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Abstract of Thesis
Humans move in their environment and have a number of different sources of

information about their self-motion, e.g. visual, vestibular, proprioceptive and

somatosensory signals. These signal sources must be combined to overcome their

individual limitations.

As the eyes are mobile relative to the trunk, gaze direction must be taken into account if

visual information is to be applied usefully to control posture. The orientation of the

postural response to visual motion in various directions relative to the subject is

investigated using two paradigms. In the first, using passive motion of the subject in a

dark room, it is difficult for subjects to cognitively reconstruct the direction of gaze, and

hence, the visual motion. The data show that the postural response may take account of

the gaze direction independently of cognitively mediated knowledge of the geometry of

the experimental conditions. In the second, comparisons are made between the accuracy

of this reorientation during the visually induced perception of self-motion (vection) and

object-motion perception and it is found that the accuracy of the reorientation is

improved during conscious perception of self-motion (vection).

During locomotion, visual signals corresponding to object motion are distorted by

motion components directly related to the speed and direction of movement by the

observer. Thus, in order to allow a veridical interpretation of the visual signal by the

observer, these self-motion components must be discounted, while at the same time

retaining important information on their speed and progression. In experiments, the

effects of proprioceptive, somatosensory and efference copy signals of self-motion are

isolated by comparing the speed of a constant optic flow stimulus that is perceived

while either standing or performing a motor activity. It is found, firstly, that the more

locomotion-related a motor activity may be, the greater it reduces the perceived speed.

And secondly, that the more locomotion-related a visual stimulus is, the greater its

perceived speed is reduced while walking. It is therefore suggested that a tuning exists

between locomotor activity and the types of visual signal (i.e. optic flow) that it

normally introduces.

The above experiments suggest a network of self-motion signals that are combined

dynamically to represent the movement of the body. This single representation is used

both to control self-motion and to compensate for its effects on visual processes.
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Terms and Abbreviations
Term Meaning

ANOVA ANalysis Of VAriance
Arthrokinetic A combination of Efference Copy, Proprioception and

Somatic Sensation.
COM Centre Of Mass
COP Centre Of Pressure: the average position of the force

upward from the support surface at any moment, if an
object (such as a person) is not to fall over, this must, on
average be directly below the COM.

Direction of disk motion The average direction in which the top half of a rotating
disk moves in space, i.e. horizontally and in the plane of
the disk.

EOM Extra-Ocular Muscle(s): any or all of the muscles
responsible for rotating the eyeballs within their sockets.

Gaze The direction in which the eyes are pointing in space.
Ground-plane A visual stimulus intended to mimic a flat ground surface

extending to a distant horizon, usually covered with a
texture composed of many small dots thus providing a
depth cue.

Lamellar flow A pattern of optic flow where the motion is in the same
direction at all points, i.e. as if the entire visual scene was
drawn on a canvas that is being moved in front of the
subject.

NOFS Normalised Optic Flow Speed
NSF Normalised Stride Frequency

NWV Normalised Walking Velocity
Object motion The motion in space of an object.

OMP Object Motion Perception: the perception of visual motion
as being caused by the motion of the visual scene in space,
see Vection.

Optic flow The pattern of visual motion resulting from an observer's
self-motion.

Pitch Rotation around an axis through the ears.
Retinal flow The pattern of visual motion projected onto the retinae,

similar to optic flow, but contains an additional component
due to eye movements.

Roll Rotation around an axis through the nose and the occiput.
s.d. Standard Deviation

s.e.m. Standard Error of the Mean
Self-motion The motion in space of oneself.

The Arthrovisual Effect The name given to the effect demonstrated in Chapter 4
Vection The illusory perception of self-motion resulting from

viewing large field visual motion.
VEPR Visually Evoked Postural Response: the postural sway

typically resulting from large-field visual motion.
Yaw Rotation around an axis through the top and bottom of the

head.
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Chapter 1: General Introduction
Humans move around in the environment under self-control, and to accomplish this we

require information about our position and self-motion. Even when we are not moving

around, we do not just maintain our position passively, we must constantly adjust our

posture, either of our whole body or of individual segments, again requiring information

about position and self-motion. When at rest and during self-motion we must also be

able to use the information that is collected by our exteroreceptive senses. This requires

that the exteroreceptive senses account for our self-motion also using signals of our

position and self-motion.

Humans do not have a single infallible source of this self-motion information; instead

we have many senses that are each able to provide information on some aspects of self-

motion. In order to accomplish the goals of controlled movement, controlled stationarity

and sensory acquisition there must be a system to integrate these signals into a coherent

whole.

Signals of Self-motion

Vision, the vestibular system, proprioception, somatic sensation and hearing can each

provide relative motion information between two or more objects. However, in order to

provide a complete signal of the motion of the body and objects in the environment,

these senses must be combined. Some of the types of combination that may be used

with the spatial senses are reviewed in Howard (1997). A framework for such a

combination is presented in Figure 1. In this framework, the motion of any node may be

determined relative to any other node using those signals forming links between them,

either singly or in combination. For example, the motion of an illuminated object in an

otherwise dark environment may be calculated from signals of the object-on-retinae

position, the eye-in-head position and the head-on-trunk position (Wertheim, 1994).

Mathematically, the combination of signals in series in this way amounts to a cascade of

co-ordinate transformations to account for differences in the origin and alignment of

nested frames-of-reference (Mittelstaedt, 1998). This network of signals provides a level

of redundancy, allowing the position of each node to be determined even when some of

the individual signals are unavailable or unreliable, either through disease (Edwards,
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1946; Bles et al. 1983) or environmental factors (Edwards, 1946; Plooy et al. 1998;

Maurer et al. 2000).

Space

Body

Head Eyes

Target

Extra-retinal
signals

VisionTouch

Vestibular
System

Proprioception,
Efference Copy

Vision

Vision
Vision

Touch

Figure 1: A simplified diagram of the inter-relation between body segments and the

environment that may be involved in the determination of eye and target motion. Some

connections in the diagram correspond to a physical link, e.g. Head-Body, with

information signalling their relative motion. Whereas others, e.g. Eye-Space, do not

represent a physical link, but signals providing information about their inter-

relationship are available. For convenience, the Body is treated as an amalgamation of

the limbs and the trunk; Touch refers to a combination of proprioception and other

somatic senses and efference copy. Extra-retinal signals refer to just proprioception

and efference copy for the eye muscles.

The Visual System

The usefulness of vision as an exteroceptive sense, i.e. for gathering information about

the environment and objects within it, is self-evident. However, while there had for

some time been evidence for the use of vision in self-motion perception (Tschermak,

1921) and in controlling movement (Edwards, 1946), it wasn't until Gibson (1950,



17

1954, 1966) that the concept of vision as a proprioceptive sense gained much attention.

Gibson's suggestion was that there is a one-to-one relationship between the movements

of the eyes in space and the resulting pattern of the optical array on the retinae, and

therefore it should be possible to reconstruct the motion of the eyes from these retinal

signals. This relationship holds under many conditions, but not all, most notably when

the entire visual environment moves, which may give rise to a false perception of self-

motion referred to as vection (Held et al. 1975; Dichgans and Brandt, 1978).

The Geometry of Optic flow

Gibson refers to the optic array on the retinae, which may be defined as the amount of

light falling on each photoreceptor at each moment in time. Extracting motion signals

from the optic array as it changes over time is not trivial and is referred to as the

'correspondence problem' (see Dawson, 1991) and amounts, roughly, to a two-

dimensional cross-correlation of the optic array over time. Changes in the optic array on

the retinae that are related to movement (as opposed to say, changes in colour) are

referred to as optic flow and may take many forms. Assuming that the correspondence

problem has been correctly solved, all the motion comprising the optic flow field must

be a result either of self-motion or of object motion. Extracting self-motion signals from

the form of the optic flow field is a difficult (sometimes impossible, see Warren and

Hannon, 1988) task, as shown in Figure 5, that has attracted much research (see Visual

Determination of Object Motion and Self-Motion in this chapter).

An optic flow field may be characterised by a number of fundamental components as

shown for a fronto-parallel surface, in Figure 2. There are two zeroth order components,

both consisting of lamellar flow: uniform vertical motion and uniform horizontal

motion. At any instant these may, with equal validity, be considered to correspond to

pitch and yaw rotations of the observer or vertical and horizontal translation of the

observer. There are a number of interchangeable ways to categorise the four first order

components, one example being expansion, rotation, deformation0 and deformation45.

These roughly correspond to translation of the observer towards the scene or of the

scene towards the observer; roll motion of the observer or the scene; and (in

combination with expansion, see Figure 2) rotation of the scene or curvilinear motion of

the observer about various axes perpendicular to the viewing direction. Higher orders

also exist, but these can be considered to relate to non-rigid motion and the curvature of

items in the scene and will not be considered further here. A more mathematical
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treatment of this material may be found in Koenderink (1990), including the use of

higher order components to establish orientation and curvature of visual surfaces.

translation0 translation90 expansion

rotation deformation0 deformation45

=

=+

--

-

expansion deformation0 tilt0 or tilt90=±-

Figure 2: Zeroth and first order optic flow components of a moving scene (top). The

lower panels show how expansion and deformation are combined to create tilt, which is

of use to determine changes in the orientation of the scene (equivalent combinations of

expansion and deformation45 result in tilt around axes at 45o to those shown here).
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Gravito-Inertial Systems

A brief summary of their properties is included here, however for more information, a

useful review of vestibular mechanisms may be found in Goldberg and Fernández

(1975, 1984). Unlike the visual system, which detects self-motion indirectly via the

relative position and motion between the eyes and the environment, gravito-inertial

systems directly detect the accelerations acting on the head and body using the relative

motion of internal components. There are two main consequences of this: the resulting

signals are independent of the properties of the environment, and they are more

sensitive to high frequency motion than low frequency motion. In humans, the main

gravito-inertial receptors are the two vestibular organs in the head, consisting of the

semi-circular canals and the otoliths, though there is also some evidence for other

receptors in the trunk (Mittelstaedt, 1992; Mittelstaedt, 1996).

Semi-Circular Canals

There are three semi-circular canals in each vestibule: anterior, posterior and lateral,

their axes being mutually orthogonal, thus allowing the detection of rotations around

any axis. Each semi-circular canal is an otherwise continuous loop of fluid containing

an enlargement called an ampulla, which is blocked by a flexible gelatinous mass called

the cupula. When the rotational velocity of the head changes, the inertia of the fluid

causes it to flow within the semi-circular canals. This deflects the cupula to the side and

it is this deflection, picked-up by embedded sensory hair cells, that provides the signal

of a change in rotation. During prolonged constant velocity rotation, fluid flow within

the semi-circular canal gradually decreases and this restores the position of the cupula to

its original position. The output of the hair cells also returns to resting baseline values.

Consequently, the sensitivity of the semi-circular canals to low frequency and constant

velocity rotations is poor, though this is improved by the neural circuitry of the 'velocity

storage integrator' (Raphan et al. 1979).

Otoliths

There are two otolith organs per side, a Utricle and a Saccule, both of which detect

linear accelerations. This is achieved by the maculae, which measure the shift in

position of relatively dense statoconia suspended in fluid on a flexible gelatinous layer

containing sensory hair cells. The orientation of the Utricle and Saccule are such that in

combination they can signal linear acceleration in any direction. Unlike the semi-

circular canals, the otoliths do have some sensitivity to constant and very low frequency
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motions. One of these is a constant signal of the direction of gravity, or head tilt, as

gravity is a constant acceleration (for a review, see Mittelstaedt, 1999). The other is

measurement of constant speed yaw and roll rotation of the head using the difference in

centripetal force acting on the otoliths on either side of the head (Mittelstaedt and

Mittelstaedt, 1996).

Other Graviceptive Sources

As early as 1906, Trendelenburg hypothesised, from experiments on pigeons, the

existence of additional graviceptors contained within the trunk. A number of studies

have found evidence for graviceptive activity in the trunk in humans that have

significant inputs into the postural system (Mittelstaedt, 1992; Mittelstaedt, 1996).

These graviceptors are predominantly thought to be the kidneys due to the density

difference between them and their capsules (Mittelstaedt, 1998) and the existence of

afferent pathways terminating in the lateral reticular nucleus (Ammons, 1992).

However, even in nephrectomized patients, there remains evidence for another

graviceptor in the trunk (Mittelstaedt, 1998), possibly the large blood vessels (Erickson

et al. 1976) or the entire abdominal viscera (von Giercke and Parker, 1994).

Proprioception, the Somatosensory System and Efference Copy

The proprioceptive and somatosensory systems are able to signal the relative position

and motion between the body segments and objects that they are in direct contact with.

The proprioceptive system is considered here to mean the combination of joint

receptors, muscle spindles and Golgi tendon organs that are responsible solely for the

elaboration of the relative position of the body segments. The somatosensory system is

considered here to mean those sensory receptors contained within the skin that are

responsible for the detection of the movement of objects across the skin. There is,

however, overlap between these systems, with proprioceptive signals being incorporated

into somatosensory signals in 'active touch' (Gibson, 1962), and with somatosensory

signals from skin folding around the joints being incorporated into proprioceptive

signals (Clark et al. 1979).

Efference copy is of a fundamentally different nature to proprioception and somatic

sensation, being a copy of the outgoing muscle commands it is a signal of an intended

action, not a signal in response to the outcome of an action. However, in the

experiments in this thesis, all movements are active and so efference copy is never
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dissociated from proprioceptive or somatosensory signals. As a consequence of this,

these three signals are grouped together under the term 'Arthrokinetic' signals, and it is

left for future experiments to elucidate their individual relations with respect to the

effects described here.

These senses may signal self-motion by providing information about how the body is

moving relative to objects in the environment. If an object is stationary, such as the

ground, then a measure of the motion of the foot relative to it may be obtained from the

somatosensory system and of the foot to the body using proprioceptive signals.

Summing these signals using vector addition reveals the movement of the body relative

to the ground, i.e. motion in space. This method relies on the stationarity of the

contacted object, and that this contact is maintained, but under such circumstances is

accurate and may override other signals of self-motion (Hlavacka et al. 1996).

Hearing

Hearing is primarily used to determine the presence, identity and position of noisy

objects in the environment and the contribution of auditory cues as signals of self-

motion is limited. However, this contribution is not zero, for example, their use in the

control of posture has been demonstrated by Easton et al. (1998). However, in light of

the limited use made of these signals, they will not be considered further here.

Multi-sensory Control of Posture

Posture refers to the neuromuscular control of the position and motion of the body and

it's segments. For humans, the primary requirement of this control system is the ability

to maintain an upright stance with respect to gravity. As an upright human is essentially

a series of segments attached by flexible joints with a centre of gravity suspended above

a small support base (Chow and Collins, 1995), there is no passive stability and postural

control must be active both during locomotion and when standing still. This control

system has as its inputs the various sensory systems mentioned above, and has as its

outputs the force of muscle contraction in each of the skeletal muscles.

The information provided by each sensory modality may be unique or redundant with

respect to other sensory modalities and have advantages and disadvantages for postural

control. For example, the visual system provides a position signal relative to the

environment, and so is not available in the dark or in environments lacking visual
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contrast (e.g. a blizzard). The vestibular system is primarily effective at higher

frequencies of sway, such as occur during sudden perturbation (Nashner, 1977; Diener

et al. 1981; Nashner and Cordo 1981). The proprioceptive and somatosensory systems

provide information about the position of body segments relative to each other and to a

support surface (usually the ground), but may provide erroneous signals if the support

surface moves, or is compliant. A consequence of the redundancies between signal

sources is that the postural system can often still function in the absence of one or more

signals. For example, in labyrinthine defective subjects (Fregly, 1974); in the dark or

with the eyes closed (Bles et al. 1983); or when a subject's particular stance reduces

cues from the support surface such as during the tandem Romberg test.

These redundancies are particularly important in resolving conflicting self-motion

signals and during perceptual ambiguity. For example, during large-field visual motion,

signals from the eyes may not be able to determine whether it is the environment that is

moving or the subject. In this situation, the postural system must rely on signals arising

from the vestibular and arthrokinetic systems. At other times, there may not just be a

perceptual ambiguity in one sensory modality, as above, but in all modalities. For

example, during constant velocity rotation around a vertical axis within a stationary

visual environment, neither the visual nor the vestibular systems are able to determine

the source of the resultant visual motion. This situation is in fact indistinguishable from

being stationary but within a visual environment rotating around the same axis. In both

these situations both perception of self-motion and perception of object-motion are

equally valid. When environmental motion is erroneously perceived as self-motion it is

termed Vection (Held et al. 1975; Dichgans and Brandt, 1978), and may result in

postural adjustments (Dichgans et al. 1972; see Chapter 3: Accuracy of Reorientation of

Visually Induced Sway during Vection).

The influence of visual (Edwards, 1946; Lee and Lishman, 1975; Lestienne et al. 1977;

Stoffregen, 1986; Previc et al. 1993), vestibular (Nashner, 1971; Bisdorff et al. 1995),

proprioceptive (Lund, 1980; Bronstein, 1996; Kavounoudias et al. 1999) and

somatosensory (Jeka, 1994; Anastasopoulos et al. 1999) signals of self-motion have

each received much attention and their individual properties well characterised.

However, knowledge of their integration is less well understood, with some studies

supporting a simple additive model (Roll et al. 1989) and others demonstrating effects

of experience (Bronstein, 1986; Maki and Whitelaw, 1993). Whatever the details of the
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integration of multiple sensory signals, there is wide agreement (Berthoz, 1981; Previc

and Mullen, 1991) that manipulation of any of the above sources results in an altered

central signal of self-motion and it is this which results in the postural responses

observed.

Goals: Orientation and Equilibrium

Nashner and Cordo (1981), Amblard et al. (1985) and Roll et al. (1988) have all

suggested that there are two primary goals for the human postural control system:

orientation and equilibrium. Horak and Macpherson (1996) defined postural orientation

as the positioning of the body segments relative to each other and to gravity. They

defined postural equilibrium as that state in which all the forces acting on the body and

its segments are balanced so as to maintain (static equilibrium) or achieve (dynamic

equilibrium) the desired position and motion of the body and its segments. It should be

evident that for each body segment, by staying as near as possible to such a balance

point, less force needs to be exerted by the skeletal muscles to maintain posture.

Similarly, an orientation may be chosen by the postural system (with the body in line

with gravity) that serves to minimise the energy expenditure required to maintain

upright posture. There is evidence using a statistical model of postural sway that the

human postural system does indeed split the task of postural control in this way (Collins

and De Luca, 1994). Interestingly, they proposed that it is more efficient (i.e. uses less

energy) to allow a small quantity of spontaneous postural sway that it is for the postural

control system to remove it altogether. Their explanation was that the input signals

(from mechanoreceptors, etc.) are noisy, and so counteracting the noise in the signal

with muscle activation uses more energy than is saved by being more accurately aligned

against gravity. The amount of spontaneous postural sway can therefore be used as a

simple measure of the noisiness of the afferent self-motion signals.

Signal Response Methodology

Treating the maintenance of posture like any other control system, there are two main

ways to investigate its properties: an analysis of its spontaneous properties, and much

more powerfully, changing the inputs to the system and measuring the resulting outputs.
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Control of Spontaneous Sway

Rather than manipulating the sensory inputs to the postural system, for example by

moving the visual scene, sway is investigated under natural conditions. In this way, the

visual control of posture can be demonstrated quite easily by measuring the amount of

sway when standing with the eyes open and with the eyes shut. Under these conditions,

most people show a reduction in spontaneous body sway across all frequencies when

the eyes are open (Dichgans et al. 1976; Lestienne et al. 1977).

