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Abstract

This article considers the intersensory interaction mechanisms and biomechanical aspects of human spatially oriented behavior and
asks to what extent these are interrelated on earth by gravity and how they might be affected under microgravity. The interactions
between vestibular, somatosensory and visual inputs for postural control are obscured by several complications (biomechanics, multi-body
dynamics, multimodal feedback control, cognition etc.). However, they can be revealed in psychophysical studies on human self-motion
perception. Based on such studies, we present a conceptual model, which we think is valid also for postural control. It accounts for the
multi-segmental structure of the body, allowing local control of inter-segmental joints, but uses one globa reference system for all
segments, which is derived from the intersensory interactions. We hold that, at a sensory level, the system is tied together by linkages
between vestibular, visual and somatosensory information which develop through experience of inertial and gravitational reaction forces.
On earth these linkages are established even in the absence of active behavior by gravity, allowing the incorporation of one’s body and its
support into a notion (Gestalt) of ourselves in the environment. Under microgravity, in contrast, the linkages have to be actively
established for postural and perceptual stability in the environment (e.g., by grasping a handle on the wall). From this work we
recommend that future research under altered gravity conditions should be guided by models that include biomechanics, considerations of
intersensory interaction and dynamic control mechanisms. Such an integrative conceptua framework will be helpful for reaching a
genera understanding of spatially oriented behavior. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

On earth, its gravitational force field not only allows us
to detect the directions of up and down, but also dramati-
caly shapes our motor behavior and our afferent and
reafferent sensory inputs. Therefore, the condition of mi-
crogravity experienced during orbital space flight (free
fall) is unique in many respects, the most relevant of which
are summarized below from the viewpoint of biomechan-
ics and sensory—motor physiology. It will be shown that
the two aspects are closely interrelated and entail a number
of secondary problems, such as the loss of the most basic
point of reference for our behavior on earth (‘ground’) and
a disturbance of certain inter-sensory interactions.

1.1. Biomechanics and related somatosensory functions

Under terrestrial conditions, the main task of postural
control is to counteract the effects of gravity (see Ref.
[51]). This antigravity activity constitutes most of the
output of the motor system while standing. It is achieved
by activating one’s muscles to produce joint torques that
compensate for the destabilizing effects of the gravitational
forces on the body segments. The joints' orientation with
respect to the gravitational vector, i.e., our momentary
posture, determines how much torque is required. Conse-
quently, passive postural changes require compensation by
a change in the motor forces opposing gravity to restore a
given point of equilibrium and any active change in motor
output (e.g., leaning forward) requires a postural change
that produces a new point of equilibrium. Under micro-
gravity, in contrast, any posture is in equilibrium without
any muscle forces, a fact which demands a profound
change in control strategy.

On earth ground reaction forces result from, and are
predetermined by the gravitational forces. They are modi-
fied when we try to move the body's center of mass
(COM); a movement of the COM is obtained by changing
the center of pressures, COP, with respect to the COM’s
projection on the support [64]. In microgravity, in contrast,
the area of support (and reaction forces) is no longer
predetermined, but always has to be actively established
anew (e.g., by grasping a handle by hand). Therefore,
control strategies such as the one just described are no
longer valid.

Furthermore, joint morphology is adapted to our actions
working against the gravitational forces, as are the working
ranges of the sensory systems involved. Under micrograv-
ity the forces acting on the joints and the conditions of the
proprioceptive sensors are changed. The same holds for
sensors in the body tissue, which react to gravitation-in-
duced strain, as well as for the haptic sensors in the foot,
which detect changes in the ground reaction forces during
standing.

When standing, our body consists of a superposition of
severa platforms (body segments) which are mobile with
respect to each other. On earth, the support reaction forces
determine the functional hierarchy of segmenta move-
ments. A torsional movement at the level of the legs, for
instance, will rotate the upper body relative to the station-
ary feet. In contrast, during a gymnastic maneuver like
standing on on€’s head, the same movement would rotate
only the feet and the body would remain stationary. In
microgravity, the geocentric hierarchy of body segments
no longer applies and the result of intersegmental move-
ments is determined only by the mass (inertia) of the
segments, unless one of the segments is actively anchored
to a support.

There is evidence that forces which normally are either
constantly present (gravity) or occur predictably during
motion (e.g., centrifugal pseudoforces during movements
with rotation component) are compensated for by inter-
nally generated signals which anticipate the external ones
(compare Lackner, this volume). It can be assumed that,
under microgravity, the internal signals that are normally
related to gravity are initially released inappropriately,
which disturbs perception and posture, but they are gradu-
ally adapted over time.

Roll et al. [53] studied proprioception under micrograv-
ity using muscle vibration. They observed that sensitivity
of muscle proprioception is maintained, but found the tonic
vibration reflex in flexor muscle enhanced and the postural
response and tilt illusion, normally occurring with ankle
flexor vibration, suppressed, unless the axia foot support
force was restored artificially. In contrast, the responses to
ankle extensor vibration were normal. Thus, it appears
that, despite the atered gravity condition, some postural
response patterns are maintained. This would be in accor-
dance with results obtained with active movements under
microgravity; axia synergies during upper trunk move-
ments are similar to those on earth, despite the fact that
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astronauts show abnormal postures during the first days in
space [28]. These and related findings are not well under-
stood to date.

1.2. Gravitational component of the vestibular signal

The vestibular organ represents an inertial measuring
device which allows us to sense, in the absence of externa
sensory cues (vision etc.), self-motion with respect to the
six degrees of freedom in space (three rotational and three
trandationa; see Ref. [63]). However, this information is
not automatically available. It has to be synthesized from
the signals of two subsystems, the semicircular canal sys-
tem (which senses angular acceleration) and the otolith
system (which senses linear acceleration). Synthesis is
required because the signals provided by the two subsys-
tems are not ideal, due to physical properties of the
Sensors.

The canal system (comprised of three orthogonal canals)
reacts to angular head acceleration, but encodes angular
head velocity due to an integration (in the mathematical
sense) by the mechanical properties of the cupula—endo-
lymph system. Whilst working well in the mid- to high
frequency range of rotational stimuli, the integration be-
comes imperfect at low frequencies (< 0.1 Hz), mainly
due to viscous forces in the small canals of the labyrinth.
Therefore, we underestimate, or even fail to detect earth-
horizontal body rotations in space at low frequency. The
otolith system, on the other hand, is a biological linear
accelerometer (or, more accurately, a differential-density
accelerometer [50]), so information on both head tilt rela-
tive to the gravitational vector and head translation in
space are superimposed in a compound signa of the
afferent otolith input to the CNS (see GIFgravitoinertial
force]-resolution problem, [31]). Yet, on a behavioral level,
we are able to distinguish body tilt from body trandation
rather well, and the perception of rotation is veridical, at
least if in earth-vertical planes. This fact generaly is
explained by a central otolith-canal interaction, which (i)
improves the canal signals for earth-vertical rotations using
gravitational information contained in the otolith signal,
and (ii) uses the canal signals to separate tilt and transla-
tion components from the compound otolith signal. Given
this, one could expect that the absence of the gravitational
component in the otolith signal under microgravity leads to
disturbances in the otolith-canal interaction. Several mod-
els of this interaction have been proposed (see Ref. [15]),
but specific predictions as to the effect of microgravity
have not been made to our knowledge. In a recently
developed model on otolith-canal interaction (Mergner and
Glasauer, in preparation) angular velocity signals derived
from both canals and otoliths are fused, which alows to
improve the estimate of angular velocity and, at the same
time, the direction of gravity can be predicted. Thereby,
the gravito-inertial force resolution problem can be solved.

