goed werkt, bijvoorbeeld als we duizelig zijn of een paar biertjes ophebben. Ondanks deze onopgemerkte rol kunnen we niet zonder. Deze onmisbaarheid
wordt meteen duidelijk als we het verslag lezen van een patiënt met een beschadigd
evenwichtsorgaan (J.C., 1952): “Elke beweging in bed veroorzaakte duizeligheid
en misselijkheid. Als ik mijn ogen dichtdeed werden de symptomen alleen maar
erger. In het begin ontdekte ik dat het goed ging als ik op mijn rug ging liggen en
mezelf goed vasthield aan de stijlen van het bed. Later werd zelfs in deze positie de
hartslag in mijn hoofd een waarneembare beweging die mijn evenwicht verstoorde.
(...) Als ik in bed mijn hoofd heen en weer bewoog, had ik niet het gevoel dat mijn
hoofd draaide, maar dat de hele kamer om me heen tolde.”
Het vestibulaire systeem vertaalt continu lichaamsbeweging en lichaamsstand
in neurale signalen die naar de hersenen gestuurd worden. Dit gebeurt door twee
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verschillende onderdelen: de halfcirkelvormige kanalen en de otolieten. De kanalen
meten rotatiesnelheid, maar onder bepaalde omstandigheden is hun signaal erg onbetrouwbaar. De otolieten meten krachten die ontstaan door zwaartekracht en/of lineaire versnellingen, maar ze kunnen niet tussen deze twee bronnen onderscheiden.
Onze hersenen ontvangen deze imperfecte signalen zonder de oorsprong hiervan te
kennen en moeten vervolgens proberen op basis van deze signalen lichaamsstand
en zelfbeweging te achterhalen. Dit is een zeer moeilijk probleem. Toch voelen we
onszelf zelden gedisoriënteerd en weten we meestal ook wel welke richting omhoog is, zelfs in het donker. Blijkbaar kan het brein de binnenkomende signalen
op een slimme manier analyseren. Inzicht krijgen in hoe het brein dat doet is het
hoofddoel van dit proefschrift.
In de hoofdstukken 2 en 3 komt de subjectieve verticaal aan de orde: wat vinden we verticaal als we zijwaarts gekanteld zijn in het donker? Het is bekend dat
we hierbij grote fouten maken als de kanteling toeneemt. Deze fouten blijken echter niet simpelweg te kunnen worden toegewezen aan een foutieve schatting van
lichaamskanteling, zoals we in eerste instantie zouden verwachten. Een belangrijk
model stelt dat deze fouten het gevolg zijn van een neuraal mechanisme dat juist
bedoeld is om fouten bij kleine kantelingen te voorkomen. Dit model is gebaseerd
op otolietsignalen, maar er zijn aanwijzingen dat de kanalen ook een rol spelen.
Wij hebben de invloed van kanaalsignalen op de visuele verticaal en op de schatting van lichaamsstand onderzocht. De kanalen lijken in het eerste geval geen, maar
in het tweede wél een effect te hebben. Ook hebben we voor het eerst een bistabiele
overgang in de visuele perceptie van verticaliteit gekwantificeerd en geprobeerd er
een verklaring voor te vinden.
Hoofdstukken 4 en 5 gaan over de rol van de kanalen en de otolieten in het behouden van visuele stabiliteit tijdens rotaties. Om te beginnen hebben we de relatieve bijdrage van deze sensoren bepaald. Ons belangrijkste doel was te onderzoeken
hoe het brein met de tekortkomingen van deze sensoren omgaat. Met andere woorden: hoe worden de ruwe kanaal- en otolietsignalen verwerkt om uiteindelijk tot een
schatting van lichaamsbeweging en lichaamsstand te komen? Bestaande modellen
hierover worden onder de loep genomen en we stellen tevens enkele aanvulling
voor om onze resultaten te kunnen verklaren. De volgende paragrafen vatten de
resultaten en de conclusies van elk hoofdstuk samen.