This paradigm has been extended to investigate more detailed aspects of the visual

control of posture (Lee and Lishman, 1975; Paulus et al. 1984; Kunkel et al. 1998), the

use of the vestibular apparatus (Black and Nashner, 1985; Redfern and Furman, 1994;

Peterka and Benolken, 1995), proprioception (Bles et al. 1980; Nougier et al. 1997),

somatic sensation (Kotaka et al. 1986; Paulus et al. 1987) and the interactions between

these signals (Day et al. 1993).

Experimentally Induced Sway

If the inputs to the postural system can be manipulated, and the outputs (sway)

measured at the same time, then it is possible to relate one to the other and deduce how

the postural system uses the input signal. For example, if a person is falling or leaning

too far forward, their postural system will receive self-motion signals indicating that

they are too far forward. The postural system will respond with corrective commands to

the muscles to sway further backwards and this will cause them to decrease their

inclination from the vertical until they are once-again standing upright. However, if

during quiet upright stance, this person's signals of self-motion are manipulated, as in

the classic moving-room paradigm (Lishman and Lee, 1973; Lee and Aronson, 1974;

Lee and Lishman, 1975), then their 'corrective' response will in fact take them away

from upright stance and cause them to lean backwards. We can then measure both the

direction and the size of the inaccurate self-motion signal as of equal magnitude, but

opposite direction to the resultant postural sway (Dichgans et al. 1975). In this way

Lishman and Lee (1973), Lee and Aronson (1974), and Lee and Lishman (1975)

demonstrated that vision is not purely an exteroceptive sense, but also a source of

signals of self-motion as hypothesised by Gibson (1950, 1954, 1966). The moving room

paradigm has since been used by many postural researchers, for example to investigate

the effect of experience (Bronstein, 1986), flow structure (Stoffregen, 1985) and retinal

location (Stoffregen, 1986).



25

Alternatives to the moving room for manipulating the visual input, include the real

tilting room (Bles et al. 1980); artificial displays projected onto a surface (Lestienne et

al. 1977; Fluckiger and Baumberger, 1988; Gielen and van Asten, 1990); and looking at

a large textured disk, facing the subject and rotating around the axis of vision (Dichgans

et al. 1972, 1975; Clément et al. 1985; Dijkstra et al. 1992). These have been used to

investigate the influence of the speed of motion (Lestienne et al. 1977; Masson et al.

1995); temporal frequency of motion (van Asten et al. 1988a, b; Dijkstra et al. 1994;

Giese et al. 1996); the spatial frequency of the display (Lestienne et al. 1977); visual

conflict (Wolsley et al. 1996a) and the orientation of the visual motion (Stoffregen

1985; Gielen and van Asten, 1990; Wolsley et al. 1996a, b).

Orientation of the Signal Source

To be effective, the corrective responses of the postural system must reduce the

disparity between the desired orientation of the body and the actual orientation of the

body. A key requirement of this is that the corrective responses be in an appropriate

direction. It is no use if the 'corrective' response to a detected backward sway is to sway

more to the right: to reduce the disparity between actual and desired orientations the

corrective response in this case must be forwards.

The task of matching the direction of the postural response to the direction of detected

sway is made more complicated by the placement of the senses available for gathering

the relevant self-motion information on different segments of the body. As is shown in

Figure 3, the eyes may rotate relative to the head, which may rotate (and translate)

relative to the trunk, which may rotate (and translate) relative to the feet. In turn this

means that the visual, vestibular, proprioceptive and somatosensory signals that are

integrated into the postural response must be reoriented (and possibly offset) into some

common frame of reference. This common frame of reference is proposed to be that of

the body part performing the action (Mittelstaedt, 1998). For example, during flexion of

the ankles in the control of posture, the controlling sensory signals should all be

converted into the frame of reference of the feet and support surface. For each

component of a complex action this would require many frames-of-reference, as

reviewed by Soechting and Flanders (1992).
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Figure 3: Self-motion signals during relative rotation of body segments. When the eyes,

head, trunk and feet are all facing in the same direction (left), the relationship between

both signals arising from, and actions mediated by, different levels is straight-forward.

When the eyes, head, trunk and feet are rotated relative to each other (right) this

relationship is less obvious. For example in the right diagram the head is rotated 90o

relative to the feet: if the vestibular apparatus signals that the head is pitching forward,

the correct righting response is not to press down with the toes, but to press down with

the right foot. Labels are (A)nterior, (P)osterior, (R)ight and (L)eft.

Reorientation of Somatosensory Signals

Somatosensory signals arise from all over the body, with some requiring more or less

reorientation than others. Signals of support pressure from the feet form a

'dynamometric map' that is used for human balance control (Kavounoudias, 1998).

These signals are unique in postural control in that they do not need to be reoriented

before they are used to control postural reflexes at the ankle. However, Hlavacka et al.

(1992, 1996) found that use of information from the support surface in self-motion

perception was gated by a comparison of such information with vestibular signals. If the

support surface was deemed by this comparison to be moving then its contribution to

self-motion perception was ignored. It is quite possible that such a gating may function

in postural control.

On the other hand, signals of self-motion arising from the hands touching a stationary

object must be tortuously reoriented to account for rotation of the many joints in the
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arms before they can be used to control the activity of the ankle muscles. Nevertheless,

reorientation of these signals and their use in postural control has been demonstrated by

Rabin et al. (1999).

Reorientation of Vestibular Signals

The vestibular apparatus provide signals of head orientation and rotation with respect to

gravity and linear acceleration. Using galvanic vestibular stimulation with rotations of

the head to the right and left, Nashner and Wolfson (1974) demonstrated reversal of the

postural response by signals of neck proprioceptive information. This was extended to

composite rotations of the head and the trunk by Lund and Broberg (1983) who showed

that this results in a galvanic sway response that is always in line with the inter-aural

axis, i.e. complete reorientation of the vestibular signal into support surface co-ordinates

occurs. These findings fit within a model of the transformation of vestibular information

by neck position as part of an extended mechanism of co-ordinate transformations

(Mergner et al. 1997).

Reorientation of Visual Signals

The eyes can extract self-motion signals from the optic array in line with Gibson's

hypothesis (1950, 1954, 1966), but initially at least, these are in retino-centric co-

ordinates and must be reoriented before they can be used by the postural system.

Stoffregen (1985) inadvertently provided the first evidence that visual signals of self-

motion are reoriented according to head rotations when investigating differences

between the centre and periphery of the retinae with respect to postural control. These

results were extended to include rotations of both the head and the eyes by Gielen and

van Asten (1990), again using a projected corridor stimulus. Using the rotating disk type

stimulus of Dichgans et al. (1972), Wolsley et al. (1996a, b) demonstrated this

reorientation for a much larger range of eye and head rotations, both separately and in

combination and proposed that it was mediated by proprioceptive signals from the neck.

This was in line with a proposed proprioceptive chain from the feet to the eyes (Roll et

al. 1989), the purpose of which is to tie together the other posturally relevant senses

(Mittelstaedt, 1998).

Evidence of an additional, non-proprioceptive signal contributing to this reorientation of

self-motion signals was produced by Gurfinkel et al. (1989). Using protracted head

turning to adapt neck proprioceptors, they dissociated the subjects' imagined head

position from the proprioceptive signal. By measuring the direction of the postural
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response to galvanic stimulation in these subjects, they showed an influence of

'imagined' head position on the reorientation of the vestibular signal. Part of this thesis

will investigate the role of such cognitive processes on the reorientation of visually

induced sway (see Chapter 2: Reorientation of Visually Induced Sway During Whole

Body Passive Rotation and Chapter 3: Accuracy of Reorientation of Visually Induced

Sway during Vection).

Visual Determination of Object Motion and Self-Motion

Vision is used both as an exteroceptive sense, being used to estimate the properties, e.g.

motion, of other objects in space, and also as a proprioceptive sense, providing a signal

of self-motion (Gibson 1950, 1954, 1966). Both of these functions must be carried out

both when the eyes are stationary and when they are moving (both relative to the

environment and relative to other parts of the body), but the visual consequences of

object and self-motion are far from independent.

Object Motion

The retinal signal from the eyes provides a signal of the position and movement of

visible objects relative to the eyes themselves. When the eyes are stationary, this retinal

signal also corresponds to the motion of the object in space. However, when the eyes

are moving, the retinal signal would provide an erroneous measure of object motion in

space (see Figure 4). Consequently, during eye motion, object-motion in space must be

reconstructed as the vector sum of object-motion relative to the eyes (the retinal signal)

and of eye motion in space (Mach, 1886; von Helmholtz, 1896). Mach and von

Helmholtz both proposed the use of signals of the effort of 'will', in modern parlance,

'efference copy' as this signal of eye motion. However, since Gibson (1950, 1954,

1966), signals of the motion of the visual background across the retinae have also been

considered to signal eye motion. When estimating eye motion, some studies have

supported the need for an extra-retinal signal (Wertheim, 1981; Pola and Wyatt, 1989;

Turano and Heidenreich, 1993; Freeman, 1999) and others have supported the

sufficiency of the retinal signal (Andersen, 1990; Heeger and Jepson, 1990; Royden et

al. 1994). However, in response to problems with both theories, an extension to the

extra-retinal signal was proposed by Wertheim (1994) in which the eye position was in

part determined by vestibular signals of the head position. This system corresponds to

the Space - Head - Eyes - Target portion of Figure 1.
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Figure 4: Object motion across the retina with and without eye rotation. When the eyes

are stationary (left), the motion of an object across the retinae is directly related to the

motion of the object in space. When the eyes are rotating, then the motion of an object

across the retinae is only partly related to its motion in space. In this example, the eyes

rotate to the right twice as fast as the object itself moves. The result is that the object

moves on the retinae in the opposite direction to the direction in which it is moving in

space. If the movements of the eyes are not somehow taken into account then this visual

information coming from the eyes will be misleading.

If the signal(s) of eye motion are accurate, the perception of object motion should be the

same during eye movements as with the eyes stationary. However, Fleischl (1882) and

Aubert (1886) found that this is not the case, they observed that object motion in the

absence of a background appears to be faster when the eyes are stationary than when the

object is being pursued, now known as the Aubert-Fleischl phenomenon. A related

phenomenon is found when pursuing a target against a background, in this case the

background itself appears to move in the opposite direction to the eye movement

(Filehne, 1922). Both of these phenomena indicate that the retinal signal is

overestimated relative to the signal of eye motion, though which is more accurate is

open to debate (see Howard, 1982).

Heading

The proprioceptive function of vision, as proposed by Gibson (1950, 1954, 1966),

should ideally extract a set of self-motion signals corresponding to all of the six degrees

of freedom of a body in space. The most studied aspect of this extraction is the direction

of linear motion, or heading (see Lappe et al. 1999 for review), as distinct from rotation

around an axis, such as occurs during head rotations or eye movements. Extraction of
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heading provides a fundamentally useful signal for tasks such as navigation (Barinaga,

1996; Chance et al. 1998), walking to a target (Warren et al. 2000) and driving

(Readinger et al. 2001).

All motion in three dimensions may be decomposed into six fundamental movements:

translation along each axis; and rotation about each axis. Pure translational self-motion

results in the characteristic optic flow pattern shown in the left panel of Figure 5 with

expansion away from the heading direction, lamellar flow around the side, and then

contracting flow behind the subject. If the whole optic flow field is visible then

extracting the direction of travel (the heading) becomes a question of finding the line

through both the centre of expansion and of contraction (Koenderink, 1990). Pure

rotational self-motion results in the characteristic optic flow pattern shown in the right

panel of Figure 5 where the visual motion rotates around the axis of rotation in the

opposite direction to the self-motion. Again, if the whole optic flow field is visible then

extracting the axis of rotation becomes a question of finding the line through both

centres of rotation (Koenderink, 1990).

In practise humans can never see the whole optic flow field at once: we only have two

eyes, each with a limited field-of-view (~160o × ~175o, horizontal × vertical), and they

look in almost the same direction (total field-of-view: ~200o × ~175o). Additionally, the

quality of this information is only high in the centre of vision, further reducing the

usefulness of the retinal signal. When only a limited portion of the optic flow

information is available, then the visual motion resulting from translation may resemble

that from rotation. For example in Figure 5, looking to the side during forward motion

results in a lamellar flow field (lower right face of the cube in the left panel) and

looking to the side during rotation about a vertical axis results in a similar lamellar flow

field (lower right face of the cube in the right panel). This forms a serious limitation to

the use of visual information to determine self-motion in the manner Gibson suggested

(1950, 1954,1966).
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Figure 5: The geometry of optic flow during forward motion and yaw rotation. A person

(represented by the eyeball) moving within the environment will see different patterns of

optic flow depending on the type of movement they are making and the direction in

which they are looking. For a person travelling in a straight line (green), if they are

looking along the direction of travel, then they will see objects expanding outwards

from the centre of view (front left face of the left cube). However, if they are looking to

the side at 90o to the direction of travel, then they will see objects all moving past in the

same direction (front right face of the left cube). For a person rotating (red) about a

particular axis, then if they are looking along the axis of rotation they will see rotation

of objects in the environment (top face of the right cube). However, if they are looking

to the side at 90o to the axis of rotation, then they will see objects all moving past in the

same direction (front faces of the right cube).

In fact, even when the limited field-of-view includes the point of expansion, concurrent

eye rotations disguise its direction from the observer. In Figure 6, the effect of a

concurrent rightward eye rotation on the perceived direction of the focus of expansion

can be seen. The visual motion vectors at each point on the retinae resulting from the

two types of motion are summed to produce the visual motion vectors when the

movements are combined. The net effect is that the focus of expansion is shifted in the

direction of the eye rotation and no longer corresponds to the direction of travel.
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Figure 6: The optic flow pattern during forward motion with and without eye rotation.

When the eyes are looking in the direction of travel and not rotating, objects will

appear to expand away from the centre of vision (left panel, cf. Figure 5, left panel).

When the eyes are rotating in a stationary environment, then objects will appear to

move past in the opposite direction (centre panel, cf. Figure 5, right panel). During

forward motion, when the eyes are also rotating, even at the moment when the eyes are

looking along the direction of travel (i.e. they are looking in the same direction as in the

lefthand panel), the motion of the environment on the retinae will be distorted such that

the focus of expansion has moved on the retinae (righthand panel).

Three theoretical approaches to solve these problems are to use extra-retinal signals of

eye movement; to use the differential motion of scene components at different depths;

and to integrate visual trajectories over time. Changes in perception between conditions

with and without eye motion, but with identical retinal flow have been taken as support

for the use of extra-retinal signals (Banks et al. 1996; Crowell et al. 1998; Van den

Berg, 1996; Warren, 1998). When presenting visual motion replicating the retinal flow

field that would result from rectilinear self-motion combined with an eye rotation, a

number of studies have demonstrated accurate self-motion perception (Cutting et al.

1997; Stone and Perrone, 1997; Van den Berg, 1992; Van den Berg, 1993; Van den

Berg and Brenner, 1994; Warren and Hannon, 1988). These have been taken to support

the sufficiency of the retinal signal for heading detection. However, the visual scenes

used in these studies all contained depth information. When there is no depth

information in the scene, the accuracy of heading perception drops (Royden et al. 1994;

Warren and Hannon, 1990) suggesting that depth information normally helps heading

perception. Another experiment (Royden et al. 1992) showed that heading perception

without extra-retinal signals was only accurate during relatively slow eye movements,
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and this was taken as evidence that the use of depth information depended on the speed

of the eye movement. The authors did not, however, say whether when changing the eye

movement speed, they maintained a constant movement size or a constant movement

time. If the former were the case, then the improvement in results with slower eye

movement speeds may actually be due to the longer observation times used, allowing

the use of changes in retinal flow over time.

These experiments have resulted in a number of theoretical models of how heading is

derived from the retinal flow signal, reviewed in Lappe et al. (1999). These models fall

into two camps: template models (Perrone, 1992; Perrone and Stone, 1994; Zemel and

Sejnowski, 1995; Perrone and Stone 1998) and models using a subspace algorithm

(Heeger and Jepson, 1990; Lappe and Rauschecker, 1993). Essentially, in template

models, each component of the optic-flow: rotation, expansion, etc. is extracted

separately from the others; whereas in subspace algorithm models all components are

extracted together by neurones forming a population encoding. Both types of model

may be extended to integrate retinal and extra-retinal signals, e.g. van den Berg and

Beintema (1997) for the template models.

The Requirement for Extra-Retinal Signals of Eye Motion

A primary requirement of the visual system is that we must be able to use the

information that arrives at our retinae regardless of whether we are at rest or moving.

This in turn requires a robust signal of eye motion in space, which could be derived

from the retinal signal or from extra-retinal sources. Available evidence suggests that

both  retinal and extra-retinal signals of eye motion are used in the determination of

both object motion and of heading, increasing the robustness of the resulting signal.

What is less clear from the existing literature, is the nature of this extra-retinal signal.

Mach (1886) and von Helmholtz (1996) both proposed the use of efference copy as this

signal of eye motion. Roll et al. (1989) has supported the use of extra-ocular muscle

proprioception. Wertheim (1994) has supported the use of vestibular signals to provide

a more general 'reference signal' and Crowell et al. (1998) have provided evidence for

the integration of neck proprioceptive signals. Additional components of this expanded

extra-retinal signal, corresponding to portions of Figure 1, will be considered in detail

later in this thesis.
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Aims of this Thesis

A number of interactions between the spatial senses are investigated in the following

chapters, that are proposed to add weight to the notion that the senses do not act in

isolation, but as a coherent whole as described in Figure 1.

In the first experimental chapter (Chapter 2), the reorientation of a visually evoked sway

response as demonstrated by Wolsley et al. (1996b) was investigated further. In the

experiments of Wolsley et al. the postural response to a roll motion rotating disk was

shown to be aligned to the direction of visual motion even when the eyes and/or head

were rotated relative to the feet. Using a similar visual stimulus, but presented in dark

surroundings and in such a manner as to reduce cognitive cues as to its orientation

relative to the subject, the results are compared to those of Wolsley et al. to determine

the influence of visual and cognitive cues on postural sway reorientation.

Chapter 3 uses the same roll motion visual stimulus as Wolsley et al. (1996b) and again

investigates the accuracy of the alignment between the visual stimulus motion and the

induced postural sway. The comparison in this chapter is between the accuracy of this

sway response when the subject perceives veridical object motion or illusory self-

motion (vection). This provides an alternative measure of the use of cognitive processes

in the reorientation of sway responses compared to the experiment presented in Chapter

2.

Chapter 4 investigates the use of arthrokinetic information in the processing of vision,

by measuring visual motion perception with varying amounts and types of arthrokinetic

signals. The first experiment investigates the influence of arthrokinetic signals of

walking on the perception of the speed of expansion of a virtual reality tunnel. The next

four experiments are controls for attention, memory, head motion and changes in timing

perception. The following experiments then investigate how this effect extends to other

types of self-motion, the direction of self-motion, other optic flow patterns, the relative

orientations of self-motion and visual motion and tries to quantify the effect by

specifying the scale of the visual scene. Finally, a hemianopic blindsight patient is

investigated in order to shed light on the neurological locus of the mechanism that is

proposed to be responsible for these effects.