Magnitude of gravity in the model is assessed by a differ-
ent mechanism, which scales the gravity (and, by the same
token, the trandlation) estimate by way of a fast ‘adapta
tion'. As simulations show, the model mimics well the
data of different paradigms involving passive body rotation
and/or trandation. Interestingly, when g is changed to a
very low level in the model, the system ‘adapts to this
state (absence of g no longer estimated as ‘falling’), with
the result that the basic functions are reestablished, but the
estimates of rotation and tranglation tend to show fluctua-
tions over time when ‘biologica noise’ is added to the
input signals.

Astronauts have reported a number of misperceptions
and illusions occurring after entry into microgravity, like
illusory self-motion (or surround motion) and self-orienta
tion, various forms of subjective inversion of the own body
and/or the spacecraft. However, the reports show a large
inter-subject variability, and there appear to be variations
over time as well, superimposed on adaptational changes
[17,23]. More consistent are reports on impaired position
constancy, errors of perceived self-motion and nausea
occurring during head or body movements, which con-
tribute to the so-called space motion sickness (SMS). Also,
falling is not experienced by the astronauts, despite the fact
that the so-called microgravity condition actualy is a
free-fal condition in low-altitude (200-300 km) orhital
flights (the spacecraft falls at about 9.8 m/s’ towards
earth, but because of its trandation it falls on a quas stable
flight path above earth). The perceptual phenomena are
still not completely understood and, therefore, cannot be
predicted very well, at present.

Given that central canal—otolith interaction is affected
under microgravity, functions that require an interaction of
the vestibular signals with other modalities might also be
affected. It has repeatedly been suggested that there exist,
at the level of central sensory processing, linkages between
otolith graviception and somatosensory graviception, since
gravitoinertial forces always act on both the vestibular
apparatus and the body as a whole. As pointed out by
Stoffregen and Ricio [59] the two graviceptions are always
congruent on earth. An exception would be the selective
reduction of somatosensory graviception in under-water
experiments, known to severely impair divers judgments
of body orientation. However, under microgravity both
constituents of the gravitational linkage are missing,
whereas those related to rotational and translational body
movements are preserved. At present, there exists no con-
ceptual framework on how the linkages work, what func-
tions they serve, and what the consequence of the abolition
of the gravitational component under microgravity (or its
attenuation on Mars with its weaker gravity) would be.

Finally, it is to mention that there are gravity-dependent
somatosensory inputs in addition to those directly evoked
by ground reaction forces. Gravity-induced torques in the
intersegmental joints probably are also detected and used
for postural control in certain conditions. Furthermore,



T. Mergner, T. Rosemeier / Brain Research Reviews 28 (1998) 118-135 121

Mittelstaedt [44,45] found, in a number of elegant experi-
ments, evidence for somatic graviceptors in the human
trunk. The functional role of these pseudo-vestibular gravi-
ceptions is ill not clear, to date. They will not be
included in the following considerations, but the reader
should be aware of these additional sources of information.

1.3. General aspects

In view of the impacts of gravity on biomechanics and
sensory—motor function described above, it comes to no
surprise that the latter are impaired under microgravity.
The condition is currently of major scientific interest mainly
for two reasons. Firstly the sensory—motor impairment
represents a serious safety hazard to astronauts and endan-
gers the success of manned space missions. Consequently,
a considerable part of the present research aims to melio-
rate the astronauts discomfort, sensory—motor perfor-
mance and general health problems. Secondly the condi-
tion is a unique opportunity to gain insight into a number
of important brain functions. The performance of astro-
nauts is impaired in some respects, but in others it is
surprisingly good for this extreme environment. We may
tend to take it for granted that astronauts adapt to micro-
gravity, because on earth our sensory—motor functions
must be very flexible. It is a challenge for science to
elucidate the mechanisms that are responsible for this
built-in flexibility and robustness and to reveal their limita-
tions. Immediately upon entry into microgravity, astro-
nauts may primarily resort to cognition to overcome unex-
pected perceptual and motor problems. During the follow-
ing hours, days and weeks, adaptational mechanisms start
to help. They are of utmost importance, aso for many
aspects of our life on earth (e.g., when coping with new
terrestrial environments, diseases, aging etc.), but may
create serious problems after return to earth following
long-term space flight.

In the following sections, we concentrate on intersen-
sory interaction for spatially oriented behavior and ask the
question, to what extent the interaction mechanisms might
be shaped by gravity and therefore would likely be af-
fected under microgravity. As a guideline we present a
global concept of the interaction. The presentation will
comprise three parts. First we give an overview of relevant
aspects of intersensory interaction with an emphasis on a
number of unsolved problems related to postural control.
Then we present the concept, which we derived from
psychophysical work, and show that fusion of vestibular
and somatosensory inputs may solve some of these prob-
lems. Finally we extend the concept to also include visua
input. In the Conclusion we consider impacts of our view
on future research under altered gravity conditions.

Our descriptions consider information processing in the
CNS as occurring on a rather abstract level. For example,
our brains' notion of a visual object’s location in space
may be based on neuronal interactions of several sensory

signals, e.g., aretinal (visual) signal, an oculomotor effer-
ence-copy signal and a signal of head position in space. An
abstract description of the processing would be to formu-
late coordinate transformations of the internal image of the
object from a retinotopic via a craniotopic into a spa-
tiotopic reference frame. Furthermore, we proceed from
the notion that humans can transform their primary sensory
signals into such abstract notions as ‘head velocity in
space’ or ‘trunk position in space’ etc. (these notions can
be assessed in psychophysical experiments) and that analo-
gous levels of abstraction can be assumed for sensory-to-
motor transformation and the motor side (compare Ref.
[37D.

2. Overview

The term intersensory or multisensory interaction is
used for different sensory mechanisms. One usage stresses
mainly the redundancy aspect. For instance, the saliency of
a visua stimulus is increased if it coincides spatially and
temporally with an auditory stimulus, thus decreasing the
detection threshold (compare Ref. [58]). Following the
nomenclature of robotics, one could call this interaction a
signa fusion. However, if the temporal and/or spatia
characteristics of these stimuli differ enough, they are
perceived as two distinct items (no fusion). Similarly,
sometimes visually and vestibularly derived notions of
space are congruent (and are fused), while in another
conditions they are in conflict with each other and only
one is chosen as a reference. This is different from other
types of interaction, for instance when two or more sen-
sory signals of different modalities are used to obtain
information which would otherwise be unavailable. An
example would be the above mentioned evaluation of the
location of a visual object in space based on retina
(object-on-eye), oculomotor efference copy (eye-in-orbit)
and head-in-space signals. The linkage of these signals
gives rise to a signal of new quality (supramodal). In this
last example the term sensor fusion would aways be
appropriate.

In the following we first point out what is known at
present about intersensory interaction in postural control.
We then consider intersensory interaction in gaze stabiliza-
tion for comparison, before returning to current conceptsin
postural control and highlighting the most relevant prob-
lems.

2.1. The need for a conceptual framework of intersensory
interaction in postural control

Many authors use the vague term ‘ multisensory integra-
tion” when referring to the well known fact that postural
control depends on the interaction between several sensory
inputs (visual, vestibular and somatosensory). This is be-
cause postural control is impaired if one of these cues is
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absent or modified due to a disease or some experimental
interference. For example, impairment has been shown in
patients with severe somatosensory deficits due to
polyneuropathy when compared to normal controls and
postural stability is worse when eyes are closed than when
they are open (see overview [20]). Furthermore, it has been
shown that the presence of visual input reduces sponta
neous sway in the low frequency range more than in the
high frequency range (see Ref. [4]), a finding which is in
line with the limited dynamic bandwidth of visual input
known for optokinetic eye stabilization (see Refs. [56,57])
and self-motion perception [40]. However, so far no clear
picture of how the sensory inputs interact has emerged
from these studies [29]. What might be the reasons?