Eerdere studies naar ruimtelijke oriëntatie, toegespitst op de waarneming van verticaliteit, hebben een intrigerende paradox blootgelegd. Ondanks
dat er foutloze signalen voor hoofdoriëntatie en egocentrische stimulusoriëntatie
beschikbaar lijken te zijn, maken gekantelde proefpersonen toch fouten wanneer ze
in het donker een visuele lijn verticaal moeten zetten (Aubert effect). Er is gesug-

HOOFDSTUK 2

S AMENVATTING

139

gereerd dat dit komt doordat een centraal, egocentrisch biassignaal, met constante
grootte en richting, de waargenomen verticaal richting de lengteas van de proefpersoon trekt (M-model).
In de huidige studie is de visuele verticaal getest in zes proefpersonen, over het
gehele 360◦ kantelbereik. Ter vergelijking werden van vier proefpersonen schattingen van lichaamskanteling gemeten in een aparte serie experimenten. Voor kantelingen tot ongeveer 135◦ lieten de responsies een geleidelijk toenemend Aubert
effect zien, dat niet kon worden toegewezen aan fouten in de schatting van lichaamsstand maar dat wel in overeenstemming was met het M-model. Bij grotere
kantelingen keerden de fouten plotseling van teken om, waardoor de fouten in de
subjectieve verticaal nu wel gelijkenis vertoonden met de fouten in lichaamsstandschatting, maar tegenstrijdig waren met het M-model. Deze resultaten suggereren
dat in het normale kantelbereik de perceptie van de buitenwereld en de perceptie
van lichaamsstand gebaseerd zijn op verschillende verwerking van lichaamstiltsignalen. Bij grotere kantelhoeken lijken de twee ruimtelijke oriëntatietaken wel een
gemeenschappelijke basis te hebben.
Een opvallend kenmerk van visuele-verticaalschattingen in het
donker is de ondercompensatie voor zijwaartse lichaamskanteling. Eerdere studies
en modellen suggereren dat dit zogeheten A-effect langzaam toeneemt tot ca. 130◦
kanteling, waarna het weer afneemt bij het naderen van de op-de-kop positie. Onze
recente bevindingen zijn hiermee in tegenspraak. Deze lieten een abrupte overgang
naar fouten van tegengesteld teken (E-effect) zien wanneer de lichaamskanteling
135◦ overschreed.
De huidige studie was gericht op het verkrijgen van meer inzicht in deze overgang. We hebben de subjectieve, visuele verticaal getest in stationaire, gekantelde
proefpersonen, gebruik makend van verschillende rotatieparadigma’s en testmethoden. Een clusteranalyse liet twee duidelijk gescheiden responsietoestanden zien (Aof E-effect), die onder alle condities aanwezig waren en verschillende maar overlappende kantelbereiken domineerden. Binnen de overlapzone leek de subjectieve
verticaal bistabiel wanneer er herhaaldelijk werd getest, met responsies in beide categorieën. Het kantelbereik waarin deze bistabiliteit optrad hing af van de voorafgaande rotatie (hysterese). De overlapzone verschoof naar een kleinere kantelhoek
als de voorafgaande rotatie door de op-de-kop positie ging, in vergelijking met een
korte, tegengestelde rotatie vanuit de rechtop positie.
We bespreken de mogelijkheid dat de A-E overgang het gevolg is van een referentieverschuiving. De eerste responsiecategorie weerspiegelt dan compensatie van
de lijninstellingen voor de afwijking van het hoofd van rechtop, terwijl de tweede categorie compensatie voor de afwijking van de voeten van rechtop weergeeft.
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Op deze manier zijn zowel het A- als het E-effect het gevolg van ondercompensatie voor lichaamskanteling. Om de hysterese en bistabiliteit te verklaren stellen we
voor dat de overgang plaatsvindt als waargenomen lichaamsstand, een signaal met
bekende hysterese- en ruiskenmerken, een vaste drempel overschrijdt.