Additional introductory comments, specific to the rationale of each of these experiments

will be presented at the beginning of each chapter.
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Chapter 2: Reorientation of Visually Induced Sway
During Whole Body Passive Rotation

Abstract of Chapter

Visually evoked postural responses (VEPR) to a roll-motion rotating disk were recorded

from normal subjects standing on a yaw axis motorised rotating platform. The disk was

fluorescent so that subjects could be tested in an otherwise dark room. Movements of

the head and centre of foot pressure were measured whilst subjects looked at the disk

with eyes and head in the primary position and whilst the rotating platform moved the

subjects randomly to 0, ±45 and ±90o angles from the visual stimulus. Subjects were

instructed to maintain fixation on the centre of the rotating disk but the amount of

horizontal eye and head movement used was not specified. Platform rotational velocity

was set near threshold values for perception of self-rotation (~2o/s) so that subjects

would find it difficult to reconstruct the angle travelled. The data showed that the VEPR

occurred in the plane of disk rotation, regardless of body position with respect to the

disk, and despite the subjective spatial disorientation induced by the experiment.

Averages of the response revealed a good match (gain = 0.95) between disk orientation

and sway direction. The horizontal gaze deviation required to fixate the centre of the

disk was largely achieved by head motion (head 95%, eye 5%). The results confirm

previous studies that VEPRs are reoriented according to horizontal gaze angle. In

addition, we show that the postural reorientation is independent of cognitively or

visually mediated knowledge of the geometry of the experimental conditions. In the

current experiments, the main source of gaze position input that was required for VEPR

reorientation was likely to be provided by neck afferents (Nakamura and Bronstein

1995). The results support the notion that vision controls posture effectively at any gaze

angle and that this is achieved by combining visual input with proprioceptively

mediated gaze-angle signals.

Introduction

Vision is used in conjunction with proprioceptive and vestibular signals for spatial

orientation and balance control. If a subject, standing upright and looking straight ahead

in a room, spontaneously starts to fall to the right, the optic flow will be to his/her left.

The correct righting response for the subject in this case is to increase the pressure on
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the right foot and decrease it on the left, such that the change in forces act to rotate the

subject's body leftwards. The usual cause of large-field visual motion is the movement

of the retina in space; therefore the subject treats large-field motion as if it was due to

self-motion. If this retinal motion is simulated by a visual scene moving to the left when

the subject is in fact upright, then the change in pressures at the feet will act to

destabilise the subject to the left, i.e. in the same direction as the visual motion. The

response to a large-field moving stimulus is therefore to sway in the same direction in

space as the visual motion (Dichgans et al. 1975, Clément et al. 1985, Bronstein 1986).

A common feature of many previous experiments is the use of visual motion stimuli that

are viewed by the subject looking straight ahead, i.e. with both the eyes centrally placed

in the orbits and the head centrally placed on the shoulders (Dichgans et al. 1975,

Clément et al. 1985, Bronstein 1986). However, Wolsley et al. (1996a, b) investigated

the effect of supplying identical retinal inputs with the eyes and head at different

positions in the yaw plane. It was found that subjects reoriented their main direction of

sway, so as to match the direction of the visual stimulus, for a variety of combinations

of head-on-trunk and eye-in-orbit positions. However, this experiment was run in a

well-lit visual environment, with subjects instructed to position themselves actively.

Thus subjects may have been able to determine their orientation, and that of the visual

stimulus, both visually and cognitively. Herewith, we examine whether accurate

reorientation of the VEPR still occurs during passive body rotation and with diminished

visual/cognitive cues.

Methods

Eight normal subjects aged between 21 and 33 years of age were instructed to stand

relaxed, with arms at their sides, binocularly fixating the centre of a visual display (see

Figure 7). The visual display consisted of a large disk of diameter 0.9m positioned 40cm

from each subject's nasion at eye level, such that it covered a large area of the subject's

visual field (97o). This disk was viewed in the dark and was covered in randomly

distributed fluorescent circles of 2cm diameter with a mean density of 320m-2 (16% of

disk area) and could be rotated around the visual axis at an angular velocity of 40o/s

either clockwise or anti-clockwise. Acceleration of the disk took less than 4s (less than

2s to 95% of final speed) and deceleration of the disk took less than 2s. The visual

environment was otherwise completely dark.
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Figure 7: The Experimental Set-up. Subjects stood upon a posturography platform that

measured the position of the COP along the anterior-posterior (AP) and right-left (RL)

axes and which was itself supported upon a movable turn-table that could rotate along

P. Subjects also wore the receiver of a 3D position sensing device on their heads (grey).

The subjects viewed the centre of a large disk covered in luminous spots that could be

rotated around R.

The subjects stood on a posturography platform (internal malleoli 3cm apart), which

measured the position of the centre of foot pressure (COP) in the anterior-posterior and

lateral directions. A 3-D magnetic search coil system (Polhemus 3space Fastrack)

measured head position linearly in the anterior-posterior and right-left directions and

yaw rotation. Horizontal DC electro-oculography was used to monitor that subjects

fixated the centre of the disk and to reveal the relative extent of the head-on-trunk and

eye-in-orbit rotations. The posturography platform was mounted on an externally
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controlled rotating platform moving smoothly about a vertical axis at 2deg/s. This is

near the reported values for perception of rotation (Hulk and Jongkees 1948, for review

see Jongkees 1974). Pilot studies indicated that most subjects could not perceive being

rotated with eyes closed at this speed. The visual stimulus could thus appear anywhere

between -90o (left) and +90o (right) relative to the subjects' trunk mid-sagittal plane.

During a trial, each subject started facing the disk at one of five platform positions: -90o,

-45o, 0o, +45o, or +90o. The stimulus sequence comprised the following contiguous

periods (see Figure 9):

1) Stationary platform and stationary disk (15s)

2) Stationary platform with a rotating disk (30s)

3) Rotating platform and rotating disk (22.5-90s, depending on amplitude of platform

rotation)

4) Stationary platform with a rotating disk (30s)

5) Stationary platform and stationary disk (15s)

The use of continuous rotational stimuli (which may result in adaptation and consequent

alteration of the results) rather than transient stimuli (in which this is less likely) was

chosen for three reasons:

• To reduce the influence of cognition, an 'unexpected' i.e. unpredictable trial

sequence was required, and one of the means of achieving this was to rotate the

subject relative to the disk during the disk rotation. A result of this is the long

continuous stimuli during which adaptation may occur.

• The second reason is that transient stimuli (if they are truly transient rather than

short continuous stimuli) induce smaller responses and therefore must be repeated

and the mean calculated. Unfortunately, postural responses are very quickly

suppressed when the invoking stimulus is repeated (Bronstein, 1986), therefore

anything that reduces the number of repetitions also reduces this source of error.

• To maintain a greater degree of consistency with the experiments described in

Wolsley et al. (1996a,b), thus allowing better comparison between those

experiments and the current study.
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There were 40 different possible trials: two disk rotation directions by five positions for

the start-point by four positions for the end-point of platform rotation. Each subject

experienced ten different trials in a Latin-square paradigm, the first trial starting and the

last trial ending with the disk straight ahead. Trials were separated by one-minute

intervals to ensure any residual sway from the previous trial had decayed, during which

time subjects remained in the dark to prevent them from using visual cues to determine

their orientation.
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Figure 8: Mean ± s.e.m. COP data from all subjects aligned to show the onset and

offset responses. Data is the intersubject average from all trials where the disk position

and motion direction was -90o (left of the subject) and CCW during onset or offset. Blue

traces are anterior-posterior, red traces are right-left (positive is anterior and

rightwards). All traces are aligned such that the 15s base-line periods prior to disk

rotation onset or offset (between the small dashed lines) are zero. The periods used to

calculate the VEPR position are between the large dashed lines. Time is in seconds

relative to the start of disk rotation or end of disk rotation (bottom trace).

All signals were sampled at 125 Hz and analysed off-line. COP was arithmetically

normalised to represent the signal given by a 70kg mass. From Figure 8 it can be seen

that the onset sway response is mush slower than the offset sway response, consequently

the offset sway response was measured over a shorter time-span than that for the onset

response. Five seconds of the onset response (mean position between 25 and 30s after

the start of disk rotation) were measured, relative to the mean position during the 15s

base-line period before disk rotation. For the offset response, one second was measured

(mean position between 1 and 2s after cessation of disk rotation), relative to the mean
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position during the 15s base-line period before cessation of disk rotation. Based on these

position measurements, the average orientation of the VEPR was then calculated for all

subjects at each onset or offset condition, e.g. for clockwise disk rotation at +45o

platform position. In order to control for the effects of platform rotation in isolation,

four of the original eight subjects were each rotated six times between -45o and +45o

and vice-versa at 2o/s whilst fixating the stationary visual display. This control

experiment showed that the subjects' COP shifted to the left or to the right by 1.05 ±

0.88cm (mean ± s.d.) for anti-clockwise and clockwise rotations (as viewed from above)

respectively. Due to the randomisation process for disk and platform rotational direction

this bias would be cancelled out in the main experiment.

Results

Signals of head yaw and horizontal eye positions showed that the steady state

reorientation of gaze for all subjects was mainly due to rotation of the head on the trunk

(95%, s.d. 5%) with the remaining 5% performed by the eyes. During subject rotation,

the proportion of movement carried out by the eyes sometimes exceeded this until

further rotation of the head occurred. Subjectively, subjects were unsure of the relative

position between themselves and the visual stimulus; some reported disorientation.

Figure 9 shows raw sway platform traces from one subject (JB) during the condition

where the disk started at a position of -45o (to the subject's left) before moving (relative

to the subject) to +45o (to the subject's right). The traces show the onset of the VEPR,

with forwards and rightwards sway, approximately 25 seconds after the start of the trial.

As the platform rotates rightwards (between arrowheads, Figure 9) there is a

reorientation of the COP from a right-anterior to a right-posterior position. On cessation

of disk rotation (last arrow) the COP moves anteriorly and partly leftwards towards the

original base-line position. Results for movements of the head are similar to those for

movements of the COP and so are only summarised briefly where relevant.

VEPRs were normalised for each trial with respect to a 15s period preceding the onset

or offset of disk rotation. The orientations of the VEPR (direction S, see Figure 10) at

onset and offset of disk rotation were converted into degrees and compared to the

direction of disk motion (direction D, see Figure 10) at onset and offset. The directions

of the VEPR at both the onset and offset of disk rotation were measured for COP signals

for all conditions. These are shown for a single subject in Figure 11 where a strong
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reorientation of the VEPR by direction of disk motion can be seen (similar plots for

each individual subject are in Appendix C). Each subject's sway reorientations were

summarised by calculating the gain between the direction of sway S and the direction of

disk motion D. Individual subjects showed gains of reorientation of VEPR at the onset

of disk rotation of between 0.8 and 1.18 and gains at offset were between 0.45 and 0.95

A

P
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L

2 cm

15 s

Figure 9: Raw COP data from a single trial for a single subject. Data is from subject

JB for the condition with clockwise disk rotation, starting condition at -45o (left) and

ending at +45o (right) relative to the subject, the two traces show the anterior-posterior

(A-P) and right-left (R-L) movements of the COP. The period of disk rotation is shown

between the arrows and platform rotation between the arrowheads. The sequence of

events is also represented by the icons below.

The results for all subjects are shown in Figure 12, where the best-fit curves for all

subjects reveal the gain of the VEPR reorientation at onset to be around unity (y = 0.96x

+ 6.0, r2 = 0.82, as measured at the COP, and y = 1.01x + 3.0, r2 = 0.80 measured at the

level of the head; where x and y are visual motion and sway directions respectively).
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The offset response had a gain of around 0.83 (y = 0.68x + 8.0, r2 = 0.58 as measured by

the COP, or y = 0.98x + 1.8, r2 = 0.82 as measured at the level of the head). Variability

of the computed gains of reorientation were computed using the following equation:

+90º-90º

± º180

+90º-90º

± º180
1cm

Onset Offset

-180º +90º

+77º

-157º
S

D
S

D

Figure 10: Spaghetti plot of a single trial for a single subject (JB). Coloured lines

represent the position in the horizontal plane of the COP over time. The lines are

coloured blue during the base-line periods, green during the transitional periods and

red during the response periods. The directions were calculated between the mean

base-line (blue) and mean response (red) periods and compared to the directions of disk

motion (inset figures). The inset figures show the sway directions S (red) and the

directions of disk motion D (black). These directions are compared directly for the

onset, but the direction of disk motion D is reversed during the offset comparison (see

Discussion).
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Figure 11: Scatter plot of all data for a single subject (JB). Direction of sway S (vertical

axis) as measured by the position of the COP (see Figure 10) plotted against D, the

predicted sway direction (horizontal axis). For the onset response (left) D is the

direction of disk motion, for the offset (right) response D is the opposite direction. All

values in degrees, with zero corresponding to the direction of the subject's toes, positive

angles denoting sway to the right and negative angles sway to the left.
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Equation 1: Variance of the slope of a linear regression curve. Where a denotes the

slope and the error variance was computed as:
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Equation 2: Variance of the regression error.

Thus the onset VEPR reorientation gains were 0.96 ± 0.05 (mean ± s.e.m.) and 1.01 ±

0.06 for the COP and head respectively. The offset VEPR reorientation gains were 0.68

± 0.07 and 0.98 ± 0.05 again for the COP and head respectively. These values (apart

from for the offset condition measured by the COP, see Discussion) were not

significantly different (two-tailed t-test; p > 0.05) from the figures of 1.02 ± 0.05
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(calculated from published diagrams; mean ± s.e.m.) obtained from Wolsley et al.

(1996b).
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Figure 12: Scatter plot of all data from all subjects (amalgamation of plots in Appendix

C). See Figure 11 for explanation. Data points for each of the onset and offset

conditions are composed of 2 series: those with CW disk rotation and those with CCW

disk rotation. These series overlap at 0o and at ±180o, i.e. D is 0o both for points

collected with CW disk rotation when the disk was 90o to the left of the subject and with

CCW disk rotation when the disk was 90o to the right. There are, therefore, twice as

many points at this position. In the opposite case, where D may be +180o or -180o,

points with CW disk rotation are plotted as +180o and those with CCW disk rotation are

plotted as -180o. This results in 2 overlapping series: that from -180o to 0o during CCW

disk rotation and from 0o to +180o during CW disk rotation. During the offset condition

these directions are reversed.

Discussion

Many previous studies have shown that visual motion is capable of generating postural

reactions (e.g. Edwards (1946); Dichgans et al. 1975; Lee and Lishman (1975); Bles et

al. (1983); Allum and Pfaltz (1985); Clément et al. 1985; Bronstein 1986); Yardley et

al. (1992); Timmann et al. (1994); Eggert et al. (1997); Severac et al. (1998). However,

relatively few have investigated the influence of different positions of these stimuli

relative to the subject (Stoffregen 1985; Gielen and Asten 1990; Wolsley et al. 1996b).



45

Wolsley et al. (1996b) reported an accurate reorientation of a VEPR during deviation of

both the eyes in head and head on trunk. It was reasoned that, since the retinal motion

stimulation was the same in the different positions, the postural reorientation must be

due to eye-in-orbit and head-on-trunk position signals, possibly proprioceptive in origin.

However, their experiment was conducted in a well-lit environment with Ss having

prior cognitive knowledge of the position of the visual stimulus and of the relative

rotations of the eyes and head. The present experiment was therefore conducted to test

whether the reorientation of the VEPR is impaired by reduced cognitive and background

visual information and by passive positioning of the Ss with a rotating platform.

In the present experiment the directions of VEPRs induced by both the onset and offset

of disk rotation were measured. The gain of the reorientation of VEPR was ~0.99 at the

onset but ~0.83 during the offset. This slight difference may be mostly explained by the

reduced gain of offset VEPR reorientation at the level of the COP (0.68 ± 0.07 in this

case versus 0.96 ± 0.05, 0.98 ± 0.05 and 1.01 ± 0.06 for the other conditions; all values

mean ± s.e.m.). It is apparent from the right-hand panel of Figure 12 that this reduced

gain is mostly due to the -180o and +180o positions, and if these positions are excluded

from the analysis the gain is 0.87 ± 0.09, more closely comparable to the gains of VEPR

reorientation in the other conditions. Why the apparent behaviour of the subjects was

different between the COP and the head measurements for these conditions is unclear.

One possible explanation would be that subjects are not comfortable swaying as far

backwards as in other directions and this reduced component relative to any lateral sway

results in an apparent rotation of the VEPR. It may be supposed also that the relative

rapidity of the offset sway in comparison to the onset sway is more likely to activate

such limiting mechanisms, explaining why the onset response does not show this

behaviour. It may be possible to determine the direction of 'intended' sway more

accurately by reducing the speed or area of the disk to reduce the amount and speed of

sway induced so as not to overstep any such internal sway limits. However, this would

unfortunately reduce the signal to noise ratio of each trial. Further work is required to

test these hypotheses.

The main result of this experiment is the comparison with the data of Wolsley et al.

(1996b). The lack of a significant difference between the gains of reorientation suggests

that little or no role is played by cognition, background visual structure or active

positioning in the reorientation of VEPRs.
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The origin of the signals used to determine the direction of gaze for visual control of

posture is not yet clear. For the neck, proprioception would seem more useful than

efference copy due to the possibility of external forces acting on the head. Neck

afferents have been shown to be the main source of information used to estimate head-

trunk horizontal angular deviation (Nakamura and Bronstein 1995). In the current

experiments, where 95% of gaze deviation was achieved by head-on-trunk deviation,

neck proprioceptive information is therefore the most likely source. Neck

proprioceptive afferents are also thought to be responsible for the reorientation of

vestibularly (galvanic) elicited sway during head turns (Gregoric et al. 1978; Lund

1980; Lund and Broberg 1983). External forces do not normally act on the eyes and,

therefore, efference copy or a mixture of efference copy and ocular proprioception has

been favoured as the source of an eye-in-orbit position signal. In pointing and

estimation tasks (Bridgeman and Stark 1991) physiological gains of oculomotor

efference copy and proprioception were found to be 0.61 and 0.26 respectively. The

finding that extra-ocular muscle vibration elicits directional postural responses (Roll et

al. 1989) suggests that at least some ocular proprioceptive component influences

postural control. The current experiments suggest that visual and proprioceptive signals

combine in order to provide effective, gaze angle-independent, visual control of posture.

This process appears to be largely independent of cognitive comprehension of the

geometry involved.
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Chapter 3: Accuracy of Reorientation of Visually
Induced Sway during Vection

Abstract of Chapter

Movement of large visual scenes induces an illusion of self-motion (vection) and

postural responses. We investigated if the conscious perception of self-motion is

associated with changes in the magnitude and directional accuracy of visually evoked

postural responses (VEPRs). Five normal subjects fixated the centre of a large disk

rotating in the roll (coronal) plane. The disk was placed either in front of the subjects or

obliquely 30o to their right or left; in these oblique positions disk fixation was achieved

by horizontal ocular deviation alone (i.e. no neck deviation). Subjects indicated their

subjective perceptual status, either vection or object motion, with a push button. The

results confirmed that the direction of the visually evoked postural response was

reoriented according to the different eye-disk positions. In addition, both the magnitude

of the postural response, and the accuracy of its alignment with the rotational plane of

the disk, were significantly increased during vection periods. The results show that

conscious perception of self-motion correlates with enhanced visuo-postural

performance. Since conscious perception is likely to arise at cortical levels, the findings

suggest that the cortex may be one of the sites where gaze direction interacts with

retinal motion signals to provide a self-motion signal in body-centric co-ordinates. Such

interaction provides a substrate for spatial representation during motion in the

environment.