Fig. 1 depicts the ‘multisensory integration’ view by
previous authors [26] for postural control in terms of a
feedback model. In this model a specific concept of inter-
sensory interaction is missing; the sensory signals are
simply summed, before having an impact on the muscle
actuators that lead to joint torques which null body excur-
sions. This simple view is not tenable, as we will show.
Before doing so, however, we like to point out that the
figure nicely illustrates a humber of problems which we
face when trying to investigate the sensory interactions.
They are obscured by (i) the fact that we are dealing with a
multimodal negative feedback system so the response to
one input (e.g., visualy induced body sway) will normally
lead to involvement of the other inputs (the sway activates
vestibular and somatosensory loops), (ii) the complexity of
the output of the loop, which involves a concert of many
muscles in an action and the immensely complicated me-
chanics, including those of intersegmental coupling (multi-
body dynamics are so complex that they cannot be intu-
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Fig. 1. A simple multimodal feedback model of human postural control
(modified from Ref. [26]).

itively appreciated or easily calculated, but should be
simulated), and (iii) cognitive factors, because stimulus
conditions may give rise to ambiguous interpretations (it is
nowadays generally accepted that it is not the sensory
signal itself that evokes a postural response, but its percep-
tual interpretation). The possibility that cognition shapes
postural responses has led previous researchers to evaluate
mainly the very early part of responses (e.g., in the EMG),
which is hardly a solution to the problem.

With respect to the sensory interaction, the simple
summation hypothesis in the scheme is blind to a number
of problems.

(1) For instance, the model does not take into account
the fact that the sensory organs may reside in different
parts of the body (e.g., the vestibular and visual organs in
the head and the somatosensory system for the haptic
contact with the ground in the feet). There is clearly the
need for coordinate transformations across mobile body
segments.

(2) The sensory information coded by each of the
signals is unique (vestibular: head motion in inertial space,
visuo-oculomotor: relative motion between head and visual
scene, somatosensory input from foot: pressure or shear
induced by relative motion between sole and support).
However, there may exist intersensory congruency in cer-
tain behavioral conditions. This applies to spontaneous
body sway of an upright standing subject in stationary
visua surroundings on stable ground. Then, the signals
carry congruent information, given that the brain ‘ knows
about the stationarity of the visual scene and the body
support. In the mid-frequency range, where the inputs have
essentially ideal transfer functions, they become even func-
tionally equivalent with respect to encoding the sway. Y et,
we behave in an environment where the body support and
large objects in our visual field are often moving, which
would create vital danger for the individual if the sensory
inputs were not interpreted in the correct way. Thus, other
solutions than the simple summation in the model are
required.

(3) The sensory inputs are known to differ considerably
in their dynamics. We will show that the summation of
signals having clearly different dynamics may successfully
broaden the bandwidth of a system in some cases, but may
create problems in other cases.

2.2. Looking at gaze stabilization

A comparison with the stabilization of gaze may appear
helpful, since this also involves the three sensory systems
under consideration (i.e., vestibular, visual and somatosen-
sory) and has been studied more in detail. Furthermore, the
mechanism is rather simple, being mainly based on brain-
stem reflexes. Because of these reasons one could think
that it might serve as a blueprint for a concept of postural
stabilization, at least with respect to its intersensory inter-
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action mechanisms. We will show below (Section 2.3) that
this is not the case.

The well-defined aim of gaze stabilization is accurate
vision, i.e, to keep the eye on a visua scene to give
sufficient time for visual processing. This task is primarily
performed by the optokinetic reflex (OKR; see Refs.
[56,57]). Despite the limited dynamics of the visual input,
it successfully keeps the eyes on moving stimuli in our
surroundings, since these movements usualy are not very
fast. Fast movements occur normally during self-motion
(e.g., head movements). They are compensated for by the
vestibulo-ocular reflex (VOR) which stabilizes the eyes in
space. During head or body rotations proprioceptive affer-
ents are also activated and lead to proprioceptive reflexes
on the eyes, like the cervico-ocular reflex (COR; see Ref.
[39]). However, the COR is prominent only shortly after
birth, but then becomes weak and plays no functionally
relevant role in intact adult mammals and humans. A
possible reason is that eye-in-space stabilization by the
VOR is functionally more useful than a proprioceptive
eye-on-body stabilization (because the former includes
passive whole-body movements, unlike the latter).

The most functionally relevant aspects of VOR-OKR
interaction may be appreciated from the model shown in
Fig. 2, which is kept simple by hiding the transfer func-
tions of VOR and of OKR (including dead time and
non-linear gain characteristics of the latter) in the respec-
tive boxes. It consists of a negative feedback loop formed
by the OKR, which shows a high gain (> 10, when
measured open loop). The VOR is added to this loop in the
form of a feed forward path with unity gain and a direc-
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in o >0 : II_._\ ?
Space + ' ‘ i
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I
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Space ! ‘
I

Fig. 2. Model of visual—vestibular interaction for gaze stabilization. The
optokinetic system (box OPT.) represents a negative feedback loop (via
the optokinetic reflex pathway, OKR; solid lines) which tends to keep the
eyes on the visua scene, while the vestibular system (VEST.) compen-
sates for movements of the head (mobile platform for the eyes) in the
form of a negative feed forward (via the vestibulo-ocular reflex pathway,
VOR; dotted lines). VE, visua scene motion relative to the eye; EH,
eye-in-head movement; ES, eye-in-space. Slightly modified from Ref.
[56].

tional sign opposite to the head-in-space movement that
evokes it. Simple summation is used in this model. How-
ever, the vestibular input is not adding to the feedback
loop (only to the extent that VOR gain deviates from unity,
such that the sum of the eye-in-head = EH response and
the head-in-space = HS movement is not zero). It does not
interfere with the visual mechanism in the low to mid-
frequency range (< 0.8 Hz) where OKR dynamics are
good. A functionally relevant interaction of VOR and
OKR occurs only at high frequencies (> 0.4 Hz) due to
the OKR'’s limited band width, which improves vision of
stationary but not of moving objects. This smple model
describes the basic features of gaze stabilization. More
complex models in the past were dealing with particular
aspects, like the fact that both VOR and OKR share
common neuronal circuits in the brainstem (those used for
a prolongation of the vestibular time constant; see Refs.
[48,52]). Our simple view is intended to ease the compari-
son with postural stabilization (see below).

2.3. Global aspects of postural stabilization

A conspicuous difference between postural stabilization
and gaze stabilization is that each of the three main
sensory inputs (vestibular, visual, somatosensory) receives
feedback during postural reactions. Another difference is
that somatosensory input is of particular importance for
postural control; the contextual and task-dependent inter-
pretation of this input is required to define: (i) Body
geometry (i.e., whether the body is bent or erect, whether
the head with its visual and vestibular sensors is turned,
etc.), (ii) which body area receives ground reaction forces
(e.g., which body part momentarily carries the weight,
which part is best suited to control equilibrium), (iii) the
quality of the body’s contact with the support (slippery?,
feet standing on a narrow support? etc.), and (iv) the
kinematics and kinetic state of the support and the body.
These aspects and their complexity underline the fact that
postural control cannot be built on simple reflexes like
VOR and OKR in gaze stabilization.

These aspects have been considered and summarized in
the past in the form of global concepts. In one concept, for
instance, the brain is thought to synthesize afferent infor-
mation and internal knowledge in the form of a ‘ postural
body schema [10,16] as a basis for postural reactions.
Similarly, Roberts [51] demanded a kind of ‘Gestalt’ con-
cept for sensory information processing. Concepts of this
kind are still awaiting implementation in the form of
dynamic models. Researchers with an engineering back-
ground started to do so, for instance in the form of an
‘optimal estimator’ model [7]. Such models have to in-
clude, in addition to afferent information, also interna
models of the sensors, the body and the force fields.