Vestibulaire sensoren zijn cruciaal om visuele stabiliteit te behouden gedurende veranderingen in hoofdoriëntatie wanneer er geen panoramische aanwijzingen beschikbaar zijn. De vestibulaire signalen stellen het brein echter voor een computationele uitdaging. Gebruik van de otolieten vereist een neurale strategie om hun kanteling-/translatie-ambiguı̈teit op te lossen, zoals kanaalotolietinteractie of frequentiescheiding. Het kanaalsignaal is bovendien onderhevig
aan bandbreedtebeperkingen. In deze studie proberen we de relatieve bijdrage van
kanaal- en otolietsignalen te bepalen en onderzoeken we hoe ze verwerkt en gecombineerd zouden kunnen worden. Onze experimentele aanpak was om condities
met en zonder otolietstimulatie te verkennen, in een frequentiegebied waarin de
mate van kanaalactivatie sterk varieert.
We hebben de perceptuele stabiliteit van visuele lijnoriëntatie getest in zes
proefpersonen gedurende passieve, sinusoı̈dale, zijwaartse kanteling in het donker,
in het frequentiebereik van 0.05 tot 0.4 Hz (30◦ top-top kanteling). Omdat proefpersonen continu de ruimtelijke beweging van een visuele lijn in het frontale vlak
in de gaten hielden, vereiste dit paradigma continue correctie voor de aanhoudende beweging. De taak was om de totale schommeling van de lijn te beoordelen,
terwijl die sinusoı̈daal roteerde met verschillende amplitudes. Uit de responsies
konden we afleiden hoe de lijn moest draaien om als stabiel in de ruimte te worden
waargenomen. Experimenten werden zowel met (proefpersoon rechtop) als zonder
(proefpersoon op de rug) gravitatiecues uitgevoerd.
Analyse van de data liet zien dat compensatie voor lichaamsrotatie in de berekening van ruimtelijke lijnoriëntatie altijd incompleet was, en dat deze afhing van de
rotatiefrequentie en van de aanwezigheid van gravitatieaanwijzingen. In de achteroverliggende positie vertoonde de compensatie voor lichaamsbeweging een sterke
toename met frequentie, compatibel met een geı̈ntegreerd kanaalsignaal. De verbetering in de rechtoppositie, door de aanwezigheid van gravitatiecues afkomstig van
de otolieten, vertoonde hoogdoorlaatkarakteristieken. Modelsimulaties lieten zien
dat deze resultaten verklaard kunnen worden door een lineaire combinatie van een
geı̈ntegreerd kanaalsignaal met een signaal gebaseerd op de zwaartekracht.
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het brein het inverse probleem oplossen: wat was de oorzaak van dit gecombineerde
signaal? Bestaande modellen om dit ambiguı̈teitsprobleem op te lossen suggereren
dat fouten in de schatting van zwaartekracht een translatie-illusie kunnen veroorzaken.
Om de rol van vestibulaire signalen te testen hebben we tekortkomingen van de
stabiliteit van visuele posities bepaald in zes proefpersonen, gedurende passieve,
sinusoı̈dale rotatie in het donker, gebruik makend van frequenties tussen 0.05 tot
0.4 Hz (30◦ top-top kanteling). De rotatie-as lag altijd tussen de ogen, zodat er
in werkelijkheid geen hoofdtranslatie was. Gedurende het draaien beoordeelden
proefpersonen de ruimtelijke beweging van visuele stimuli, die óf met het hoofd
meedraaiden óf stilstonden in de wereld. Experimenten zijn gedaan met en zonder
gravitatiecues (proefpersonen respectievelijk rechtop en op de rug), om de rol van
de otolieten te bepalen.
Schendingen van visuele stabiliteit in de op-de-rug proeven lieten zien dat
proefpersonen hun rotatie-amplitude, gedetecteerd door de kanalen, sterk onderschatten. In de rechtoppositie verbeterden de otolieten de rotatieschatting bij lage
frequenties, maar ze veroorzaakten ook een illusionair translatiepercept bij de hoge
frequenties. We bespreken uitbreidingen op bestaande disambiguatiemodellen die
nodig zijn om onze resultaten te verklaren.
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