Introduction

Locomotor or postural movements create relative motion between the subject and the

visual environment (optic flow). Artificial full-field visual motion stimuli are often

interpreted as due to self-motion and also induce subconscious visually evoked postural

responses and sometimes a conscious illusion of sensation of self-motion termed

vection (Dichgans et al. 1972). At other times, however, perception is correct and the

viewer reports that they are stationary and the disk is moving (object-motion

perception). These two percepts comprise a bi-stable pair such that, when viewing a

large rotating disk, there will be alternating periods of vection (V) and of object-motion

perception (OMP). However, illusory signals of self-motion that may result in vection
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need not be consciously perceived to influence postural control under identical visual

conditions (Previc and Mullen, 1991), and in fact, may have visuo-postural latencies

many times shorter than vection (Clément et al.1983). However, a recent study found

that postural sway during periods of vection was of a greater magnitude than during

periods of object-motion perception (Kuno et al. 1999). It is possible that this effect is

the result of improved visuo-postural control due to additional conscious processing of

signals of self-motion during vection. If conscious perception of self-motion does

improve visuo-postural control then the accuracy of the direction of VEPR should also

be greater during periods of vection than during object motion perception. Conversely,

if the accuracy of VEPR isn't greater during vection then this hypothesis can be

discounted. These hypothesised changes in the accuracy of orientation of the induced

postural sway, comparing vection versus object-motion perception, were investigated

here.

Methods

Five normal subjects between the ages of 21 and 31 were instructed to stand, relaxed,

with their arms at their sides and their feet slightly splayed and separated upon a force

platform. Subjects wore a light helmet carrying the receiver of a magnetic search coil

system (Polhemus 3space Fastrack) measuring head position in all six degrees of

freedom. Subsequent data processing was performed identically upon the horizontal

position of the centre of foot pressure (COP) and on horizontal head position. In their

right hand subjects held a button to indicate their perceptual state (vection or object-

motion). All signals were recorded at 125Hz. In half the trials subjects were to press this

button when they perceived themselves to be moving (i.e. vection) and in the other half

only when they perceived the visual display to be moving (object-motion perception).

The visual display consisted of a large (1.8m diameter, visual angle 122o) white disk,

with a central fixation point, covered in smaller (5-20cm diameter) circles of various

colours. This disk was rotated either clockwise or anti-clockwise at 50os-1 and it was

placed in one of three positions, all at 50cm from the subject's nasion: either directly

ahead (PC) of the subject or 30o to the left (PL) or right (PR), see Figure 13. The centre of

the disk was fixated with eye deviation only, i.e. no neck deviation, and viewed against

normal laboratory lighting. Each subject was tested at each orientation with the disk

always rotating clockwise or always anti-clockwise.
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Figure 13: The experimental set-up from above. Subjects stood upon a posturography

platform that measured the position of the COP in the horizontal plane. In their right

hands subjects held a push button to indicate their perceptual state and also wore the

receiver of a magnetic search coil on their heads. The subjects viewed the centre of a

large disk covered in coloured spots that could be rotated either clockwise or anti-

clockwise around R and placed, facing the subject, in one of three positions PL, PC, PR.

Each trial lasted 300s with the disk being stationary for the first and last 10s, taking 7.5s

to reach 50os-1 and 5s to stop. The remainder formed a central period of constant speed

disk rotation that was divided into perceptual periods determined by each subject's

indication of vection or object-motion (see Figure 14). Baseline positions were

calculated as the means over the initial stationary period (0 - 10s) and the final 5s of the

last stationary period. The second baseline period (final 5s) can be shorter than the first

period as subjects return to this position much faster than they move away from it at the

start of disk rotation, this can be seen in Figure 14 and is similar to the results of
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Chapter 2 (Figure 8). Sway (both magnitude and the angular error relative to the

direction of disk motion D) relative to both baseline positions was calculated during

each perceptual period. Periods from the onset of disk rotation until the onset of the first

vection percept and during the offset of disk rotation were discarded.

Results

The results for movements of the COP and of the head were similar and so the data for

the head is only mentioned where statistical tests are used.
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Figure 14: The time-course of a single trial with the disk at position PL 30o to the left of

centre, rotating anticlockwise for subject SP. Periods of vection (red) and object-motion

perception (yellow) as indicated by the subject are compared to the baseline periods

(blue). Intermediate periods during and immediately after the start or end of disk

rotation (black) are not used for analysis.
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The comparison of the sway magnitudes between vection and object motion perception

was based on the mean positions of the COP during three conditions: mean of both

baseline positions; mean of all positions during vection; mean of all positions during

object motion perception (see Figure 15). For each trial, the lengths of the vectors from

the mean baseline position to the mean vection and OMP positions were calculated.

These values were then compared across all subjects and disk orientations. The data

were found to be not normally distributed using a Lilliefors test, however they were

paired: vection vs. OMP within each trial and so the populations were compared using

the non-parametric, paired Wilcoxon signed rank test. Sway deviation from baseline

was found to be significantly greater (P < 0.05, two tailed test) during vection than

during object-motion perception at both the level of the head (5.8 ± 0.56mm vs. 4.3 ±

0.40mm, mean ± s.e.m.) and the COP (3.0 ± 0.39 mm vs. 1.7 ± 0.19mm).

Calculating the directions of the vector between the mean positions would be to lose

most of the value of the data in the averaging process, therefore a different analysis was

chosen. The direction of lines drawn between all combinations of baseline positions and

positions during either vection or OMP were calculated (see Figure 15). The angle R

between each of these 'sway' directions (S) and the direction of disk motion (D) was

then calculated, it being a measure of the error of the sway direction. This error can be

decomposed into bias (mean offset) and scatter (distribution width) components. Bias

was low in comparison to scatter for most subjects as can be seen in Figure 16 for

subject SP and Appendix C for the other subjects.

As bias was low, the angle R was rectified, such that it now represented the scatter in

the sway direction. The mean values of these errors within each trial were computed for

the vection and OMP conditions in each trial. The distribution of these mean scatters

was not normal, and this was confirmed using a Lilliefors test. However, the values

were paired within each trial, so the vection and OMP errors were compared using the

non-parametric, Wilcoxon signed rank test. This revealed sway orientation (S) to be

significantly more accurate (less scatter) with respect to disk motion direction (D)

during periods of vection than during OMP (32.6o ± 6.6o vs. 51.4o ± 7.9o, mean ± s.e.m.

direction error, at the level of the COP and 32.0o ± 6.7o vs. 40.5o ± 7.1o at the level of

the head; P < 0.05). The results for the COP can be seen in Figure 17.
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Figure 15: Epoch positions during a single trial (same trial as Figure 14). Data plotted

showing the positions of sway during vection (red) and object motion perception

(yellow) and the trajectories from each of these positions to both baseline positions

(blue). Each epoch is labelled as the Beginning (B) or End (E) or with a number in time

order. The sway magnitudes were calculated from the mean positions during the three

conditions (red, yellow and blue rings). The sway directions during vection and object

motion perception were calculated from lines draw between each baseline position and

each epoch position of that type (red lines during vection, yellow lines during object

motion perception). The direction of sway along each line was calculated (S) and

compared to the direction of disk motion (D) to give a relative direction R as shown in

the inset diagram (example is between B and 1).
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Figure 16: Histogram of RV and ROMP (sway direction relative to the direction of disk

motion during vection (yellow) and OMP (red) respectively) for all epochs in all trials

for a single subject (SP, same subject as in Figures 16, 17 and 18). Vertical axis

denotes the number of trials per bin, horizontal axis denotes angle of error (o), bins are

10o wide. RV = -6.3 ± 21.8 and ROMP = -1.4 ± 32.0 (mean ± s.d.). This figure provides a

summary of this single subject's performance, showing the bias and scatter in the sway

direction, other subjects are shown in Appendix C.

Discussion

The results confirm data by Wolsley et al. (1996b) and Thurrell et al. (2000) showing

that the direction of a visually evoked postural response tends to align with the plane of

motion of the visual stimulus. Such re-alignment of retinal motion signals into body-

centric co-ordinates by gaze direction, which may be mediated partly by proprioceptive

input from the neck and the extra-ocular muscles (Roll et al.1989; Wolsley et al.1996b),

is critical in making visuo-postural control functionally useful in different directions of

gaze. Also in agreement with a previous study (Kuno et al. 1999), is the greater

magnitude of visually evoked postural sway during vection than during object-motion

perception. The new result emerging from the current study is the finding of a more

accurate alignment of visually evoked postural sway during vection than during object-

motion perception. This is consistent with the hypothesis that conscious perception of



54

self-motion improves visuo-postural control, though it does not necessarily indicate a

causal relation between the two.
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Figure 17: Histogram of sway direction errors, for all subjects. The error angles for

each trial for sway during vection (red) and OMP (yellow) were compared. Vertical

axis denotes the number of trials per bin, horizontal axis denotes angle of error (o), bins

are 10o wide.
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Chapter 4: A Mechanism to Counter the Influence of
Locomotion on Visual Perception

Abstract of Chapter

To maximise the usefulness of information gathered about the environment, the visual

system must be able to distinguish between retinal image motion that is due to object

motion and that due to self-motion. During natural human locomotion optic flow speed

is in part determined by walking speed, and consequently it is hypothesised that signals

of walking speed may be used to discount the influence of self-motion on optic flow.

We considered how non-visual signals of self-motion such as may accompany walking

might influence the visual processing of optic flow.

In the initial experiment (1), subjects were required to match the perceived speeds of

two artificially presented expanding optic flow patterns, one of which was viewed while

walking on a treadmill. Walking speed was found to directly influence perceived optic

flow speed with increased walking speed decreasing the perceived optic flow speed in a

linear fashion. (2) Control experiments showed that the perceived optic flow speed was

unaffected by attentional load or the head motion caused by walking. A comparison (3)

was then made between the influence of proprioceptive signals on the visual processing

of optic flow during four motor activities becoming progressively less similar to natural

locomotion: Walking, Cycling, Arm Pedalling and Finger Tapping. As the motor

activities became less similar to natural locomotion their influence upon optic flow

speed perception steadily reduced, with Finger Tapping not influencing optic flow

perception at all. (4) In a further study, the direction of walking, i.e. forwards or

backwards, was not found to affect the above mechanism: both faster forward walking

and faster backward walking reduced the perceived speed of expanding optic flow.

Experiment (5) investigated how these signals influence the visual processing of five

progressively less 'locomotor-like' patterns of optic flow: an expanding tunnel of

concentric rectangles; a horizontal grating translating downward; a vertical grating

translating rightward; a cartwheel rotating about the axis of vision; and a flashing

stationary tunnel (control). In a complementary study (6), the angle between visual

motion direction and walking direction was varied by rotating the treadmill. In a further

study (7), the role of the primary visual cortex was also considered: a hemianopic

'blindsight' patient (GY) was tested to compare matching expanding optic flow speeds
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with the intact and blind hemifields. Optic flow speed perception in both hemifields was

strongly influenced by walking speed.

These results are mostly explained by the hypothesis that accurate visual perception is

maintained during self-motion by using an estimate of the optic flow that should arise

from that self-motion. In the absence of other cues, this estimate is based on non-visual

signals of self-motion such as from the legs during walking. The weighting given to

these signals is shown to be related to their correlation with locomotion.

Introduction

Accurate perception of the position of visual targets in space, and motion through it, has

crucial survival advantages for many organisms, for instance for locating food,

predators and for object recognition by means of perceptual grouping. However, for

most organisms with vision, the eyes in space have six degrees of freedom: three of

rotation (e.g. eyes within the head) and three of translation (e.g. eyes and head together),

and movement of the eyes along or around any axis has a profound effect on the images

projected on the retinae. Thus, any determination of the position or movement of an

object in the environment using the visual system must take account of the movements

of the eyes in space. A somewhat simplified diagram of the inter-relationship of

possible sources of information with which to accomplish this is shown in Figure 1.

Retinal versus Extra-Retinal Signals of Eye Motion

Mach (1886) and von Helmholtz (1896) were two of the first to consider this problem,

in the context of rotational eye movements within an implicitly stationary head (i.e. the

Head-Eyes-Target link of Figure 1). Both concluded that the solution was to use signals

of eye movement and position from sources external to the eyes, i.e. proprioception

from the extraocular muscles and/or efference copy of their commands, collectively

referred to as extra-retinal signals. This theory was refined over the next century, such

that the main source of these extra-retinal signals of eye-in-head rotation is now

considered to be efference copy, with proprioception relegated to the role of long-term

parametric feedback (see Carpenter, 1988 for review). These extra-retinal signals would

be used to remove changes in the retinal signal, (i.e. the signal travelling along the optic

nerves) that are due to eye movements, and any remaining motion in the retinal signal

could thus be treated as directly related to object position and movement in space. The
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alternative view to this, in its strictest form, originated with Gibson (1950, 1954, 1966),

who concluded that for certain environments all the necessary information about eye (as

well as head and body) movements is contained in the visual image itself (the Eyes-

Space connection of Figure 1). In this view, extra-retinal signals of eye position are,

therefore, not needed to accurately determine object motion in space. This view has

since been restricted, both in theory and after measurements of human psychophysics

(Warren and Hannon, 1988) to just those visual environments containing information in

depth.

The importance or otherwise of extra-retinal signals in self-motion perception has been

investigated in psychophysical studies on the visual perception of heading: the

determination of the direction of self-motion. The perception of heading has been found

to be equally effective with real and simulated eye movements, given equivalent visual

information and under some conditions (Warren and Hannon 1988), suggesting that

extra-retinal signals are not always needed. For simulating eye movements, fixating

subjects are shown the motion that would have been perceived had the eyes been

moving (which assumes, incidentally, that static extra-retinal signals for fixation are

ignored, see Lappe et al. 1999). On the other hand, heading performance with simulated

eye movements drops to chance levels when depth information is removed (Warren and

Hannon 1988) and heading errors increase markedly with faster, more typical simulated

eye movement velocities (Royden et al.1992), both supporting the use of extra-retinal

signals. Also, that human subjects are capable of using retinal instead of extra-retinal

signals to determine visual motion does not necessarily mean that they normally will.

This ability seems to vary between subjects, with only some human observers able to

determine heading direction during simulated eye movements without static depth cues

(though dynamic depth cues were still present) (Stone and Perrone, 1997). On balance,

it seems that a composite of the two signals is used that may be dynamically altered

depending on their exact values, such as the non-linear combinations shown by Brenner

(1991), Brenner and van den Berg (1994), and Turano and Heidenreich (1996, 1999).

The Nature of the Extra-Retinal Signal

In order to account for percepts during visually induced sensations of self-motion

(vection), a conceptual substitution is proposed for ‘extra-retinal’ (eye-in-head) signals

by ‘reference’ (eye-in-space) signals (Wertheim 1994), made up of a combination of the

former and also vestibular signals of head motion. This combined signal should
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therefore resolve not only eye- but also head-movements in judging self-motion. In

support of this framework, perception of visual direction is indeed influenced by whole-

body rotation in the dark (e.g. Blouin et al. 1998), and visual motion perception and the

motion after-effect (Harris et al.1981) are both influenced by passive, whole-body linear

movement (Pavard and Berthoz 1977, Buizza et al. 1980). Its weakness, however, is that

the vestibular apparatus has a poor response to low frequency motion (Goldberg and

Fernández, 1975 and 1984) and is unable to detect constant velocity linear motion,

leaving a gap in signalling self-motion during this type of movement when the

environment is not visible. A more complete reference signal of motion of the eyes in

space would include not only self-motion signals from the vestibular apparatus, but also

those from the other sensory modalities shown in Figure 1.

Assuming a stationary torso, head-in-space signals could also be derived from a

combination of efference copy and proprioception of the neck muscles. In avestibular

patients, Mesland et al. (1996) showed the use of head-on-body signals in the perception

of earth-relative object motion, while manipulation of neck proprioception was found to

influence perception of visual targets in a manner indicative of their incorporation into

signals of gaze direction (Biguer et al. 1988). Investigation of the interaction between

efference copy, proprioception of the neck and vestibular signals showed perception

was best explained by incorporating all three into the extra-retinal signal (Crowell et al.

1998), in a manner consistent with an extension to a reference signal of eye position in

space (see Wertheim 1994).

The final link from eye to space from Figure 1 is between the body and space, as often

the body is itself in motion and this must then also be taken into account. As it is rare

(other than modern travelators and exercise treadmills) that we walk on moving

surfaces, a natural alternative signal of self-motion would be that from locomotion.

Arthrokinetic signals arising from locomotion, unlike vision, are available in the dark,

and unlike vestibular signals, are available during constant velocity motion relative to

the environment, though vestibular signals may provide a redundant measure of stride

frequency, as this occurs within its optimal frequency range (Goldberg and Fernández,

1975, 1984). Some studies have demonstrated the influence of arthrokinetic signals

from the legs on both self-motion perception and a visual motion after-effect (Pelah and

Boddy, 1998). Jürgens et al. (1999) showed that subjects' perception of rotation on a

platform was much more accurate when they stepped around the platform than during
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purely passive rotation. The interaction between arthrokinetic signals of locomotion and

visual motion signals was proposed to account for a visual motion after-effect resulting

from a mismatch of visual motion and the locomotor signals from walking (Pelah and

Barlow, 1996) that were suggested to result from the recalibration of sensory pathways

by visuo-locomotor links. This interaction was also shown to influence the strength of a

visual motion after-effect by Pelah and Boddy (1998). Evidence that purely passive

proprioceptive signals from the legs may dominate over vestibular signals in self-

motion perception under some circumstances (Hlavacka et al. 1996) supports the use of

locomotor signals to determine self-motion. It may be hypothesised that these signals, in

combination with trunk and neck proprioception, would accurately signal eye motion

relative to the support surface and hence (unless on a moving walkway) the visual

environment, and this would allow compensation for those optic flow components

introduced by walking. The investigations presented here revolve around the use of

these arthrokinetic signals during visual perception tasks.

The Current Study

The Arthrovisual Effect

The simplest and perhaps most ecologically relevant locomotor stimulus is walking in a

straight line, resulting visually in an expanding pattern of optic flow for the observer. To

test the hypothesis that arthrokinetic signals of self-motion are incorporated into an eye-

in-space reference signal, and consequently used to process the retinal signal, changes in

visual processing were assessed at a number of walking speeds on a treadmill. Treadmill

walking dissociates locomotor signals from actual self-motion (as well as other possible

signals of self-motion using gravito-inertial cues). A visual matching task, between the

perceived velocity of the same constant optic flow stimulus during either walking or

standing still isolated the effects of the locomotor signals.

Controls

Having established the influence of walking upon perceived optic flow velocity, various

experiments were performed to determine its nature. These investigated the effect of

differences in attentional load and head motion during walking, the influence the type of

walking on the treadmill (i.e. self-powered vs. motorised), and the possibility that the

influence is mediated as an after-effect.
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Timing Perception Investigation

Visual motion perception may occur directly or indirectly via perception of distance and

timing. This ‘time-space construct’ mechanism proposed for velocity representation

relies on stable representation of both time and space to function accurately, and

changes in motion perception of a constant stimulus must be attributable to one or the

other. If motion perception is a function of a time-distance construct, then the

arthrovisual effect will be a result of altered perceived size or timing perception during

walking. A possible locus of such a mechanism could be within the cerebellum. The

cerebellum has been shown to have neurones responsive to large field motion (Fushiki

et al. 1994) and also neurones involved in visual speed perception (Ivry and Diener,

1991), that were proposed to be dependent on mechanisms of timing perception based in

the cerebellum (Ivry and Keele, 1989).