One particular aspect that has not received enough
attention in the past concerns the location of sensor and
effector organs within the body. With gaze stabilization the
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relevant sensor systems (vestibular, visual) and effectors
(external eye muscles) al are located in the same body
part (head). In contrast, with postural control, somatosen-
sory input arises remotely from the sensors in the head,
and the effectors (skeletal muscles) are aso distributed
across different body parts (extremities and trunk). This
poses the need for intersensory and sensory—motor coordi-
nate transformations across mobile body segments. Trans-
formation from one coordinate system to another always is
six-dimensional (3 rotational, 3 trandational). This applies
for a multisegmental body even if the degree of freedom of
a given intersegmental joint is restricted. In the specia
condition of coplanar rotation, vector transformation sim-
plifies to a vector summation of angles or angular veloci-
ties. In most of our experimental work described below we
used such coplanar rotations, and we refer therefore to the
transformations as vector summations, but are aware of the
fact that the transformations actually are six-dimensional.

Bearing in mind that intersensory interaction for postu-
ral control is hidden behind other complex mechanisms
(multi-body dynamics, multimodal feedback etc.), we
started several years ago to perform psychophysical experi-
ments on the interaction between vestibular, somatosen-
sory and visua inputs for human ego-motion perception.
Having a subject firmly placed on a turning chair, estimat-
ing perceived self-motion avoids the problems arising from
biomechanics and feedback control. Furthermore, cogni-
tion can be well controlled by appropriate checking that
the subject complies with the instructions given. In such a
condition it is also rather easy to evaluate the transfer
characteristics of the responses, which we compared to the
known transfer characteristics of the sensor systems. Also,
we measured different aspects of the various stimulus
combinations applied (e.g., perceived rotation of head in
space as compared to head relative to the trunk). Collect-
ing multiple outputs (responses) for a given set of inputs
thus helped us when we tried, in a system analysis ap-
proach, to model the signal processing in the ‘ black box’,
i.e., in the CNS. We feel that our psychophysical findings
allow us to formulate a more comprehensive concept of
intersensory interaction than hitherto was possible by pos-
turographic or electrophysiological means.

Our psychophysical findings may serve as a blueprint
for developing a model of postural control if one accepts
that perception and postural control deal with similar
problems and are closely interrelated (apart from the fact
that a model of posture would have to include, in addition,
biomechanical aspects etc. and ‘interna knowledge of
these aspects). Perception, as it reveds itself in psy-
chophysical experiments, indicates the brain’s interpreta-
tion of the physical events which affect our bodies in the
external world. Conceivably, this requires knowledge of
the multi-segmental structure of the body, locus of where,
at the body, the reaction forces are having impact etc. It
comes as no surprise, therefore, that the findings obtained
in the psychophysical studies closely resemble the mecha

nisms which govern postural control (rather than those for
the gaze stabilization). However, we would like to forestall
possible misunderstandings: We are not meaning that per-
ception anticipates and determines the postura reaction,
but that the two arise in parallel, are congruent to a certain
extent, and possibly influence each other.

One could object that animal experiments in the past
have shown that postural control depends, at least to a
considerable extent, on reflex-like mechanisms. We hold,
however, that this evidence stems mainly from decerebrate
animals. It is now generaly believed that the reflexes
(vestibulo-spinal, cervico-spinal etc.) are present at birth
and come under the control of higher CNS centers during
ontogenesis, but may be released from inhibition by decer-
ebration. Possibly, they may show up in the intact adult in
situations which require very fast reactions (rescue reac-
tions). Normally, however, they play no relevant role in
postural control (compare below, Section 3.7, early and
weak EMG responses to galvanic stimulation). A reason
why one may intuitively tend to think in terms of reflexes,
is that maintenance of posture in most everyday conditions
is more or less automatic. However, motor activities which
we perform many times each day (e.g., climbing stairs) are
often performed automatically, but by no means represent
reflexes. A further objection could be that postural reac-
tions have to be fast and complex mechanisms, as those
involved in self-mation perception, would come too late to
prevent imbalance; this point will be considered at a later
stage (Section 3.7).

3. A concept on vestibular —somatosensory sensor fusion
3.1. Previous work

Interaction between vestibular and somatosensory in-
puts for postural control was postulated in the past for two
reasons. One reason, already mentioned before, is that
gravito-inertial forces always effect both the vestibular
organs and the body’s somatosensory system, so that it is
likely that the brain links the two pieces of information
together. However, this notion has not yet been worked out
in detail. The other reason is that the vestibular signal
arising in the head has to be transformed to yield a
measure of trunk motion in space, if it is to be used for
postural control, since most of the body’s mass is located
in the trunk. The latter reason goes back to observations
and inferences by von Holst and Mittelstaedt [44,62] who
suggested that, due to a subtractive interaction of vestibu-
lar and neck afferents, control of trunk posture by the
vestibular system proceeds as if the vestibular organ was
located in the trunk. Postural adjustments of spontaneously
behaving cats and horses were found to be reminiscent of
this kind of vestibular—neck interaction [49]. Interactions
between vestibulo-spinal and cervico-spinal reflexes in the
decerebrate cat are indeed compatible with the summation
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hypothesis [24,27], as are those found with neuron record-
ings in the vestibular nuclei and the vestibular cortex
[1,8,34].

Related postural studies in intact adult humans are till
scarce at present. Semiquantitative evidence for the notion
of vestibular—neck interaction comes from a few studies
which evaluated vestibularly evoked postural reactions for
different static head postures. Consider a blindfolded sub-
ject who is spontaneously swaying in a given direction. If
he changes his head position, there will be changes of the
vestibular receptor units that are activated by the body
sway, along with changes in neck input. His postura
responses remain the same, however. This would be ex-
pected if the changes in vestibular input are accounted for
by those in the neck proprioceptive input. In the experi-
ments mentioned [18,25,46,61], noticeably, galvanic
vestibular stimulation was used to evoke the sway, so that
the vestibular input during the head turn remained constant
and only the neck input changed. As a result, sway direc-
tion changed along with the head turn, compatible with the
notion that vestibular input is indeed transformed by neck
afferents. Surprisingly, however, analogous results were
obtained when, instead of turning the head, the body was
turned on the stationary feet [18,25,61]. Is this still compat-
ible with the notion that vestibular input is used to stabilize
the center of body mass in the trunk? A solution of this
problem was provided by our psychophysical studies on
vestibular—proprioceptive interaction, which showed that
the vestibular signal is first channeled down to the body
support and then up again (see below, Sections 3.3 and
3.4).

3.2. Psychophysical work

The psychophysical studies on vestibular—propriocep-
tive interaction for human self-motion perception suggest
that proprioception is involved in two ways. First, proprio-
ception along the entire body axis is used to evauate
motion of the body support in space by transforming a
vestibular signal to the feet (‘head-in-space’ + *foot-to-
head’ yielding ‘foot-in-space’). This coordinate transfor-
mation will be called ‘down-channeling’. Second, a differ-
ent set of proprioceptive signals is used to determine body
motion relative to the support (head-on-foot; up-channel-
ing). The two mechanisms together yield a notion of body
motion in space.

Before presenting details of the experimental evidence,
the reader may intuitively appreciate the concept by con-
sidering a blindfolded subject who is standing on a plat-
form that is set into motion. Asked about his perception,
the spontaneous answer will be that the platform was set
into motion. Movement of the own body is considered a
consequence of platform motion. Thus, the physics of the
situation has been correctly interpreted. By this we mean
that the subject successfully reconstructed the situation
from sensory inputs and other sources of information. We

hold that vestibular input plays an important role in this
reconstruction, since judgments of self-motion in such
conditions are clearly impaired in patients with loss of
vestibular function (see Ref. [55)).

The psychophysical evidence for the down- and up-
channeling concept was obtained in experiments with pas-
sive horizontal rotations of the head, trunk or feet in space
and relative to each other, using special rotation devices
for these body segments [36,41]. They were performed
with the subject in a sitting position, but we hold that the
essence of the findings applies equally well to a standing
subject. Sinusoidal stimuli were applied at different fre-
guencies and peak displacements, with subjects making
judgments of head, trunk, or foot motion in space or
relative to each other in the form of concurrent indications
(by means of pointers) or verbal estimates. From the
indications we obtained gain and phase plots over fre-
guency. In additional experiments, detection thresholds
were obtained. A parsimonious description of the findings
was obtained in the form of a dynamic mode which
reflects our view of how the sensory signals are processed
in the CNS to yield the various types of self-motion
perception encountered.