Extension to other Motor Activities

Arthrokinetic signals are not limited to the legs and such signals arising from arm

movements have been shown both to affect self-motion perception (Bles et al. 1995)

and to enhance smooth pursuit tracking eye movements (de Graaf et al. 1994). The

influence of arthrokinetic signals arising from the arms raises questions about the

mechanism(s) involved in the use of such signals by the visual system. Might any

movement of the limbs elicit changes in visual processing whether appropriate or not, or

is there some specificity for the movement to be consistent with self-motion, i.e. is it

only signals of limb movements that normally result in self-motion that alter visual

processing? The proposed mechanism predicts that limb movements correlated with

self-motion would alter visual processing appropriately to discount the effects of that

self-motion. Also, the strength of this influence would be directly related to the degree

of correlation between the limb movement and the self-motion. To determine whether

this is the case, four activities sampling the range from natural locomotion to completely

non-locomotor movements: Treadmill Walking, Stationary Cycling, Arm Pedalling and

Finger Tapping, were performed by subjects whilst they performed the same optic flow

matching task.

Walking Direction

During normal, forward walking, there results an expansion of objects around the

direction of motion and it is this expansion component that must be removed for

accurate vision. During backward walking the expansion of visual objects becomes a
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contraction and should likewise be compensated for if visual perception is to remain

accurate. This was investigated by getting subjects to perform the same visual-matching

task during backward walking.

Extension to Other Optic flow Patterns

Some changes in the perception of motion of visual stimuli have been shown to be

dependent on their global structure and proposed to be a consequence of their implied

three dimensional motion (Bex and Makous, 1997). The perceptual constancy

mechanism proposed here also suggests that the influence of walking speed would be

specific to those optic flow patterns that are similar to those experienced during

walking. A strong influence of walking is thus predicted during expanding flow when

looking forwards towards one's destination, but not for flow rotating around the

direction of travel. This prediction may be quantitatively tested as it would result in a

cosine-tuning between the directions of locomotion and of apparent visual motion, i.e.

the influence of walking speed would be proportional to the cosine of the angular

difference between the walking and visual motion directions. This prediction was tested

in the current study by comparing four optic flow patterns gradually becoming

progressively less locomotor-like:

• Expanding optic flow is predicted to be strongly influenced by walking speed as the

apparent motion of the components is in line with the subjects' motion. The angle

between these two directions of motion is 0o, and the cosine is 1.0, predicting the

maximum strength of the effect.

• The two gratings contain no global expanding optic flow components resulting in

apparent motion in line with the subjects' walking direction, only apparent motion at

90o to the walking direction, the cosine of which is 0.0, predicting no effect. There

are, however, regions where the local motion is parallel or anti-parallel to the

walking direction, but these would be expected to cancel out, and therefore no

influence of walking speed might be expected. However, if there are non-linearities

in the system, those regions of the gratings moving in the same direction as the

expanding tunnel may overpower those regions containing a contracting component.

An example of a source of such a non-linearity would be found when walking

outside or in a building with a high ceiling, the optic flow components present in the

upper hemifield of vision are absent or very much reduced. Consequently, the
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arthrovisual effect is predicted to be greater for the horizontal grating than for the

vertical grating, which should show no effect.

• The Cartwheel also contains no expanding optic flow components overall, and local

motion at all points is at 90o to the direction of walking. The cosine of the angle

between walking and visual motion directions is 0.0, therefore the arthrovisual

effect is predicted to be absent for the Cartwheel.

Investigation of Reorientation of the Arthrovisual Effect

Often when walking we turn our heads to look at an object to the side or are otherwise

not looking in the direction of travel. We would expect from the hypothesis of Thurrell

et al. (1998) that the processing of visual scenes viewed to either side of the subject's

direction of travel would take account of this change, again with a cosine tuning

between the direction of walking and that of visual motion:

• The arthrovisual effect is predicted to be strong during walking towards the visual

display as the apparent motion of the visual components is normal to the display, i.e.

in line with the subjects' motion. At this orientation, the angle between these two

directions of motion is 0o, and the cosine is 1.0, predicting the maximum strength of

the effect. At the intermediate position, there is an angle of 45o between the

directions of apparent visual motion and walking, the cosine being 0.7, predicting a

slightly smaller effect. When walking parallel to the display, there is an angle of 90o

between the directions of apparent visual motion and walking, the cosine being 0.0,

predicting no effect.

• The apparent visual motion for the horizontal grating is always at 90o to the

direction of walking and so there should never be an arthrovisual effect. However,

there may be some effect when walking towards the display (see Extension to Other

Optic flow Patterns above).

• For the vertical grating, the apparent direction of visual motion is along the surface

of the display and so is closest to the walking direction (with the strongest

arthrovisual effect) when walking parallel to the display. This prediction is opposite

to that for the Expanding Tunnel.

• For the Cartwheel, there is no direction of global motion, so the cosine tuning

prediction method only works when walking towards the display, and no
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arthrovisual effect is predicted. However, during outdoor walking the visual scene

may often be approximated by a ground-plane. As forward motion occurs those

parts of the ground near to the subject appear to move backwards faster than those

further away, in essence at any moment the ground appears to be undergoing a

shearing motion. This may be easily demonstrated by the reader looking sideways

out of the window whilst they are a passenger in a train or car moving through a flat

landscape. Rotation of the cartwheel may theoretically, for any instant in time, be

decomposed into horizontal shear and vertical shear (Koenderink, 1990). When

walking parallel to the display surface, this shear component may approximate a

ground-plane moving backward past the subject (see Figure 18). As walking speed

increases, with the visual axis off centre the above mechanism of perceptual

constancy may reduce the shear component of the Cartwheel rotation, thus reducing

the overall perceived speed of rotation. Therefore it may be expected that there will

be an arthrovisual effect at this orientation.

Similar directional tuning has been found in studies of posture (Wolsley et al. 1996b,

Chapter 2: Reorientation of Visually Induced Sway During Whole Body Passive

Rotation) where processing of the visual input or motor output was modified by the

direction of gaze (head and/or eye rotation) relative to that of the feet. This prediction

was tested with the same set of optic flow patterns as above, but with the relative

alignment between walking and the visual axis being 0o (mid-line position), 45o (mid-

right) or 90o (full-right), see Figure 25.
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Figure 18: Relationship between the rotation of the Cartwheel and the shear of a

ground plane when looking at the horizon (thick line) to the side of a subject walking

through a flat landscape. It can be seen that the movement of the bottom half of the

Cartwheel approximates the shearing motion of the ground-plane and may thus

stimulate the same pathways.

Investigation of a Hemianopic Subject

At what stage of visual processing, and where in the brain the above mechanism of

perceptual constancy may act, has not so far been investigated. Due to differences in

locomotion between humans and other primates, single neurone recordings during

walking are unlikely to be obtained and more indirect sources of information are

required. Fortunately there is a large body of literature concerning the influence of eye

movements on vision in primates to draw upon; though mostly concerned with eye-in-

head motion some studies have investigated vestibular stimulation due to movements of

the head. Most dorsal medial superior temporal (MSTd) neurones (in Rhesus monkeys)

have large receptive fields and are tuned to a continuum of first-order optic flow

motions (Graziano et al. 1994) making them ideal candidates for distinguishing self-

and object-motion. Most MSTd neurones, unlike MT neurones, also respond selectively

to externally induced visual motion and not to motion induced by eye movements
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(Erickson and Thier 1991, in Macaque monkeys) or head rotations (Shenoy et al. 1999,

in Rhesus monkeys). Indeed, MSTd neurones have been shown to alter their receptive

fields to compensate for the effects of eye movements (Bradley et al.1996, in a Rhesus

monkey). Vestibular stimulation by linear whole-body movements also influences the

directional selectivity of MST neurones in a manner that may disambiguate self- and

object-motion (Duffy 1998, in Rhesus monkeys). This use of vestibular signals of self-

motion in visual processing in MST and the notion that self-motion signals should

interact with vision in the same way regardless of their source suggests MST as a likely

candidate area to incorporate proprioceptively derived signals of self-motion.

After lesion of the primary visual cortex (V1), conscious vision is abolished, however,

there may still be considerable residual visual function (though the subjects report that

they do not 'see'), and this condition is referred to as 'blindsight' (see Barbur et al. 1980

and Stoerig and Cowey, 1997 for review). In patient GY, a lesion of the left primary

visual cortex occurred during childhood rendering him hemianopic, but has since

demonstrated residual visual function in the affected area (Barbur et al. 1980 and

Morland et al. 1999). Part of GY's residual vision is the ability to make comparisons

between the velocity of pairs of moving stimuli when either or both are presented in the

blind hemifield (Morland et al. 1999). This residual velocity sensitivity must result from

signals that bypass V1, such as those arising from the pulvinar via the superior

colliculus that have been shown to be required for continued activity in MT after V1

lesions (Rodman et al. 1990). These signals may then continue to higher visual areas,

such as MSTd where we predict they should interact with other signals, such as those of

self-motion. GY was therefore used to test the prediction that walking speed should

influence optic flow speed perception in both the intact and blind hemifields.

Specification of Spatial Scale

If the hypothesised mechanism does indeed act to maintain perceptual constancy during

walking then it will reduce the perceived optic flow speed by an amount equal to the

walking speed. The optic flow stimulus used so far has been lacking any spatial scale

preventing this prediction from being quantitatively tested: in the absence of any scaling

information, any moving visual object may be small, close and moving slowly or it may

be larger, further away and moving more quickly. A spatial scale may be provided using

inherently scaled objects (i.e. those of a learnt constant size) or using stereoscopic,

parallax, or accommodative signals. Stereopsis and parallax are able to accurately
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specify spatial scale over the range required for this experiment and rely on fewer

assumptions (knowledge of inter-ocular distance) by the visual system, compared to

using the interpretation of objects with an inherent scale. They may also be provided

either together or independently, allowing spatial scale to be strongly or weakly defined

respectively. The prediction that the arthrovisual effect reduces perceived visual motion

by an amount that compensates for the walking speed was tested by providing a spatial

scale using stereopsis and/or parallax signals in the visual stimulus.

Methods

All the experiments and controls reported here involve variations on a basic method

which will be presented first, followed by subsections denoting the changes made

between this basic method for each variation.

The Main Method

Subjects stood or walked upon an exercise treadmill (Woodway Exo 43) placed directly

in front of a large rear projection screen (see Figure 19) based on the locomotion

simulator developed by Pelah et al. (1998). This treadmill is designed with a low

friction belt such that when it is not electrically powered subjects may propel

themselves by walking and pushing against the handrails with their arms, an action

similar to pushing a trolley. The effort required to walk on the treadmill in this way was

reduced to slightly more than natural walking by raising the front of the treadmill to

give a gradient of 3%. This caused the subjects' own body weight to help move the belt,

whilst subjects were unable to tell that it was not in fact horizontal. The walking speed

of the subject was obtained from a sensor attached to the treadmill axis, which was

electronically low pass filtered and digitally sampled at 35Hz and then digitally low

pass filtered at 8Hz to remove noise.

The image projected on the screen was contained within a central area 1.9m wide by

1.43m high and approximately 0.9m from the subjects’ eyes giving a viewing angle of

93o by 77o. Subjects wore ear defenders and welder’s goggles restricting peripheral

vision and reducing brightness by a factor of 100, thus ensuring that the border of the

screen remained invisible at all times. The goggles allowed only monocular vision,

always with the right eye, removing stereoscopic depth cues. Subjects were able to wear

refracting spectacles inside the goggles if required, to correct their vision to normal. The
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visual scene was produced by an LCD projector (InFocus LP740) at a resolution of

1024 by 768 pixels and a refresh rate of 70Hz updated on alternate frames. The visual

scene was composed of a simulated tunnel in depth that consisted of 15 bright anti-

aliased squares against a dark background (0.006 cdm-2), as in Figure 19. The tunnel did

not contain an inherent scale, but the following relative dimensions were specified:

near-point relative to the observer = 0.4 x width; far-point relative to the observer = 5 x

width; width = height. The squares of the tunnel obeyed the laws of perspective,

increasing in thickness and size with decreasing simulated distance to the observer, and

luminosity changing as a trapezoid function of simulated distance (maximum luminosity

1.51 cdm-2). This allowed fading of the squares into the distance with perspective and a

reduction in brightness near the border of the screen, applied in order to remove flicker.

Subjects were required to fixate a fixation point 1 pixel square (0.12o x 0.12o,

luminosity 1.51 cdm-2) provided at the centre of the display approximately at each

subject’s eye level. Fixation was not checked independently of the subjects' own reports

as it was judged to be an easy task.

Figure 19: The basic set-up of the treadmill and the display screen and (inset) a screen-

shot of the tunnel displayed to the subject. The experiments were all conducted in the

dark (apart from the projected image), thus even if subjects turned their heads they

could not see the border of the display screen. The only noise was from the treadmill

rollers and was partially muffled both by a heavy curtain around the set-up and by the

ear defenders worn by the subjects.
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Figure 20: The time sequence of each type 1 trial. Instructions (printed below the time

axis) were displayed for 5s each (thin portion of time-scale) alternating with the

expanding tunnel (10s, thick portion). Mean settings during the last 1s (blue bars) of

each test tunnel were plotted (inset) against the mean activity speed during the last 5s

(red bar) of the target tunnel.

Subjects were required to perform a matching task between the perceived velocity of a

‘target’ visual motion scene and a number of ‘test’ scenes along the visual axis. These

matches were made as a series of trials (see Figure 20): a 10s target presentation

occurred during walking at one of six instructed speeds: ‘stationary’ (control), ‘very

slow’, ‘slow’, ‘normal’, ‘fast’, or ‘very fast,’ and was followed by two stationary test

presentations of 10s each. Instructions (presentation type and walking speed) were

presented visually on the screen at the fixation point for 5s before each scene

presentation. Subjects were instructed before each experiment to be walking at the

instructed speed before the scene became visible and to adjust the test scene as quickly
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and accurately as possible to match only the most recent target speed. Each experiment

contained between five and twelve matches at each walking speed, resulting in a total

session time of between 9 and 26 minutes.

The target velocity for the moving tunnel (expanding, simulating movement towards the

subject) was always 5cm/s as measured by rectangle motion on the screen at the mid-

hemifield position (27.8o from the fixation point, corresponding to 2.7os-1 angular

motion at the nodal point of each subject's eye). For the test presentations, the subjects

used a rotating knob to control the velocity of the optic flow tunnel. The knob was

attached to the right handrail of the treadmill such that subjects could rest their hand at

all times while making an adjustment. At the beginning of each matching presentation

the knob position was reset by the subject to a negative optic flow velocity. The output

of the knob was digitally sampled and low pass filtered at 35Hz and 8Hz respectively,

and a small amount of noise added to the signal to mask the pixel jitter at low tunnel

speeds. A small random offset was added to the knob position before each presentation

to prevent subjects learning to use the knob position as a cue.

Data analysis occurred off-line using the walking velocity and visual velocity recorded

and averaged over the final 5s and 1s of scene presentation respectively (see Figure 20).

The optic flow speeds of the test tunnel settings were all normalised as the relative

proportion of the speed of the target tunnel. Likewise, the walking speeds were

normalised as a proportion of the mean walking speed during the ‘very fast’ trials. The

average optic flow speed was then plotted against the average walking speed for all the

trials from a single subject (see Figure 20, inset). A measure of setting accuracy was

calculated as the standard deviation of the optic flow velocity, and when this measure

was over 0.5, suggesting the subject had not completed their adjustment, the trial was

removed from further analysis. The order of presentation of conditions was randomised

in all experiments. Prior to the beginning of an experiment, each subject was allowed

practice walking on the treadmill at the various instructed speeds, and matching the

visual scene by adjusting the knob.

Control Variations

Reversal of the Order of Walking and Standing

In the main, 'type 1' protocol subjects viewed the target while walking and matched it

while standing still. However, in this variant, referred to as 'type 2' trials, the target
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presentation occurred whilst subjects were stationary, with optic flow speed matching

taking place in six subsequent presentations of the test scene while walking, once at

each speed (see Figure 21). Matching during each of the six test scenes was to the target

scene at the start of the block of presentations, i.e. that presented most recently. Type 2

trials control for the possibility that changes in matched optic flow speed during type 1

trials are due to the act of walking distracting the subject from remembering the target

speed. On the other hand, type 1 trials control for the possibility that changes in

matched optic flow speed during type 2 trials are due to the act of walking distracting

the subject from setting the test speed.
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Figure 21: The time sequence of each type 2 trial. Instructions were displayed for 5s

each (thin portion of time-scale) alternating with the expanding tunnel (10s, thick

portion), as in the type 1 trials. Mean settings during the last 1s (blue bars) of each test

tunnel were plotted against the mean activity speed during the last 5s (red bars) of the

same test tunnel. These time periods were different as subjects were often still adjusting

the optic flow speed until ~2s before the test tunnel disappeared, however, a minimum

of 5s was required to average out the large variations in walking speed during each

stride.
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Attentional Control

The possibility that walking influences the matched optic flow speeds because it is a

competing load (see Wickens, 1980 for review) was investigated by adding an

additional attention task. For trials with this added condition, during the 10s target

presentation while walking (i.e. type 1) subjects were instructed to listen through

headphones to a pre-recorded series of five single digit numbers, and required to keep a

running total which they were to call out immediately at the end of the presentation.

Trials in which the subject miscalculated the total were discarded, as in such cases

subjects may not have been sufficiently attentive.

Head Motion Control

Figure 22: The set-up for the head motion control, showing the additional bite-bar

mounted to the treadmill handrail and the Fastrack transmitter (ceiling mounted) and

receiver (mounted on a lightweight helmet).

During treadmill walking, the head may oscillate in all six degrees of freedom, which

may be argued as influencing the perceived optic flow. Thus, some trials were

conducted with restricted head motion, using a rigid bite-bar attached to the treadmill at

an adjustable level for each subject, while remaining out of view (see Figure 22). As an

added test, head position was measured for one subject while walking using a Polhemus

Fastrack magnetic position-sensing device, providing readings in all six degrees of

freedom. The receiver of this device was attached to a light-weight helmet worn on the
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top of the head, mechanically independent of the bite bar (other than via the subject’s

head), with position data being collected at 35Hz. Head position was linearly detrended

over the 10s of each trial during which the scene was visible and its FFT power

spectrum calculated. These power spectra were averaged across condition repeats and

walking speeds and compared. Linear motion was reduced by a factor of up to 15

laterally and up to 5 otherwise, whilst rotational motion was reduced by a factor of

approximately 10 for yaw and roll, though pitch motion amplitude was unchanged.

Motorised versus Self-Powered Walking

During the other experiments presented here, the subjects provide the motive force for

the treadmill by walking on the unpowered belt and holding their bodies still by holding

the handrails with their arms. Self-powered walking has experimental advantages:

subjects naturally hold their head in an approximately constant place, simplifying the

interpretation of results; and subjects can choose walking speeds to suit themselves.

However, for all that, it has problems: it is not quite a 'natural' way to walk: subjects feel

as if they are pushing a wheeled trolley; and subjects receive an explicit speed command

that may bias their optic flow speed settings.

To ensure that this 'unnaturalness' was not influencing the results, a variation was

performed with the treadmill belt powered electrically. This variation was conducted

using the type 2 protocol (see Reversal of the Order of Walking and Standing). The on-

screen instructions were altered to remove the walking speed commands, to show just

'target' or 'test', instead the treadmill was controlled externally to produce walking

speeds of approximately 2, 3.5, 5, 6.5 and 8 km/h. The treadmill reached each new

speed before the tunnel was displayed on screen, during which time the subject stood on

the non-moving portion of the treadmill either side of the belt. The subject was required

to walk with hands free, maintaining as well as possible a constant distance to the

display screen. Due to the difficulties involved in this variation (e.g. stepping on and off

a moving treadmill belt in the dark) only one subject (the author) was tested.

Other Variations

Timing Perception Investigation

Visual speed determination may, hypothetically, occur directly or as a construct of time

and displacement, implying that walking may influence perceived optic flow speed

directly or via changes in temporal processing. Experiments to determine the influence
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of walking on temporal perception used a target consisting of an otherwise identical

tunnel (see Figure 19, inset) that remained stationary but flashed in place at a frequency

of 2Hz. The tunnel luminance varied with a raised cosine profile applied to all tunnel

components (i.e. squares) individually, such that their relative brightness remained

constant (except for the fixation point, which did not flash). Subjects were required to

match the flashing frequency of the tunnel to that of the previously presented target.

Extension to other Motor Activities

To investigate whether arthrokinetic signals other than from walking influence visual

motion perception, a number of naïve subjects performed the matching task with

Treadmill Walking as before and also with Stationary Cycling, Arm Pedalling and

Finger Tapping (see Figure 24: The experimental set-up for each activity.).

During walking trials the treadmill (Woodway Exo 43) was powered by the subjects

themselves pushing against the handrails with their arms. Cycling trials were conducted

using a stationary, recumbent exercise cycle (Tunturi Motivational Recumbent Cycle

ECB F570), which was raised and altered to place the subjects’ heads near to the

position they maintained during walking trials. Arm Pedalling was conducted using the

exercise cycle altered (see Figure 24: The experimental set-up for each activity.) to

allow the arms to rotate the pedals, and again keeping the subjects’ heads in the same

position as that during cycling. In order to reduce fatigue and to allow the subjects to

reach their desired speed sufficiently quickly, the resistance was set to minimum for this

condition. Finger Tapping trials were conducted while standing on the treadmill (with

the belt locked), such that subjects’ heads were in the same position as during walking

trials and their hands were resting on the handrails of the treadmill. Finger Tapping

involved all four fingers on each hand being moved together, alternating hands, with a

button positioned under the left hand to record the tapping frequency. Subjects were

given practice beforehand in Treadmill Walking, Stationary Cycling, Arm Pedalling and

Finger Tapping at the various instructed speeds. The Walking, Cycling and Arm

Pedalling speeds of the subjects were obtained from sensors attached to the treadmill

belt or to the spindle of the exercise cycle. These and the knob used to control the tunnel

speed were electronically low pass filtered and digitally sampled at 30Hz and then

digitally low pass filtered at 7Hz to remove noise. Subjects performed the same

matching task as before, but the walking speed instructions: 'fast', etc. were to be
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applied to each activity as appropriate and were required to be at this speed before the

scene became visible.
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Figure 23: Plot of stride frequency versus walking speed for a single subject (BKW).

Each point represents the walking speed and stride frequency for a single trial,

calculated as described in the methods. Stride frequency increases approximately with

the square-root of walking speed, in this subject the line of best fit is: SF = 0.54 ×

WV0.40

The visual scene was increased in resolution to 1280 by 1024 pixels (single pixel visual

angle was 0.09o or 0.07o at the central fixation point), using a different LCD projector

(InFocus LP740) and a screen refresh rate of 60Hz, again updated on alternate frames.

The aspect ratio of the image projected on the screen was altered and now was

contained within a central area 1.9m wide by 1.52m high. During experimental trials

this image was approximately 0.9m (Walking, Finger Tapping) or 1.2m (Cycling, Arm

Pedalling) from the subjects’ eyes, subtending visual angles of 93o by 80o and 77o by

65o respectively. The fixation point was increased in size to three pixels square (0.28o ×

0.28o, luminosity 1.51 cdm-2) at the centre of the display. The visual scene was

otherwise unchanged. The target velocity for the tunnel was 5cm/s as before, however

as the subjects' heads were further from the screen during the Cycling and Arm
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Pedalling trials, this corresponded to 2.1o/s angular motion at the mid-hemifield position

21.6o from the fixation point.

Walking Cycling

Arm
Pedalling

Finger
Tapping

Figure 24: The experimental set-up for each activity. Subjects' heads were level with the

centre of the display at all times, but further from the screen (1.2m vs. 0.9m) during the

Cycling and Arm Pedalling trials. Subjects adjusted the speed of the test scenes using a

knob positioned near the right hand at all times.

Activity speeds were normalised as a proportion of the mean speed during the ‘very

fast’ trials of that type. Walking may be considered as a translational process, with

speed measured by distance covered per unit time, or it can also be considered as a

cyclical activity with speed measured by stride frequency. Therefore, for walking trials,

both the stride frequency as well as walking speed were calculated as follows:

• The walking speed over the 10s of scene presentation was 4th order bandpass filtered

between 0.75 - 9.0Hz
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• The power spectrum was then calculated using the Yule-Walker autoregressive

algorithm (Marple, 1987). The use of a parametric spectral model, as produced by

the Yule-Walker method, allows the main frequency component in the sample to be

found with arbitrary accuracy, unlike using the FFT.

• The modal frequency was then found and divided by two to convert step frequency

into stride frequency and these values checked by eye in plots of walking speed

against stride frequency to remove erroneous values.

The stride frequency varies non-linearly with walking speed, as shown in Figure 23, but

is highly correlated for each subject.

Walking Direction

To allow investigation into the influence of the direction of walking, some subjects were

required to walk backwards as well as forwards. Backwards walking conditions were

conducted by adding two new walking speed instructions: ‘slow back’ and ‘fast back’,

intermixed as part of a longer trial involving walking both forwards and backwards.

Walking backwards on the treadmill required subjects to pull on the handrail of the

treadmill, as if dragging a trolley, they were given practice performing this beforehand.

In this variation, the type 2 protocol was used, such that target presentations occurred

whilst subjects were stationary, with target matching taking place in eight subsequent

presentations of the test scene, each while walking at one of the instructed speeds (see

Figure 21). Matching during each of the eight test scenes was to the target scene at the

start of the presentation block, i.e. to the target that was presented most recently.

Extension to Other Optic flow Patterns

Five visual scenes were tested, containing optic flow progressively less like that found

during forward motion: (1) Moving Tunnel, (2) Horizontal Grating, (3) Vertical

Grating, (4) Cartwheel and (5) a Flashing Tunnel. These scenes were presented at a

resolution of 1280 by 1024 pixels and updated at 30Hz. A fixation point 3 pixels square

(0.28o x 0.28o, luminosity 1.51 cd/m2) was provided at the centre of the display

approximately at each subject’s eye level for all optic flow patterns, the structure of the

remainder of each scene being as follows:

(1, 5) The two tunnels were identical to those used previously, but reiterated here for

convenience. They were composed of a simulated square tunnel in depth (simulated

relative dimensions, near-point relative to the observer = 0.4 x width, far-point relative
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to the observer = 5 x width) that consisted of 15 bright, anti-aliased squares against a

dark (0.006 cd/m2) background (see Figure 25, top left). The squares obeyed laws of

perspective: increasing in thickness and size with decreasing simulated distance from

the observer and luminosity changing as a trapezoid function of simulated distance

(maximum luminosity 1.51 cdm-2). This allowed fading of the rectangles into the

distance with perspective and a reduction in brightness near the border of the screen to

remove edge flicker. (1) The Moving Tunnel simulated translation in depth with speed

measured in the plane of the screen of tunnel components at the mid-hemifield position

(~27.8o away from fixation) thus at this point the 5cm/s (expanding) target speed used

corresponded to angular motion of 2.7o/s at each subject's eye. (5) The Flashing Tunnel

exhibited sinusoidal variations in brightness of all tunnel components together with a

target speed of 2.0Hz.

Figure 25: The different optic flow patterns. The tunnel (top left) either expanded or

flashed; the horizontal grating (top right) moved downwards; the vertical grating

(bottom left) moved rightwards; and the cartwheel (bottom right) rotated anti-

clockwise.
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(2, 3) The two gratings were composed of 15 bright (luminosity 1.51 cd/m2), equally

spaced, anti-aliased lines against a dark (0.006 cd/m2) background (see Figure 25, top

right, bottom left). Lines extended across the full height (or a width equal to the height)

of the screen except for a gap (10% of screen height) in the centre to prevent overlap

with the fixation point. As lines neared the edges of the screen they faded into and out

of existence with a trapezoid brightness profile (maximum luminosity 1.51 cd/m2) to

prevent edge flicker. Grating speed was measured as the distance traversed across the

screen in centimetres, again the target speed being 5cm/s. Other than orientation,

horizontal and vertical gratings were identical, the Horizontal Grating always moving

downward and the Vertical Grating always moving rightward.

(4) The Cartwheel was composed of 15 bright (luminosity 1.51 cd/m2) spokes, against a

dark (0.006 cd/m2) background (see Figure 25, bottom right). The spokes rotated anti-

clockwise around the axis of vision, their overall diameter was equal to the screen

height, with a blank gap with a diameter of 10% of the screen height around the fixation

point. Cartwheel speed was measured in the same manner as the Moving Tunnel: that of

the components in the plane of the screen at the mid-hemifield position, the target speed

was also 5cm/s.

Investigation of Reorientation of the Arthrovisual Effect

During walking we do not always look in the direction of travel, to test whether the

hypothesised mechanism can account for this, a reduced number of subjects were tested

with the treadmill rotated relative to the screen (see Figure 26). This rotation could be 0o

(mid-line position, i.e. face-on), 45o (mid-right) or 90o (full-right), the experiment was

repeated using all five optic flow patterns (see Extension to Other Optic flow Patterns

above) at each orientation. These subjects were instructed to view the scenes presented

at the mid-right and full-right positions by rotating the head on the neck rather than the

eyes in the head and to otherwise maintain the orientation of their bodies to that of the

treadmill. The position and orientation of the head was monitored during the experiment

using a Polhemus Fastrack magnetic position-sensing device providing six degrees of

freedom. The receiver of this device was attached to a light helmet worn on the top of

the head with position data being collected at 30 Hz. For each visual pattern there were

six matches at each walking speed, with five visual patterns giving a total session time

per orientation of approximately 70 minutes. Subjects were rested between optic flow
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patterns and testing of different orientations for each subject occurred on separate days

to reduce fatigue.

Figure 26: The set-up to investigate head-on-trunk rotations from above. The screen

was rotated relative to the treadmill between sessions, and the subject's head was

tracked using a magnetic position-sensing device.

Investigation of a Hemianopic Subject

To enable independent testing of each hemifield of 'blindsight' patient GY, the Moving

Tunnel was modified to enable presenting of only the left or right half at a time. The

fixation point was also moved slightly away from the centre of expansion of the tunnel,

as GY has some macular sparing in the blind hemifield and this ensured that the tunnel

was only visible to the designated side (see Figure 27). GY has been shown to be able to

accurately compare the velocities of stimuli when either or both are presented in the
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blind hemifield (Morland et al. 1999). In this modified experiment, the target optic flow

speed was displayed either to the blind hemifield or to the intact hemifield (control), but

the test optic flow presentation was always displayed only to the intact hemifield. This

allowed a conscious matching of the target speed irrespective of the side of target

display.

Figure 27: The new visual stimuli for testing a hemianopic patient.

Specification of Spatial Scale

If the arthrovisual effect is the result of a mechanism to maintain perceptual constancy

during self-motion, the reduction in perceived visual speed should equal the walking

speed. This can only be tested if the visual scene contains a spatial scale providing an

unequivocal value for the reduction of perceived speed. This spatial scale was provided

using stereopsis and/or parallax in a new visual display while subjects performed the

same matching task as before.

Subjects stood or walked upon an exercise treadmill placed directly in front of a CRT

monitor (see Figure 28). The positions of the eyes in space were monitored during the

experiment using a Polhemus Fastrack magnetic position-sensing device. The receiver

of this device was attached to a light helmet worn on the top of the head with eye

positions calculated as rigid displacements from this position. Position data for each eye

was collected at 30 Hz. The CRT display was 32cm wide by 24cm high and during

experimental trials it was approximately 25cm from the subjects' eyes giving a field of

view of ~65o by 51o. Subjects wore stereoscopic shutter goggles, restricting peripheral

vision, though the entirety of the screen remained visible at all times, and with

transmission ratios of ~50% (open) and ~0.05% (closed). The goggles allowed vision

with only one eye at a time, synchronised with the CRT display to present alternate
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frames to the left and right eyes. The display had a resolution of 1280 by 1024 pixels,

fully anti-aliased, and a refresh rate of 60Hz allowing presentation to each eye at 30Hz.

The visual scene comprised a tunnel in depth composed of two or three bright squares

on a dark background. The tunnel had simulated dimensions of width 2m, height 2m,

near point 2m behind the display screen, length 6m and component line width of 10cm.

Perspective projection with these parameters gave the tunnel an approximately similar

appearance to that during previous experiments except for the reduced number of tunnel

components. A fixation point 1.2cm in diameter was simulated, floating in space 6m

behind the display screen and at the same height above the floor of the tunnel as the

subject's eyes. The luminosity of the tunnel components again changed as a trapezoid

function of simulated distance. This allowed fading of the rectangles into the distance

with perspective and a reduction in brightness near the limits of the display to remove

edge flicker and prevent apparent vignetting of the tunnel by the display edges. The

tunnel simulated translation in depth with the target speed used being equal to 3.1 kmph,

this gave a mid-hemifield angular speed at the subjects' eyes of 4.0o/s, marginally faster

than in the previous experiments.

Tunnel stimuli could be presented with and without stereoscopic depth and with and

without motion parallax information, therefore, there were four types of tunnel: (1)

Control, with both parallax information and stereopsis indicating a flat scene at the

distance of the display screen. (2) With only stereopsis indicating a three dimensional

tunnel. (3) With only motion parallax indicating a three dimensional tunnel. (4) Full 3D

with both motion parallax and stereoscopic depth. Subjects were each tested using three

out of the four types of tunnel corresponding to absent (1), weak (2 or 3) or strong (4)

specifications of tunnel scale. For each tunnel there were 6 matches at each walking

speed, with five visual patterns giving a total session time of approximately 45 minutes,

subjects were rested between tests to reduce fatigue, which was higher during these than

during previous experiments. Subjects were given practice with treadmill walking at the

various instructed speeds and matching the tunnel speeds, particularly with immersing

themselves within the 3D tunnel, their stereopsis was also tested beforehand.
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Figure 28: The set-up and the stimulus for specifying the spatial scale. Stereoscopic

information was provided using by alternating the image presented to the two eyes,

whilst parallax information was provided by calculating the displayed scene using

information about the position of the head from a magnetic position sensing device.

Results

A number of control trials were conducted where no walking was involved, interspersed

within the other experimental trials, these occurred both with a screen resolution of

1024 x 768 and at 1280 x 1024. These trials form a measure of each subject’s accuracy

in matching a previously seen target velocity under the simplest viewing conditions.

The conditions involved standing for both target (constant speed 5cm/s) and matching

presentations, while viewing the basic expanding tunnel stimulus. Each subject made a

minimum of six matches in this condition with the mean and s.d. for each subject being

calculated (see Figure 29). Subjects individually had slight biases towards higher or

lower matched velocities than the target value, but were generally self-consistent in

their matches, apart from subjects AC and EJ. These two subjects were unable to match

between the target and the test flow speeds and so were removed from further analysis.

The Lilliefors test showed that the matches made at each of the two resolutions for the



83

remaining subjects were normally distributed (P > 0.05). These populations were then

compared using the t-test and F-test (both two tailed, P > 0.05), revealing no difference

between the intersubject means or the variances, suggesting that display resolution does

not affect subjects' matching ability.
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Figure 29: Mean (± s.e.m.) matched normalised optic flow speed without walking for all

subjects. The dark bars represent matches from trials with a display resolution of 1024

x 768 at 35Hz, the light bars represent matches from trials with a display resolution of

1280 x 1024 at 30Hz. There was no significant difference between the matches made at

these two resolutions. Some individual subject averages were significantly different

from the target velocity (1.0), but the mean of all subjects was not significantly different

(mean = 0.97, s.d. = 0.37), indicating that subjects were generally able to make good

matches. Subjects AC and EJ were grossly inaccurate, and were removed from further

analysis.

The Arthrovisual Effect

The influence of walking speed on the matched optic flow speeds was investigated in

the same trials as were used above, interspersed within the other experimental trials. A

mixture of naïve (91%) and non-naïve (9%) subjects were used for this condition.

Walking speed had a profound effect on the values matched by subjects to the constant
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target velocity. An example of the influence of walking speed on the perceived speed of

tunnel expansion is shown in Figure 30. The line of best fit intercepts the optical speed

axis near the target speed of 5cm/s showing unbiased optic flow perception during

standing (cf. Figure 29). Matched speed settings indicate the speeds that the subjects

consider perceptually equivalent to the constant optic flow target stimulus, i.e. the target

tunnel is perceived to be moving slower with increasing walking speed. The slope of the

line of best fit can be used to measure the strength of this effect, which for the subject in

Figure 30 (CJB) was -0.37 and significantly different from zero (P < 10-14).
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Figure 30: Unnormalised data showing the basic reduction in perceived optic flow

speed during faster walking for a single subject (CJB) referred to as the arthrovisual

effect. The similarity of the matched values to the target values when standing during

both target and test can also be seen. The linear line of best fit had a y-intercept of 5.09,

and a slope of -0.37 that was significantly different from zero (R2 = 0.59, P < 10-14).

For the purpose of comparison with later graphs, plotting normalised optic flow speed

against normalised walking speed gave a best-fit y-intercept of 1.02 and a slope of -0.65
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Figure 31: Histogram of the best-fit slopes of perceived normalised optic flow speed

versus normalised walking speed. Bin width = 0.15, centred on 0.0. The distribution of

slopes was normal, shown using the Lilliefors test and the mean (-0.19) significantly

less than zero (T-test, P < 0.05). The trials included here are taken from all experiments

where the subject matched the expanding tunnel during walking using the type 1

protocol, some subjects are therefore included more than once as they were used for

more than one experiment. The dark portion of bars represent matches from trials with

a display resolution of 1024 x 768 at 35Hz and the light portion of bars represent

matches from trials with a display resolution of 1280 x 1024 at 30Hz. There was no

significant difference between the best-fit slopes at these two resolutions (unpaired two-

tailed t-test, P > 0.05).

Again, there are two populations of trials: those at a resolution of 1024 x 768 and those

at 1280 x 1024. These populations were both determined to be normally distributed

using the Lilliefors test (P > 0.05) and so were compared using parametric methods. The

means were -0.39 and -0.15 for the low and high-resolution populations respectively

and these were not significantly different using a two-tailed t-test (P > 0.05). The

variances were 0.22 and 0.14 for the low and high-resolution populations respectively

and these also were not significantly different using an F-test (P > 0.05). Therefore the

data from the two populations was combined for further analysis. This new combined

population was shown to be normally distributed using the Lilliefors test. The mean of
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this combined population (-0.23) is significantly different from zero using a two-tailed

t-test (P < 0.05). Therefore, walking speed does have a significant influence on visual

speed perception in the population tested. Many subjects, including naïve subjects who

were unaware that the target speed was always the same, confirmed the observation

verbally that the optic flow speed looks progressively slower when walking faster.