3.3. Down-channeling

A schematic summary of the ‘up- and down-channel-
ing’ concept is shown in Fig. 3 in terms of the model
(A) and the most relevant psychophysical findings
(B; schematic gain vs. frequency plots). Only the vestibu-
lar—neck interaction is considered here, with head-in-space
rotation (HS) as vestibular input and head-on-trunk rota-
tion (HT; generated by trunk rotation under the head) as
proprioceptive input (see A). For the down-channeling
concept the estimates of trunk-in-space (PTS) are rele-
vant.

HS during whole body rotation yielded veridical values
for P TS (Fig. 3Bh) at high frequencies, whereas estimates
fell short at low frequency. This finding reflects the known
high pass transfer characteristics of the cana system (which
apparently can only be partially corrected for centrally,
yielding a prolongation of the peripheral to the behavioral
time constant from 5 s to 20 s) and a rather high detection
threshold for stimulus velocity, which is of central origin
(see Ref. [41]). Both frequency characteristics and thresh-
old together are denoted in the following as A (for
labyrinthine transfer function; in the box ‘VEST' in Fig.
3A). The HT-evoked ¥ TS (Fig. 3Bg; sign of response was
opposite to that of HT) was similar to the vestibular one,
as was its detection threshold. These findings for HT were
surprising, since proprioception proper, i.e.,, HT-evoked
WHT (Ba), was veridica from low to high frequencies
(denoted by a transfer function of unity in the ‘ Prop’ box)
and the threshold was considerably lower. We therefore
assume that the neck signal used for W TS has been given
centrally the vestibular transfer characteristics (A). With
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Fig. 3. A Model of vestibular—neck interaction for the perception of horizontal head-on-trunk, head-in-space and trunk-in-space angular displacement
(THT, PHS and ¥TS, respectively). Corresponding input signals, upper case letters; internal representations thereof, lower case letters. The vestibular
system (VEST) is considered to show a deficient transfer function (A) and the proprioceptive system (PROP) an ideal transfer function (unity). Simplified
from Ref. [41]. B,a—i Schematic presentation of psychophysical findings for the three perceptua judgments (rows) obtained with different stimuli
(columns). Gain (G) vs. stimulus frequency (f) plots (dashed lines, unity gain). Details in text.

both the vestibular and the neck signal having now the
same transfer function, their sum during combined stimula-
tion (same magnitude, opposite signs during head rotation
on the stationary trunk) should yield zero (i.e., subjective
stationarity of the trunk). This was indeed the case when
the HS+ HT combination (head rotation on stationary
trunk) was tested (Bi). For other combinations (not shown)
WTS was erroneous, yet till reflecting summation of its
two non-ideal constituents.

These findings for ¥ TS were implemented in the model
by giving a version of the internal neck signal (ht) the
vestibular transfer characteristics (1) and summing it, after
sign reversal, with the internal vestibular signal (hs; note
that we present internal signals in lower case letters and
signals in physics in capitas). This step of interaction
corresponds to a solution of two of the above mentioned
problems of sensor fusion: (i) A matching of dynamics of
the two input signals, and (ii) a coordinate transformation
of the vestibular signal from the head to its support (here
the trunk). Under formal aspects, the transformation ts =
hs — Aht = A(HS — HT) yields an internal representation of
trunk-in-space, which is veridical if HS=HT, i.e, if the
head rotates on the stationary trunk. Continuing in an
analogous way further downwards, one arrives at a signa
for foot-in-space, which again is veridical if the feet and
their support are stationary [36]. Thus, in the physio-
logically prevaent condition of firm ground, this is per-
celved as dstationary, in spite of the inadequacy of the
vestibular signal. However, when the support is moving,
the ‘ vestibular deficit’ (A) is reflected in the perception of
the movement.

3.4. Up-channeling

For the up-channeling concept the estimates of head-
in-space (WHS) are considered. We start with head rota-

tion on a stationary trunk (HS+ HT) as a stimulus. ¥HS
with this stimulus was found to be veridica across dll
frequencies (Fig. 3Bf). This was in contrast to HS-evoked
WHS which showed the ‘ vestibular deficit’ (Be; similar
response as HS-evoked 'TS). We therefore assume that
the HS+ HT-evoked WHS primarily reflects the ideal
neck signal observed before for HT-evoked WHT (see
above and Fig. 3Ba). A superposition of this ideal neck
signal on the HS + HT-evoked W TS (zero) would, indeed,
yield an ideal WHS. Given this simple solution, one would
predict that a HT-evoked WHS should reflect the sum of
two neck signals, an ideal one (that for ¥ HT) and the one
used for VTS, which carries the ‘ vestibular deficit’ and is
opposite in sign. Consequently, the sum of the two during
HT (trunk rotation under stationary head) should result in a
veridica WHS at high frequency (zero, meaning head
subjectively stationary) and an illusion of a head-in-space
rotation at low frequency (‘ vestibular deficit’ showing up
without vestibular stimulus). This was indeed observed
(Bd). Taken together, the results could not be explained in
terms of a simple two-signal summation (vestibular and
neck), but required a third one. Expressed in mathematical
terms. WHS= AHS + (1 — MHT, so that WHS=HS, if
HT = HS (head rotation on stationary trunk). Or, from the
view of down- and up-channeling: YHS = (AHS— AHT)
+ HT, with ¥ TS= (AHS — AHT).

Analogous findings were obtained for vestibular—leg
proprioceptive stimulus combinations [36]. Thus, the up-
channeling mechanism transforms our internal image of
the kinematic state of body support to the different body
segments by means of an essentially ideal proprioceptive
signal. For simplicity the view may be reversed by stating
that we evaluate motion of our body relative to the sup-
port, and by taking into account the support motion in
space, we learn the body’ s motion in space. We would like
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to stress again that, in the most prevalent condition of a
stationary support, self-motion perception in the absence of
external cues (visual, auditory or tactile) is primarily re-
ferred to body support and determined by an ideal proprio-
ceptive signal alone, and therefore it is veridical. We
would also like to point out that, in the concept as a whole,
it isthe ‘ vestibular deficit’ which unravels the existence of
two different proprioceptive signals for the down- and
up-channeling, because for stimuli in the mid- to high
frequency /velocity range (A becoming unity) the mecha
nism would not be visible in the experimental data.

At first sight, the ‘ vestibular deficit’” might be consid-
ered a specia problem of the canal input in the horizontal
plane, since for vertical rotations the canal system is
functionally complemented by the otolith system. How-
ever, recent results suggest that the threshold for perceiv-
ing pure otolith stimuli (trandational motions) is of a
comparable order of magnitude [19] (comparable in the
sense that the body sway of a standing subjects evokes
both head trandations and rotations). Furthermore, the
vestibular threshold for postural control also appears to be
comparable [47].

3.5. Extension of the concept beyond self-motion percep-
tion

Visual object motion perception receives input not only
from retinal cues, but also from extra-retinal cues such as
an oculomotor efference-copy (e.g., when object motion
perception results from tracking the object with a smooth
pursuit movement without considerable retinal slip). Simi-
larly, a head-fixed object is seen as moving in space during
whole-body rotation; in this condition the input stems from
vestibular cues. Thus, object-in-space motion perception in
the absence of an external reference may be related to a
vestibularly derived notion of space as a reference by the
transformations object-on-retina (eye), eye-in-orbit (head),
and head-in-space (compare above, Section 2). If the sig-
nals involved had ideal transfer functions and transforma:
tions were exact then perception would be veridical, and
an additional proprioceptive contribution would not be
required.

However, we have shown that (a) the vestibular signal
involved is not ideal, (b) proprioception is involved, and
(c) the above described down- and up-channeling principle
also applies to visual object motion perception [38]. The
same is true for memory-contingent object localization in
space following vestibular and neck stimulation in a point-
ing task [30] and a saccade task [32]. Summarizing the
findings for object mation perception: if we view a station-
ary visual object in the dark while a proprioceptive stimu-
lus is applied (rotation of body or feet under stationary
head), the object is seen as moving in space. This object
motion illusion, which can also be obtained with proprio-
ceptive stimulation by means of muscle vibration [5,54,60],
is weak at high rotational frequencies, but stronger with

decreasing frequency. This is just the opposite to the
frequency behavior of the vestibular evoked object motion
perception; motion of a head-fixed object during whole-
body rotation is increasingly underestimated with decreas-
ing frequency. In contrast, perceived object motion is
veridical if vestibular and proprioceptive inputs are com-
bined during head rotation on the stationary trunk or feet,
independently of stimulus frequency. The model shown
above (Fig. 3A) can be extended by a retina and an
oculomotor signal to describe these phenomena [38].

3.6. Implementation of the down- and up-channeling in a
concept of postural control

In the following we consider, for simplicity, an organ-
ism consisting of two linked segments, i.e., a base and a
superimposed mobile segment which contains the vestibu-
lar organ as a position sensor (we call the latter segment
‘body’). A proprioceptive sensor measures the joint angle.
As a first step, let body posture be controlled by the
proprioceptive sensor (Fig. 4A). Two different conditions
are considered:

(1) Some externa force (e.g., a pull or push) or internal
cause (e.g., transient muscle weakness on one side) is
leading to an excursion of the body, with the support
remaining stationary. The excursion is sensed by proprio-
ception (Fig. 4, panels A and C). Theinternal signal of this
excursion (indicated by lower case letters in C) is trans-
formed by a neura controller into a muscle torque that
counteracts the excursion (‘direct proprioceptive loop’). A
control by means of the vestibular sensor would not be
required.

(2) A support-in-space tilt is applied, superimposed on
the body-on-support excursion (Fig. 4B). In the model, the
resulting body-in-space tilt reflects a transformation of
body position into space coordinates (Ieft half of Fig. 4D).
Body-in-space tilt is measured by the vestibular sensor.
Why is the vestibular signal not added to the propriocep-
tive signal for postural control, as depicted in Fig. 1? This
approach would be applicable in condition 1, but would
lead to a compromise between a body-in-space and a
body-on-support stabilization in condition 2. If, however,
an internal reconstruction of support-in-space tilt is per-
formed by means of a proprioceptive back transformation
(right half of Fig. 4D) and this signal is then added to the
proprioceptive body-on-support signal, body-in-space sta-
bilization could be performed equally well in the two
conditions.

Why not use the vestibular body-in-space signal aone
for the control? We see several advantages to the control
by vestibular—somatosensory fusion (compare Fig. 4E,
combination of models in C and D):

(i) Given the vestibular signal carries a deficit (A; see
above), this would be eliminated by the back transforma-
tion, at least when applying body excursion on stationary
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support (condition 1). Thus, a patient with vestibular loss (ii) The mechanism may easily be applied to a multi-
would be able to maintain equilibrium as long as the segment body, where each intersegmental joint is con-
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sion, but can also be adjusted individually by a central set
point for the postural control or by a command signal (see
below).

(iii) The configuration of the transformation chain and
the locus of reaction can be adjusted to the particular
situation by including a haptic contact bridge between
down and up-channeling, which is defined by the body’s
area of support. For instance, in the microgravity condi-
tion, as well as on earth, the chain could be anchored to
the wall by grasping a handle.

(iv) The vestibular signal as a provider of a reference
can be substituted under appropriate conditions by a visua
signal or it can be replaced by some reference signal that is
merged from several sensory inputs and is shaped by
cognition (e.g., a Gestalt-like notion of the body’s state in
a given situation). Note that the concept alows for local
control, but uses the same (here vestibular) globa refer-
ence system as a common linkage across the different
joints.

(v) The above issues (i—iv) make the system very robust
with respect to local disturbances and highly flexible with
respect to variations of behaviora conditions. Consider,
for instance, a waiter who serves a glass full of liquor; his
goal is to stabilize the glass with respect to inertial forces
(“in space’). This would be achieved by linking the glass
via the hand, the arm etc. to the body support and, given
this is not stationary, via the up-channeling to the vestibu-
lar (inertial) reference (balancing the COM and orienting
the head in space then would become secondary tasks).

Note that we assume that the direct loop has properties
of an automatic load compensation, similarly to equilib-
rium point models [6,12], receiving an input in the form of
a set point signal from a supervisor (here the vestibular
loop) that considers more global aspects of the behaviora
situation. Note furthermore that in situations, where body
equilibrium is safe, the vestibular loop would no longer
have to contribute to the postural reaction (compare [13]).

How to implement the multisegmental structure of the
human body in the model? A simplified scheme of this for
a four-segment body is given in Fig. 5 (compare [36]). The
proprioceptive system at each intersegmental level is used
to control the local joint (box ‘ biomechanics’) by means of
a direct loop, but is used, in addition, for the coordinate
transformations of the vestibular signal (down-transforma-
tion carrying A). The body locus where the transition
between down- and up-channeling occurs is defined by the
haptic contact with the body support and the reaction
forces. The up-going transformation defines the set point

CENTRAL SET POINT
and COMMAND SIGNALS

ﬂ HAPTIC CONTACT / SUPPORT REACTION FORCES ‘

|
| BODY SUPPORT |

Fig. 5. Extension of the postura control model (Fig. 4E) in schematic
form to a four-segment body. The location on the body where the
transition between down- and up-channeling occurs is defined by haptic
contact with the body support and the reaction forces. The up-going
signal defines the set point for each local proprioceptive loop. Further-
more, descending and ascending channels (gray arrows) are added for an
additional central set point or command signal and for afferent signals to
higher levels of the CNS.

for each joint. Furthermore, the local loops can be under
the control of other set point or command signals, e.g.,
from central origin for a voluntary movement, and inform
higher centers about the local condition. The fact that the
vestibular set point signa is fed in via the up-going
transformation would be advantageous in view of the
geocentric hierarchy of body segments produced by grav-
ity (see Section 1.1); a postural reaction in the lowest joint

Fig. 4. AB Schematic drawing of a body which rotates on a base relative to a support which is either stationary (A) or is tilted in space (B). V,
‘vestibular’ sensor; P, ‘ proprioceptive’ sensor. C Simple ‘ postural’ control model which tends to bring the body of panel A in an upright position with the
help of  proprioceptive’ input. D Internal reconstruction (‘ Nervous System’; right half of panel) of support motion in space (Physics and Biomechanics,
left half, and B) with the help of the ‘vestibular' and ‘proprioceptive’ sensors (internal reversal of ‘external’ coordinate transformation, using a
proprioceptive signal that carries the ‘ vestibular deficit’, A). Adding a proprioceptive signal with ideal transfer function yields an improved * body in space’
signa (free of A, if support is stationary). E Fusion of the models in C and D into a postural control model which is advantageous to the pure

proprioceptive (C) or a pure vestibular control model (see text).
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automatically affects all segments above. Based on this
concept and realistic sensor models, we developed a dy-
namic control system which successfully maintains bal-
ance of a biomechanical computer model of a multiseg-
mental human body, with the responses resembling human
data on movable platform. Interestingly, the model reveals
nicely what we would call ‘supramodal control’; it is not
the ‘ vestibular’ or the ‘ proprioceptive’ signal which deter-
mines the response (one or the other can remain below
threshold), but the internal signal of platform motion in
space derived from these two signals by sensor fusion.