Control Variations

Reversal of the Order of Walking and Standing

It is possible that walking causes in some way a disruption of the subject’s ability to

remember the target optic flow velocity, so to test for this, complementary (type 2)

experiments were conducted in which the order of events was altered. Target

presentation occurred during standing while matching occurred during walking,

preventing any supposed disruption by walking of establishing a memory of the target

velocity (see Methods). In the type 2 protocol, the slopes of the lines of best fit plotting

optic flow settings against walking speed were of opposite sign (as expected) and not

significantly different (two-tailed, unpaired t-test) in magnitude from the equivalent

slopes for type 1 trials (Figure 32, Table 1).

Type 2Type 1
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Figure 32: Comparison of the arthrovisual effect during type 1 and type 2 trials for a

single subject (AT) showing the similarity of the magnitude of the slopes of the lines of

best fit (-0.47 and +0.32 for types 1 and 2 respectively). This difference reflects the

influence of walking speed on the remembered target and on the concurrently matched

optic flow speed respectively.
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Type 1 Trials Type 2 Trials
Subject Intercept Slope R2 Subject Intercept Slope R2

AT 1.15 -0.47 0.72 AP 1.49 0.55 0.12
BJ 1.17 -0.37 0.13 AT 1.06 0.32 0.46

BW 1.18 -1.00 0.49 FP 0.88 0.81 0.69
BS 0.68 1.02 0.59 RH 0.81 1.06 0.68
CD 0.94 -0.11 0.07
CJB 1.02 -0.65 0.59
CLB 1.21 0.00 0.00
DC 0.97 -0.10 0.01
HG 1.36 -0.81 0.64
JP 0.82 -0.59 0.36

MB 1.46 -1.02 0.57
MC 1.65 -1.49 0.65
NW 0.82 -0.34 0.36
PB 0.80 0.47 0.34
RS 0.90 0.51 0.22
SP 1.03 -0.71 0.60
DB 0.80 -0.46 0.45
KH 1.13 -1.19 0.75
PW 0.94 -0.19 0.10
RS 0.98 -0.34 0.25
SD 0.91 -0.29 0.26

Mean 1.04 -0.39 Mean 1.06 0.68
s.e.m 0.05 0.13 s.e.m 0.18 0.18

Table 1: Slopes measuring the arthrovisual effect during type 1 and type 2 trials. The

data from subject AT are shown in more detail in Figure 32. A Lilliefors test showed

that the data was normally distributed (P > 0.05) so the means were compared using an

unpaired T-test (two-tailed). The magnitudes of the slopes were not significantly

different (P > 0.05).

Attentional Control

Changes in motion perception due to attentional load have been reported for first-order

motion (Sahraie et al. 2001) and for motion after-effects (Chaudhuri 1990). To

investigate the possibility that the influence of walking velocity on perceived optic flow

speed may be due to changes in attentional load, a comparison was made between

performance with and without a concurrent numerical aural-verbal task. The strength of

the effect (as measured by the slope of the best-fit line) during the attentional task was

slightly lower than during control trials, though this difference was not significant (two-

tailed, paired t-test; see Table 2), suggesting that cognitive overload was not responsible

for the reported effect.
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Without Attentional Task With Attentional Task
Subject Intercept Slope R2 Intercept Slope R2

AT 1.15 -0.47 0.72 1.16 -0.50 0.58
BJ 1.17 -0.37 0.13 0.93 0.77 0.38

BW 1.18 -1.00 0.49 0.75 -0.73 0.59
BS 0.68 1.02 0.59 0.91 0.63 0.26
CD 0.94 -0.11 0.07 0.85 -0.06 0.02
CJB 1.02 -0.65 0.59 1.24 -0.78 0.67
CLB 1.21 0.00 0.00 0.95 0.28 0.29
DC 0.97 -0.10 0.01 1.54 -0.23 0.27
HG 1.36 -0.81 0.64 0.91 0.52 0.14
JP 0.82 -0.59 0.36 1.01 -0.62 0.36

MB 1.46 -1.02 0.57 1.38 -0.12 0.02
MC 1.65 -1.49 0.65 1.26 -1.10 0.55
NW 0.82 -0.34 0.36 0.59 -0.10 0.07
PB 0.80 0.47 0.34 0.82 0.56 0.19
RS 0.90 0.51 0.22 1.11 0.39 0.28
SP 1.03 -0.71 0.60 0.88 -0.58 0.51

Mean 1.07 -0.35 1.02 -0.10
s.e.m 0.07 0.17 0.06 0.15

Table 2: Comparison of the arthrovisual effect with and without a concurrent

attentional task. A Lilliefors test showed that the data was normally distributed (P >

0.05) so the means were compared using a paired T-test (two-tailed). The magnitudes of

the slopes were not significantly different (P > 0.05).

Head Motion Control

Movement of the head that results in vestibular stimulation causes an increase in visual

motion detection thresholds and latencies (Probst et al. 1986) and there is, therefore, the

possibility that the vestibular effect may extend as well to a reduction of supra-threshold

perceived object motion speeds. When walking the head oscillates in all six degrees of

freedom (see Figure 33) which, if this vestibular hypothesis is correct, may provide a

mechanism for the described effect if the magnitude of the stimulation increased with

walking speed. To determine whether head motion during walking indeed causes the

observed changes in perceived optic flow speed, some trials were conducted with

restricted head motion. Using a bite bar rigidly attached to the treadmill, a comparison

was made between treadmill walking with unrestricted or restricted head motion.
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Figure 33: Spectra of head motion in each degree of freedom with and without

restriction of head motion using a bite-bar for a single subject (MB). The spectra are

averaged over all trials. AP, RL and UD motion were reduced approximately by factors

of 5, 15 and 5 respectively, while Yaw, Pitch and Roll motion were reduced

approximately by factors of 10, 0 and 10.

Though the influence of walking speed on perceived optic flow speed was on average

lower during the reduced head motion condition (Table 3), this difference was not

significant (P > 0.05). When comparing the amount of head motion between the

conditions, the head was not held completely rigid, but motion in all axes of freedom

except for pitch was reduced by a factor of between 5 and 15 (see Figure 33). If the
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postulated mechanism were to predominantly work via pitch motion then little or no

difference would be expected. However, this seems unlikely given that Probst et al.

(1986) found significant effects on visual motion detection thresholds using yaw

motion. Also, rotations of the head in pitch and yaw have a similar influence on the

retinal image, and so they would be expected to have a similar influence on visual

motion perception. The mechanism leading to reduced visual speed perception while

walking cannot therefore be attributed principally to the vestibular system.

Unrestricted Head Motion Restricted Head Motion
Subject Intercept Slope R2 Intercept Slope R2

AT 1.15 -0.47 0.72 1.02 -0.50 0.67
DC 0.97 -0.10 0.01 0.85 -0.01 0.00
HG 1.36 -0.81 0.64 0.85 -0.02 0.00
MB 1.46 -1.02 0.57 1.79 -0.60 0.34
MC 1.65 -1.49 0.65 1.35 -0.32 0.09
NW 0.82 -0.34 0.36 0.92 -0.35 0.18
PB 0.80 0.47 0.34 0.82 -0.07 0.02

Mean 1.17 -0.54 1.09 -0.27
s.e.m. 0.13 0.26 0.15 0.10

Table 3: Comparison of the arthrovisual effect with restricted and unrestricted head

motion. A Lilliefors test showed that the data was normally distributed so the means

were compared using a paired T-test (2-tailed). The magnitudes of the slopes were not

significantly different (P > 0.05).

Motorised versus Self-Powered Walking

To determine the influence of the slightly 'unnatural' walking during the previous

experiments, the strength of the arthrovisual effect was compared during this 'unnatural'

walking and the more 'natural' walking occurring during powered treadmill walking.

Due to the difficulties involved in this experiment, only a single subject (AT) was

tested, and not when standing still during the comparison phase (no points along the y-

axis), and the results of this comparison are shown in Figure 34. The slopes of best fit

for the two conditions are 0.38 ± 0.06 (mean ± s.e.m.) for Self-powered Walking and

0.51 ± 0.07 for the Motorised Walking, these values are significantly different (two-

tailed t-test; P < 0.05), indicating  a stronger effect during 'natural' walking. This would

be plausible, as there are fewer contra-indicators to movement in this condition as the

hands are not in contact with a stationary object.
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Figure 34: Comparison of the arthrovisual effect during motorised and self-powered

walking. As data from the same subject (AT) was used for both plots, walking speed in

both is normalised by the mean 'Very Fast' speed during the self-powered condition.

The slopes of best fit are 0.38 ± 0.05 (mean ± s.e.m.) for Self-powered Walking and 0.51

± 0.07 for the Motorised Walking, while the intercepts are 1.02 and 0.82 respectively.

As these conditions were conducted as type 2 trials, the slopes are positive, which

indicates a reduced perceived visual speed at higher walking speeds.

Other Variations

Timing Perception Investigation

As discussed in the Introduction, there exists the possibility that walking affects not

visual speed per se but rather timing, which could theoretically influence speed as one

of its constructs. The strength of the influence of walking speed on visual speed

perception compared to its influence on temporal frequency perception (see Table 4).

The strengths of the influence of walking speed on temporal frequency perception were

not normally distributed (Lilliefors test, P < 0.05) thus comparisons involving these two

conditions are made using non-parametric tests. An initial comparison of the slopes for

the two conditions suggests no difference using a Wilcoxon signed rank test (P > 0.05).

This test is, in effect, telling us that the changes in the slope from one condition to the

other are not always in the same direction. However, we can test the slightly less

stringent condition that in moving from the expanding to the flashing tunnel, the

influence of walking speed is reduced (i.e. the slopes becomes closer to zero). Thus,

comparing the absolute slopes (again using a Wilcoxon signed rank test) reveals a

significant difference (P < 0.05), i.e. the effect of walking speed is greater on the

perception of visual motion than on timing perception. This suggests that changes in the
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perception of visual motion could not occur solely as a consequence of changes in

timing perception.

Expanding Tunnel Flashing Tunnel
Subject Intercept Slope R2 Intercept Slope R2

DB 0.80 -0.46 0.45 1.04 -0.14 0.19
KH 1.13 -1.19 0.75 1.01 -0.20 0.25
PW 0.94 -0.19 0.10 0.91 -0.12 0.14
RS 0.98 -0.34 0.25 0.91 -0.02 0.01
SD 0.91 -0.29 0.26 0.84 -0.01 0.00
DT 0.83 0.08 0.02 1.01 -0.21 0.06
EB 0.98 0.04 0.01 0.91 0.03 0.01
GT 0.63 0.36 0.24 0.36 0.13 0.15
JT 0.89 0.08 0.02 0.92 0.03 0.02

MB 1.78 -0.66 0.24 1.42 -0.74 0.48
MO 1.54 -0.71 0.34 1.08 0.13 0.02
MP 0.84 -0.09 0.02 0.82 0.00 0.00
RT 0.91 -0.01 0.00 0.89 0.06 0.01
TO 0.82 0.32 0.28 0.97 -0.04 0.01
AP 1.21 -0.36 0.44 0.97 0.03 0.06
AT 1.10 -0.43 0.64 0.95 -0.14 0.29
BW 0.99 -0.25 0.30 1.00 -0.03 0.01
CJ 0.98 -0.07 0.02 0.96 -0.06 0.11
JN 1.03 -0.24 0.18 0.98 0.00 0.00
LH 0.58 0.60 0.30 0.97 -0.06 0.00

Median 0.96 -0.21 0.96 -0.03
s.e.m 0.06 0.09 0.04 0.04

Table 4: Comparison of the influence of walking on the perception of optic flow speed

and flashing frequency. The five subjects initialled in bold were tested with the visual

display at a resolution of 1024 x 768 and refresh frequency of 35Hz, the remainder

being tested at 1280 x 1024 and 30Hz, the results from both resolutions were combined

for analysis. The absolute slopes of the lines of best fit for the expanding and flashing

tunnels were 0.34 ± 0.07 (mean ± s.e.m.) and 0.11 ± 0.04 respectively, these values

were significantly different (paired two-tailed t-test, P < 0.05).

Extension to other Motor Activities

To determine the types of motor activity than can affect the perception of optic flow

speed, subjects' visual motion perception was tested using the following four different

motor activities under otherwise identical conditions, and the results are shown in Table

5:



93

Walking Cycling Arm Pedalling Finger Tapping
Subject Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

AB 1.05 -0.02 0.00 0.94 0.05 0.02 0.79 0.31 0.31 0.96 0.13 0.05
AC -0.76 0.04 0.03 -0.75 0.22 0.52 -0.71 0.21 0.60 -0.84 0.14 0.71
BD 0.76 -0.16 0.09 0.77 -0.09 0.03 0.84 -0.17 0.08 1.10 -0.02 0.00

BKW 1.16 -0.81 0.63 1.07 -0.71 0.49 0.94 -0.20 0.06 0.72 -0.03 0.00
CH 1.03 -0.03 0.00 0.91 0.32 0.21 0.97 0.02 0.00 0.94 0.01 0.00
DS 0.89 -0.02 0.00 1.07 0.09 0.01 0.89 0.07 0.02 1.50 -0.29 0.12
EB 0.95 -0.11 0.02 1.08 -0.22 0.18 0.57 0.26 0.09 0.92 0.16 0.07
EJ -0.64 -0.05 0.03 -0.64 -0.07 0.06 -0.45 -0.31 0.28 -0.68 0.01 0.00
EM 0.91 -0.47 0.42 0.84 -0.24 0.30 0.86 -0.09 0.07 1.02 -0.14 0.07
EW 1.11 -0.37 0.35 1.04 -0.27 0.47 0.93 -0.26 0.28 0.87 -0.01 0.00
HP 1.05 -0.23 0.25 1.08 -0.37 0.46 1.08 -0.15 0.13 1.11 0.13 0.12
JG 0.93 -0.48 0.29 0.88 -0.20 0.24 0.77 -0.19 0.17 0.82 0.06 0.02
KL 1.08 -0.12 0.04 0.98 -0.12 0.13 1.45 -0.57 0.35 0.90 -0.12 0.07
KR 1.12 -0.08 0.03 0.97 0.16 0.10 1.15 -0.03 0.01 0.95 0.11 0.05
LO 1.41 -0.56 0.22 0.93 -0.26 0.09 0.92 -0.05 0.01 1.25 -0.49 0.25

MDB 1.00 -0.10 0.08 0.91 -0.02 0.00 1.13 -0.06 0.01 0.96 0.02 0.00
MN 0.86 -0.34 0.35 0.91 -0.21 0.27 1.03 -0.51 0.49 0.85 0.11 0.05
MH 1.52 -1.04 0.67 1.08 -0.57 0.78 0.95 -0.29 0.14 1.11 -0.20 0.18
PM 0.82 0.69 0.41 0.80 0.34 0.20 0.57 0.39 0.17 0.79 0.27 0.15
PL 0.95 -0.01 0.00 0.95 -0.03 0.02 0.78 0.03 0.01 0.96 0.12 0.10
RB 1.25 0.15 0.03 0.94 0.15 0.13 0.92 0.10 0.09 1.06 0.16 0.07
SM 0.96 -0.19 0.20 1.02 -0.14 0.18 0.91 -0.01 0.00 1.02 0.04 0.02
SS 0.91 0.54 0.32 0.96 0.21 0.17 1.53 0.17 0.01 0.99 0.08 0.03
TR 0.94 -0.27 0.45 0.91 -0.12 0.12 1.10 0.21 0.08 0.92 -0.05 0.02

Mean 1.03 -0.18 0.96 -0.10 0.96 -0.05 0.99 0.00
s.e.m 0.04 0.08 0.02 0.06 0.05 0.05 0.04 0.04

Table 5: Slopes of perceived optic flow speed plotted against motor activity speed. Two subjects (AC and EJ) are greyed above as they were removed

from analysis due to being unable to match optic flow speeds when standing still (see Figure 29).
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• Walking is the most natural of the activities considered here and as such is predicted to

have the greatest influence on visual speed perception.

• Cycling is a more ‘indirect’ activity than walking, in that there is not a one to one

relationship between the speed achieved and either cadence or effort; cadence was used

for comparability with other activities.

• Arm pedalling was conducted in the same manner as cycling and therefore the same

considerations apply.

• Finger tapping has no inherent speed, as it is completely non-locomotor, so must be

measured as a frequency of action.
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Figure 35: Comparison of plotting the perceived speed of optic flow versus walking speed or

versus stride frequency for a single subject (BKW). Line of best fit measured using walking

speed: NOFS = 1.16 - 0.81 × NWV, R2 = 0.63 Line of best fit measured using stride

frequency: NOFS = 1.09 - 0.58 × NSF, R2 = 0.44

As walking may be measured as a translational or a cyclical process (see Figure 23), either

walking velocity or stride frequency may be used to measure the activity speed a comparison

was made to determine the best measure to use. Both walking velocity and stride frequency

were distributed normally (Lilliefors test, P > 0.05), and no significant differences (paired

two-tailed t-test, P > 0.05) were found between these measures in terms of their influence on

optic flow speed perception (see Figure 35 for data from a single subject). Therefore, for the

purposes of comparison with the other experiments, walking velocity was used as a measure

of activity speed.
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Figure 36: Comparison of matched optic flow speed during different motor activities for a

single subject (BKW), for all subjects, see Appendix C. Line of best fit during Walking: NOFS

= 1.16 - 0.81 × NWV, R2 = 0.63 and P < 0.05 Line of best fit during Cycling: NOFS = 1.07 -

0.71 × NWV, R2 = 0.49 and P < 0.05 Line of best fit during Arm Pedalling: NOFS = 0.94 -

0.20 × NWV, R2 = 0.06 and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.72 -

0.03 × NWV, R2  0.00 and P > 0.05

Differences in the natural rates of each type of action were removed by normalising to the

mean of the fastest rates at which each subject performed. The comparison between the motor

activities showed a trend from Walking through Cycling and Arm Pedalling to Finger

Tapping in the strength of the influence of the motor activity on optic flow speed perception

(see Figure 36 for a single subject and Figure 37 for the group summary). The effect strengths

for each activity were shown to be normally distributed using the Lilliefors test (P > 0.05)

therefore parametric statistics are used for comparisons. A 2-way anova with subject and

activity as the factors shows that the effect strengths for the activities are significantly

different (P < 0.05). As the relative influences of the activities on visual motion perception is

relatively well defined, one-tailed tests are used to compare the activities. The effect strength
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for Walking was significantly different from zero (t-test, P < 0.05), and was also significantly

greater than for Cycling, Arm Pedalling  or Finger Tapping (paired t-test, P < 0.05). The

effect strength for Cycling was significantly different from zero (t-test, P < 0.05), and was

also significantly greater than for Finger Tapping (paired t-test, P < 0.05). These results

confirm that the effect strengths are in the following order: Walking > Cycling > Arm

Pedalling > Finger Tapping = 0.
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Figure 37: Intersubject histograms of the strength of the arthrovisual effect (measured using

slope) across motor activities. Blue = Walking, yellow = Cycling, green = Arm Pedalling, red

= Finger Tapping. Histogram bins are 0.15 units wide, eother side of the bin centred at 0.0

Although there is considerable overlap, it can be seen that the spread of slopes during

walking is more negative (i.e. stronger effect) than that for Finger Tapping, with the other two

conditions in between.