From a biomechanical and control point of view it is
advantageous to have a combination of both, a global
reference system, which represents a basis for a control
strategy to handle a multi-body system, and local control
units, by which the computational complexity of the sys-
tem as a whole is reduced and flexibility is given. Similar
views have along tradition in posture research, going back
to the concept of Bernstein [3], who postulated the neces-
sity of breaking up the complex control task into severa
units that show a hierarchical order. It is also reminiscent
of the notion of Nashner et al. [42,43] who distinguish
between postural synergies (achieving a particular goal by
a given spatio-temporal pattern of muscle activity) and
postural strategies (high level decisions about the way how
to achieve a given goal; e.g., by ‘ankle strategy’ or by ‘ hip
strategy’).

Finaly, we may consider what the main differences
between the posture model in Fig. 4E and the gaze model
in Fig. 2 are? This question may be raised even if vision is
not included in the posture model, yet, and proprioception
is absent in the gaze model, because the direct propriocep-
tive loop in the posture model is similar to the OKR loop
in the gaze model. Note that the vestibular signal is fed
back in the posture model, but not in the gaze model.
Furthermore, proprioception is used, in addition, for the
coordinate transformation of the vestibular signal (nothing
comparable would be required for the OKR). In general,
the multisegmental structure of the human body and the
locus of impact of the support reaction forces in the
posture model (Fig. 5) have no counterpart in the gaze
model. Interestingly, however, the situation is different for
the gaze mechanisms which are used to redirect the eyes
towards remembered target locations in space following a
body movement. Then, a notion of the body movement has
to be retrieved from short term memory; the information
stems from a previous self-motion perception which is
based on the proprioceptive down- and up-channeling of
the vestibular input as described above (see Ref. [32)]).

3.7. Evidence for a physiological ‘ hardware implementa-
tion’ of the concept

The down- and up-channeling concept explains some
puzzling findings in earlier postural studies. For example,

when measuring the electromyographic (EMG) responses
evoked by galvanic vestibular stimulation, one finds that
the soleus muscle shows shorter latencies in a body balanc-
ing task by the feet as compared to the triceps brachii
muscle in one in which the arms are used [9]. Such atime
difference would indeed result, if the sequence of down-
and up-transformation of the vestibular signal proceeded as
a series of temporally distinct steps propagated along the
spinal representations of the body segments. Noticeably,
this applies only to the late, functionally relevant galvanic
response in the EMG, whereas the early and rather weak
EMG response, which does not elicit considerable postural
reactions and may represent the relict of a reflex from
ontogenesis, shows a shorter latency in the arm than the
leg, as one would expect from the respective distances
from the labyrinths.

Another intriguing finding is that proprioceptive activa-
tion by vibration on the back of the body leads to leaning
forward if vibration is applied at the level of the neck,
whereas it leads to a lean backward if applied to leg
muscles. This can be explained by assuming that neck
muscle vibration above the COM activates only the down-
channeling for postural control, while leg muscle vibration
affects both the down- and up-channeling, with the latter
predominating (for details, see Ref. [35)).

These considerations raise the question whether the
down- and up-channeling only represent a conceptua con-
struct or whether there exist neuroanatomical and neuro-
physiological substrates for it. In other words: Is there
evidence for an ascending pathway in the spina cord that
carries vestibular and proprioceptive information, in addi-
tion to the well-known down-going vestibulo-spinal pro-
jections? This evidence exists. It has been shown in the cat
that spinal neurons, which project to the lateral reticular
nucleus in the brainstem, carry both vestibular and proprio-
ceptive signals [11]. We therefore hold that there is a
‘hardware implementation’ of the concept or, at least, a
spinal hardware counterpart to what is processed at higher
central levels.

A hardware implementation of the concept would give
the system a fast reactivity. However, one may still object
that the many and complex computations of the coordinate
transformations, for instance, would require considerable
processing time. As a solution of this problem we conceive
of the possibility that these computations result from infor-
mation being fed through a particular path in a complex
network. Given that this path is largely predetermined
beforehand by setting the appropriate ‘ switches' (weights
at the nodes), one could conceive of a processing that is
fast enough to be approximately ‘on-line’. There is, in-
deed, evidence that postural reactions are shaped to a
considerable degree by recognition processes prior to the
onset of reaction. For instance, in experiments on the
initiation of hopping responses to overbalancing, Roberts
[50] observed responses for which he found no vestibular
error signa that would indicate the nature of the stimulus
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condition. It is to say, however, that Roberts still goes
further than we would do at the present stage. He calls the
response he found an ‘anticipatory pre-emptive action’. By
‘pre-emptive’ he means that the response is initiated so
early and in such a way that postural reflex mechanisms
even need not to come into play (or do not reach thresh-
old).

4. Including visual input into the concept

As aready mentioned above, visua cues are known to
make a major contribution to postural control and motion
perception. The interaction of this input with vestibular
and somatosensory inputsis not fully understood at present
due to its high complexity. Nevertheless, we try in the
following to create a conceptual framework for this inter-
action, where we build upon the down- and up-channeling
principle. After having displayed this view we consider
how the interaction may be affected in microgravity.

Consider a subject standing upright in a stationary room
who is viewing a picture on the wall (Fig. 6A). In analogy
to the vestibular mechanism described above, we assume
that down- and up-channeling also exist for the visual
input. With respect to down-channeling, we assume that
the subject infers the kinematic state of his body support
from the visual object (taken as a reference), from proprio-
ceptive information along the body axis and from haptic
ground contact. This notion may be appreciated intuitively;
if relying on visual input as a reference for self-motion,
i.e, if fully locked in a visually induced self-motion
perception while sitting on a rotation chair, one perceives
the chair as moving and self-motion only a consequence of
chair motion. However, we do not assume such a fixed
coupling as between vestibular input and the somatosen-
sory input evoked by support reaction forces.

As for the up-channeling, we assume that it takes place
in our internal image of the outside world. This is repre-
sented here by our ‘knowledge’ of a fixed geometric
relationship between ground and wall of the room. This
‘knowledge’ links the visual and somatosensory inputs
together into one coherent ‘ Gestalt’ of the condition, even
when the subject is leaning: As long as the foot point and
visual fixation point remain constant, a coupling exists
between the two sensory signals, since a change in body
lean angle (proprioceptive signal of head-on-ground) sys-
tematically covaries with that of the visuo-oculomotor
angle (between visual axis and head). Possibly, we are
referring to this knowledge-based intersensory coupling
when we consider ourselves ‘spatially oriented’; it allows
the brain to extract from visual and proprioceptive inputs
congruent information on body lean, stationarity of the
picture on the wall etc.

This concept is still hypothetical, mainly because we
know very little at present about the ‘ cognitive aspects’ of
these perceptual mechanisms. A bit more is known about

visual-proprioceptive interaction. In previous pilot experi-
ments we have investigated the effect of trunk rotation
under the stationary head (neck stimulation) over a fre-
guency range of 0.025 to 0.8 Hz in a perceptual state of
stable vection (visually induced self-motion perception;
see Ref. [33]). Gains of visual-only and of neck-only trunk
turning perception were similar and the result of interac-
tion could be described by a ssimple summation of the two
inputs across the stimulus frequencies tested.

How would the vestibular signal join in into this sce-
nario? We consider two situations. One has just been
mentioned, i.e., a body lean of the subject in the stationary
room. The result of the vestibular down- and up-channel-
ing then is congruent with the visual—somatosensory de-
rived notion of body lean. The vestibular contribution
would yield two beneficia effects. One effect is that
information redundancy improves perception quality
(sdiency). Another effect would be that the vestibular
information can be taken to substitute the ‘ knowledge' of
the fixed spatial relationship between ground and wall,
since one may derive from it that both the support and the
visual object are stationary. Thus, we are normally able to
verify our internal image of the stationarity of the outside
world with the help of vestibular input, while a vestibular-
loss patient would only have his ‘ knowledge'.

The other situation, which we consider, is motion of the
room as a whole (e.g., of a closed funicular cabin). In this
situation the vestibular input arises, together with corre-
sponding ground reaction forces, independently of the
visual—somatosensory derived Gestalt. The room is then
perceived as moving with respect to an unseen (vestibu-
larly derived, i.e., inertial) global reference. Postural con-
trol in the latter situation is to be based, conceivably, on
the inertial reference, while in the former situation it can
rely on both, the vestibular—somatosensory and the
visual—somatosensory information.

Fig. 6B shows how we think the two systems are
inter-related. It shows on the left side the previousy
described vestibular—somatosensory channeling and on the
right side the visual—somatosensory one. In the situation of
the moving room (‘visua scene in space’, ‘ #0') the
visual part is simply coupled to the vestibular one by
coordinate transformation. Another view would be that in
this situation the visual room is experienced as moving
within an unseen global reference frame (the vestibular or
inertial one). Still another way to describe the relationship
would be to say that vestibular (inertial) cues are required
to specify the meaning of a visual stimulus, since this
defines only the relative motion between a visual object
and one' s body, but not its motion in space. Noticeably, an
uncoupling between the vestibular and visual parts (not
shown) can occur in certain experimental conditions, e.g.,
if subjects get locked in a solely visually determined
perceptual state (see Ref. [33)).

In the situation of a body lean in a stationary room, the
vestibular notion of visual scene motion in space is veridi-
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Fig. 6. A—C. Combination of the vestibular—somatosensory channeling mechanism with a visual—somatosensory one. A Schematic illustration of a closed
loop formed by a visual—proprioceptive channeling which links the body support to a visual reference both via proprioception and via the outside world in
the form of a cognitive channeling (knowledge on fixed spatial relationship between ground and wall). B Combination of the vestibular—somatosensory
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conflict (dotted) and suppresses the visual contribution to WHS, depending on measured conflict (suppression mechanism symbolized by throttle). Note
that the visual input is assumed to have a limited bandwidth similar to that of the OKR in Fig. 2.

cal (scene subjectively stationary, because vestibular and
proprioceptive signals in the down-channeling path cancel
each other and the proprioceptive ones in the up-channel-
ing, to which the visual signal adds, have essentially ideal
transfer characteristics; part * = 0" in box ‘ visual scene in

space’). In the visual —somatosensory channeling the scene
and the support are aso veridicaly perceived as stationary
(sum of visua and proprioceptive signals yielding zero).
Veridicality of perception in both parts applies not only to
the visua scene, but also to all body segments (perceived
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trunk and head motion in space etc.) and to the support.
These congruencies unequivocally define this situation and
are considered to yield a special perceptua state, in that
vestibular and visual reference frames merge into one.
Consequently, subjects can rely solely on the visua refer-
ence and check from time to time on the background for
congruency, which would greatly reduce the required
amount of signal processing.

The linkage between the two channeling mechanismsis
critical and will be considered in more detail in the follow-
ing. Note that in the moving room situation the up-chan-
neled signals on the vestibular side of the scheme (Fig. 6B)
carry the ‘ vestibular deficit’ (A). With a head-fixed scene
or in the dark, a very slow whole-body movement is
indeed underestimated or not even detected at all (see
above). On the other hand it is well known, that such a
dow movement in an illuminated environment with
Space-stationary scene is correctly perceived, and that slow
movements of the scene, in turn, may evoke an illusion of
self-motion (vection). As it may be appreciated intuitively
from everyday experience, and has repeatedly been shown
experimentally, we use visua information to compensate
for the ‘ vestibular deficit’, but do so only to the extent that
we are not fooled by self-motion illusions (although they
are easily produced in laboratory conditions, they occur
only rarely in ‘rea life’). This requires, conceivably, a
visual—vestibular interaction mechanism which dynami-
cally weights the visual cues in conditions in which the
visual scene is stationary, but shifts the weight towards the
vestibular cues if the scene is not a suitable reference
because it is moving.

Such a mechanism was originaly suggested by
Zacharias and Young [67]. We identified a similar, func-
tionally equivalent mechanism [22,37,40] which is de-
scribed in the following in a simplified form (Fig. 6C). It
consists of two parts. One part is a sensor fusion of
vestibular and visual signalsin away analogous to the one
described above for vestibular—proprioceptive interaction.
In the model perceived head motion in space, WHS = AHS
+(1—A) HV (HV, motion of head relative to visua
scene). Self-motion is veridical if HS= HV (self-mation in
a stationary visual environment). With a moving scene, in
contrast, the visual contribution to the self-motion percep-
tion has to be suppressed, leaving from the visua signal
only what is needed to compensate for the ‘vestibular
deficit’. This is obtained in the model by measuring vi-
sual—vestibular conflict arising with head motion in terms
of AHS— AHV (conflict is zero with head movement in a
stationary visua environment and # 0 if scene is moving)
and using the result of this measure to suppress the visua
contribution. Simulations obtained with this model showed
a close correspondence to experimental data [37,40].

It remains to be stated that several aspects of the visual
information used for self-motion perception and postural
control are not considered in our concept. For instance, it
has been shown that local changes in a visua image,

which arise with perspective changes of objects during
self-motion (‘optic flow’), can be directly used for self-
motion perception and postural control [2,14,21]. Mecha
nisms of ‘figure and ground’ (perceptual interpretation of a
visual stimulus as a ‘ moving object’ vs. ‘ background') and
attentional mechanisms (focusing of ones attentions onto
different items of a complex scenario) also play arole[33].
However, we hold that the above concept would be suited
to serve as a framework to which such mechanisms can be
added.

How would the change to free fall affect the visual—
vestibular interaction in our concept? Conceivably, with
the body in a free-floating state the intersensory linkages
that are formed between otolith signal and body support
would be lost. Also, spatial orientation during movement
would be less reliable due to changes in canal—otolith
interaction (see Section 1.2) and somatosensory input (Sec-
tion 1.1). These effects should equally apply to posture and
movement control (see Section 1.1). We would assume
that, as a consequence, the visua information becomes
functionally more relevant. This, possibly, explains previ-
ous observations of an enhanced weighting of visual self-
motion cues during and following a longer period under
microgravity (see Refs. [65,66]). With respect to inertial
forces, it is true that they are still effective under micro-
gravity, so that vestibular, haptic-proprioceptive and visual
linkages of the kind described by the concept would be
created if astronauts use an abutment (e.g., handle on the
wall) when moving. However, there would not be a contin-
uous automatic linkage as on earth, and the vestibular and
proprioceptive reafferent signals would be somewhat dif-
ferent (Sections 1.1 and 1.2).

5. Conclusion

This article is not meant to suggest particular experi-
ments under microgravity. Rather it is meant as a plea to
embed our knowledge, which has been accumulated in the
past on human spatial behavior on earth and under micro-
gravity, into a broad conceptual framework and to use this
as a guideline for future research in space and under
altered gravity conditions (e.g., on Mars). This framework
would be incomplete if it did not include biomechanics
and multi-body dynamics, since these shape to a consider-
able degree our postural behavior and the related percep-
tion (we assume that the down- and up-channeling mecha-
nisms described here develop through experience of iner-
tial and gravitational reaction forces). Also, the feedback
(and possibly feed forward) loops used for postural control
still have to be worked out. The complexity of the human
organism and of its interaction with the environment may
discourage researchers from taking such a global approach.
We hold, however, that current developments in computer
science and robotics provide us with a number of tools
which allow an integrative approach to be taken, alternat-
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ing in an iterative way between dynamic modeling and
experiment and thereby overcoming the immense complex-
ity of the system. This approach aims to establish formal
descriptions of the problems and their solutions and allows
revisable predictions to be made for future research. It is
certainly distinct from the one which tries to solve the
guestion of how the mechanisms are implemented in the
brain on a neural or molecular level (a question which,
conceivably, is much more difficult to solve).
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