Walking Direction

Three subjects were used to compare walking forwards and backwards on perceived optic

flow speed. This investigation was conducted with the modified order of events referred to as

type 2 trials, in which subjects were stationary during the target presentation and walking

during the matching presentations (see Methods). As walking speed increased it reduced the

perceived optic flow speed of the concurrently viewed scene (now the matching scene)

therefore the matched optic flow speeds are now higher than the target speed (see Figure 38).

Best-fit slopes were of opposite sign, but otherwise similar to those found previously (see
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Table 6). During backward walking the more negative the walking speed, the greater the

matched optic flow speed, producing a line of best fit similar to that for forward walking but

mirrored in the Y axis. This suggests that walking speed but not direction influences the

processing of optic flow speed.

-1 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

2.5

Figure 38: Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV) showing the influence of walking direction on the arthrovisual effect in a single

subject (RH). Line of best fit during backwards walking: NOFS = 0.80 - 0.76 × NWV, R2 =

0.30 and P < 0.05 Line of best fit during forwards walking: NOFS = 0.81 + 1.06 × NWV, R2

= 0.68 and P < 0.05

Backwards ForwardsSubject
Slope P Slope P

AP -0.70 0.163 0.55 0.055
AT -0.18 0.018 0.32 1.69 × 10-9

RH -0.76 0.002 1.06 9.11 × 10-16

Table 6: Summary of the influence of walking direction on the arthrovisual effect across all

three subjects.

Extension to Other Optic flow Patterns

To determine the types of optic flow pattern influenced by walking speed, subjects' visual

motion perception was tested for each of four different optic flow patterns under otherwise

identical conditions (see Table 7). The effect strengths for each pattern were shown to be
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normally distributed using the Lilliefors test (P > 0.05), therefore parametric statistics are

used for comparisons. A two-way anova with subject and pattern as the factors shows that the

effect strengths for the patterns are not significantly different (P > 0.05). However, this test is

for the relatively stringent condition that the changes in the slope from one pattern to the other

are always in the same direction. Testing was performed on the slightly less stringent

condition that the influence of walking speed is reduced (i.e. the magnitude of the slopes

reduce, regardless of sign) for some patterns (e.g. the Cartwheel) relative to others (e.g. the

Expanding Tunnel). Thus, comparing the slope magnitude (using a Friedman non-parametric

two-way ANOVA test as the data is not now normally distributed) also does not reveal a

significant difference (P > 0.05), i.e. the arthrovisual effect is no different between the optic

flow patterns tested.

Investigation of the Reorientation of the Arthrovisual Effect

Six subjects were used to investigate the tuning of the direction of walking relative to the

direction of the axis of vision. The results are summarised in Table 8 and Figure 39. The

effect strengths for each combination of pattern and orientation were shown to be not

normally distributed using the Lilliefors test (P < 0.05), therefore non-parametric statistics are

used for comparisons. As the current hypothesis predicts that the influence of orientation on

the arthrovisual effect will depend heavily on the optic flow pattern used orientation and

pattern were compared separately rather than using a three-way test. The effect strengths

across patterns and orientations were compared separately using Friedman non-parametric

ANOVAs (two-way ANOVAs with either subject and pattern as factors or with subject and

orientation as factors). These analyses did not reveal any significant differences (P > 0.05)

between either the optic flow patterns (confirming the results above) or the orientations.

Again, this test is for the relatively stringent condition that the changes in the slope from one

pattern to the another and one orientation to another are always in the same direction. Testing

was repeated for the slightly less stringent condition that the influence of walking speed is

reduced (i.e. the magnitudes of the slopes reduce, regardless of sign) for some conditions

relative to others. Thus, comparing the absolute slopes (again using Friedman non-parametric

two-way ANOVAs) again does not reveal a significant difference (P > 0.05), i.e. the

arthrovisual effect is no different between the optic flow patterns or the orientations tested.
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Expanding Tunnel Horizontal Grating Vertical Grating Cartwheel
Subject Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

DT 0.83 0.08 0.02 0.88 -0.04 0.00 0.90 0.00 0.00 0.76 0.07 0.03
EB 0.98 0.04 0.01 0.84 -0.01 0.00 0.95 -0.09 0.02 0.80 0.06 0.01
GT 0.63 0.36 0.24 2.40 -0.58 0.16 0.81 0.08 0.01 0.91 -0.11 0.06
MB 1.78 -0.66 0.24 1.52 -0.87 0.35 1.76 -0.96 0.36 1.19 -0.15 0.05
MO 1.54 -0.71 0.34 1.28 -0.66 0.49 1.06 -0.50 0.37 1.18 -0.53 0.46
MP 0.84 -0.09 0.02 0.69 0.10 0.03 0.87 -0.15 0.04 0.82 0.04 0.01
RT 0.91 -0.01 0.00 0.94 0.02 0.00 0.68 0.17 0.07 0.86 -0.17 0.08
TO 0.82 0.32 0.28 1.17 -0.12 0.06 0.94 -0.12 0.10 1.00 -0.01 0.00
AP 1.21 -0.36 0.44 1.38 -0.37 0.49 1.36 0.06 0.02 1.09 0.02 0.01
AT 1.10 -0.43 0.64 0.99 -0.28 0.50 1.06 -0.43 0.68 0.91 -0.07 0.11
BW 0.99 -0.25 0.30 0.85 0.05 0.04 0.98 0.11 0.08 0.99 -0.06 0.05
CJ 0.98 -0.07 0.02 0.93 0.02 0.00 1.04 0.01 0.00 0.89 -0.14 0.19
JN 1.03 -0.24 0.18 1.00 -0.27 0.32 1.04 -0.23 0.16 0.96 0.02 0.00
LH 0.58 0.60 0.30 0.57 0.72 0.28 0.66 0.28 0.04 0.55 0.35 0.15

Mean 1.02 -0.10 1.10 -0.16 1.01 -0.13 0.92 -0.05
s.e.m 0.09 0.10 0.13 0.11 0.08 0.09 0.05 0.05

Table 7: Slopes of perceived optic flow speeds for each pattern plotted against walking speed. There is neither a trend of effect strength from

Expanding Tunnel > Horizontal Grating > Vertical Grating > Cartwheel as measured by slope nor as measured by absolute slope.
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Expanding Tunnel Horizontal Grating Vertical Grating Cartwheel
Mid-Line Subject Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

AP 1.21 -0.36 0.44 1.38 -0.37 0.49 1.36 0.06 0.02 1.09 0.02 0.01
AT 1.10 -0.43 0.64 0.99 -0.28 0.50 1.06 -0.43 0.68 0.91 -0.07 0.11
BX 0.99 -0.25 0.30 0.85 0.05 0.04 0.98 0.11 0.08 0.99 -0.06 0.05
CJ 0.98 -0.07 0.02 0.93 0.02 0.00 1.04 0.01 0.00 0.89 -0.14 0.19
JN 1.03 -0.24 0.18 1.00 -0.27 0.32 1.04 -0.23 0.16 0.96 0.02 0.00
LH 0.58 0.60 0.30 0.57 0.72 0.28 0.66 0.28 0.04 0.55 0.35 0.15

Mean 0.98 -0.13 0.95 -0.02 1.02 -0.03 0.90 0.02
s.e.m 0.10 0.17 0.12 0.18 0.10 0.11 0.08 0.08

Mid-Right Subject Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

AP 1.09 -0.23 0.22 1.45 -0.33 0.31 1.36 -0.13 0.04 0.97 0.02 0.01
AT 1.10 -0.36 0.60 1.18 -0.47 0.63 1.02 -0.25 0.42 0.98 -0.07 0.08
BX 0.94 -0.33 0.29 0.59 0.30 0.21 0.86 -0.19 0.11 0.80 -0.05 0.02
CJ 0.94 -0.04 0.01 1.01 -0.13 0.17 0.89 0.02 0.00 0.99 -0.28 0.47
JN 1.06 -0.32 0.31 0.97 0.02 0.00 1.01 -0.14 0.03 1.01 -0.11 0.05
LH 0.84 0.19 0.06 0.98 0.04 0.00 0.80 0.19 0.06 1.01 -0.27 0.17

Mean 0.99 -0.18 1.03 -0.10 0.99 -0.08 0.96 -0.13
s.e.m 0.05 0.10 0.13 0.12 0.09 0.07 0.04 0.05

Full-Right Subject Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

AP 0.96 -0.38 0.64 1.39 -0.25 0.24 1.36 -0.19 0.06 0.95 -0.07 0.06
AT 1.11 -0.03 0.01 0.95 -0.02 0.00 1.14 -0.42 0.62 1.04 -0.15 0.33
BX 0.97 0.15 0.14 0.85 0.04 0.01 0.95 0.04 0.01 0.98 -0.03 0.02
CJ 1.03 -0.13 0.04 1.05 -0.01 0.00 0.94 -0.11 0.09 0.86 -0.03 0.01
JN 1.22 -0.35 0.36 1.37 -0.64 0.56 1.12 -0.26 0.23 0.97 -0.21 0.23
LH 0.67 0.40 0.22 1.00 0.06 0.00 0.75 0.25 0.13 0.90 -0.03 0.00

Mean 0.99 -0.06 1.10 -0.14 1.04 -0.11 0.95 -0.09
s.e.m 0.08 0.13 0.10 0.12 0.09 0.10 0.03 0.03

Table 8: Slopes of perceived optic flow speed plotted against walking speed during rotations of the visual display. This data is summarised graphically

in Figure 39.
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Figure 39: Intersubject means (± s.e.m.) of the strength of the arthrovisual effect during

reorientation of the visual display. As the direction of walking and the direction of

visual motion become more aligned (0o for the Moving Tunnel, 90o for the Vertical

Grating) the influence of walking on the perceived speed of the optic flow pattern

becomes more pronounced. See main text for other conditions.

Investigation of a Hemianopic Subject

In order to narrow down the neural location of the arthrovisual effect, a hemianopic

subject GY was tested with the visual stimulus confined to either the sighted or

blindsighted hemifields. GY reported a sensation of movement when the Moving

Tunnel was presented in his blind hemifield, though he maintained that there was no

conscious sensation of vision, in accordance with descriptions of his residual vision

(Barbur et al. 1980). He showed a strong arthrovisual effect (see Figure 40) when

viewing both the target and test scenes with his intact visual hemifield giving a linear

best-fit intercept of 1.02 and a slope of -0.77 ± 0.08 (mean ± s.e.m.). GY was then tested

viewing the target scene with his blind hemifield but viewing of the test scene with his

intact hemifield, the linear line of best fit having intercepts of 0.89 and a slope of –0.70
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± 0.10. The magnitude of the slope is slightly higher when viewing with the intact

hemifield, however, there was no significant difference between the linear best-fit

slopes (P > 0.05).

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

blindsight hemifield
sighted hemifield

Figure 40: Comparison of the strength of the arthrovisual effect in the sighted and

blindsighted hemifields of the hemianopic subject GY. Normalised optic flow speed

(NOFS) is plotted against normalised walking velocity (NWV). Line of best fit with the

target shown to the sighted hemifield: NOFS = 1.02 - 0.77 × NWV, R2  0.85 Line of best

fit with the target shown to the blindsight hemifield: NOFS = 0.89 - 0.70 × NWV, R2

0.58 The slopes of these lines of best fit are not significantly different at the P = 0.05

level.

Specification of Spatial Scale

The arthrovisual effect is predicted to remove exactly that quantity of visual motion that

would, in overground walking, be due to each particular walking speed. By specifying

the visual scale more accurately this hypothesis becomes testable. All five subjects

tested in this experiment were shown to have a strong, reliable reduction in perceived

tunnel expansion speed during walking (see Extension to Other Optic flow Patterns).

However, whilst one subject (AP) maintained a strong influence of walking speed on
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perceived tunnel speed across the new conditions, for the remainder there seemed to be

no consistent effect and a large variability between conditions (see Table 9). As there

was neither a robust arthrovisual effect, nor an apparent trend in the differences between

the conditions, no further statistical analysis was performed on this data.

No Scale Stereo
Subject Intercept Slope R2 Intercept Slope R2

AP 0.95 -0.34 0.57 1.01 -0.30 0.57
AT 1.15 -0.20 0.21 1.14 -0.29 0.25
BW 0.87 -0.05 0.02 0.91 0.14 0.08
CJ 0.89 0.00 0.00
JN 1.15 0.08 0.06 1.03 -0.02 0.00

Mean 1.00 -0.10 1.02 -0.12
s.e.m 0.07 0.08 0.05 0.13

Parallax Both
Subject Intercept Slope R2 Intercept Slope R2

AP 0.96 -0.26 0.13
AT 1.21 -0.06 0.01
BW 0.93 0.11 0.06
CJ 0.98 -0.06 0.02 0.93 -0.10 0.05
JN 1.07 0.05 0.01

Mean 0.98 -0.06 1.02 -0.05
s.e.m 0.06 0.07

Table 9: Comparison of the strength of the arthrovisual effect across different methods

of specification of the spatial scale. Each subject participated in three conditions: with

no supplied scale, with a single scale cue and with both scale cues. When tested, subject

CJ did not have stereoscopic vision and so was supplied with parallax rather than

stereo images for the single cue condition.

Discussion

The results from subjects standing still during both the target and matching parts of each

trial show that subjects were well able to make comparisons between two optic flow

speeds. This is not new, but it forms the foundation upon which this chapter rests.

The Arthrovisual Effect

Subjects matched a constant optic flow velocity lower during faster walking than slower

walking, indicating that walking faster made the optic flow look slower, and did so

consistently across subjects (Figure 31). The display was monocular, and contained no

familiar objects with an inherent scale, however a possible cue for scale is the

symmetrical vertical structure of the tunnel: as the fixation-point at mid-height is level
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with the subjects' eyes, the tunnel must be twice this height. However, this cue was

subjectively weak, allowing subjects to interpret the scene alternatively as large, far

away and moving quickly or small, close and moving more slowly (or perhaps

something in between). Without robust depth cues, it cannot be determined whether the

reduction in perceived optic flow velocity is by an amount that would accurately

compensate for the speed of walking. At the same time, however, the results are

consistent with an hypothesis of perceptual constancy: that the visual system uses

arthrokinetic signals from the legs during walking to modulate the perceived velocity of

optic flow so as to establish the absolute velocity of objects in space.

From Figure 31 it can be seen that there is a good deal of inter-subject variation in the

strength and indeed the presence of this effect. Some of this variation is undoubtedly

due to the experimental methods used, but at the same time it is unlikely, given the

spread of results, that all subjects are using arthrokinetic signals in visual processing at

all. A parallel may be draw here with stereoscopic vision, where despite its obvious

benefits, there remain many people who do not use the information from both eyes to

the fullest extent (e.g. subject CJ). In a similar vein, there are likely to be factors in

childhood that promote or inhibit the development of the underlying mechanisms that

result in the arthrovisual effect. It would certainly be interesting to investigate this

possibility further, probably by means of a questionnaire.

Neurones in primate dorsal medial superior temporal (MSTd) area have a number of

suitable properties for implementing the proposed visual constancy mechanism for self-

motion. Most MSTd neurones have large receptive fields and are tuned to a continuum

of first-order optic flow motions (Graziano et al. 1994), making them ideal candidates

for selecting self-motion from a complex motion stimulus. Many MSTd neurones,

unlike MT neurones, also respond selectively to externally induced visual motion but

not to motion induced by eye movements (Erickson and Their, 1991 and Bradley et al.

1996) or head rotations (Shenoy et al. 1999). Vestibular stimulation by linear whole-

body movements also influences the direction selectivity of MST neurones in a manner

that may disambiguate self- and object-motion (Duffy, 1998; Bremmer et al. 1999).

Signals of self-motion for MST neurones may arrive from the vestibular nucleus, a

multi-sensory area whose neurones appear to encode self-motion whether derived from

the vestibular apparatus (e.g. Daunton and Thomsen, 1979) or visually from large field

motion causing vection (Dichgans and Brandt, 1972). Proprioceptive signals of neck
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motion also play an important part in shaping the output of vestibular neurones

(Gdowski and McCrea, 2000), whilst electrical stimulation of nerves in the limbs has

been shown to affect the activity of vestibular nucleus neurones (Jian et al. 2002). The

latter findings suggest that limb proprioceptive signals may be incorporated into signals

of self-motion encoded by the vestibular nuclei, though this has not yet been confirmed

electrophysiologically.

The current study provides a possible mechanism for findings that the strength of the

MAe is greatly reduced when the adapting stimulus is viewed concurrently with stimuli

indicating self-motion. If the MAe results from activity in the same neurones as are

responsible for perception of the adapting motion, as shown by Tootell et al. (1995),

then a mechanism that influences the perception of visual motion will also influence the

MAe. In the motion after-effect study of Pelah and Boddy (1998), it is possible that a

reduction in perceived speed while walking resulted in less adaptation and therefore a

weaker after-effect, compared to that perceived during standing. This would parallel the

reduced motion after-effect reported when adaptation took place during passive

vestibular stimulation (Harris et al. 1981), which may be explained similarly by a

reduction in the perceived speed of visual motion during passive linear acceleration

(Pavard and Berthoz, 1977).

Control Variations

Trial Order Reversal

Comparison between subjects’ matching during type 1 and type 2 trials revealed no

difference in the size of the effect, but a reversal of its direction. This shows that

walking does not 'distract' subjects from remembering the visual speed or making a

proper match to the remembered speed. It is consistent with signals of walking speed

reducing perceived optic flow speed only during walking, as part of a mechanism of

perceptual constancy, but not as an after-effect (since in type 2 trials matching occurs

during walking not after).

Attentional Control

A concurrent attentional task did not alter effect strength. Indeed, if attentional

limitations were causing the effect then narrowing the cognitive bottleneck would be

expected to heighten its influence not reduce it. The attentional task used in the current

study has limitations in that a numerical task may be expected to interfere with spatial
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processing relatively little (Wickens, 1980). A possible improvement for future studies

would be to use a more spatial task such as navigating around an imaginary grid.

Head Motion Control

Examining the head-stabilised data suggested that vestibular signals are not primarily

responsible for the described effect, however the lack of head stabilisation in pitch

renders this statement relatively uncertain. The slight reduction, however, could also be

explained within the proposed context, as head oscillations are a normal component of

walking and may combine with the complex of proprioceptive signals in judging

walking speed.

Motorised versus Self-Powered Walking

The comparison of motorised versus self-powered walking showed that the style of

walking was not responsible for the arthrovisual effect, indeed the effect was stronger

during the more 'natural' electrically powered condition than in the self-powered

condition.

Other Variations

Timing Perception Investigation

In the current study, no subject reported any change in apparent dimensions of the

tunnel with walking speed; therefore the ‘time-space construct’ mechanism would

require changes in time perception alone. There was no significant effect of walking

velocity on timing perception (see Table 4), suggesting that the influence of walking

speed on optic flow perception does not occur via changes to a time-distance construct.

Indeed, perception of velocity at higher walking speeds is such that the tunnel actually

appears stationary to some subjects, suggesting that velocity and position are quite

separable, a finding which is difficult to reconcile with a ‘time-distance construct’

mechanism.

Extension to other Motor Activities

Comparison of the intersubject mean arthrovisual effect strengths revealed a steady

reduction in effect strength as the activity became less similar to natural locomotion,

with Finger Tapping having no significant influence on visual perception. Cycling

utilises much of the same musculature as walking, but with a different co-ordination

pattern, and even for experienced cyclists there would be no direct relationship between

cadence and translational speed. Arm Pedalling utilises different muscles to those used
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in cycling, though with a broadly similar cyclical action. The most important similarity

here is likely to be that between Arm Pedalling and the swinging of the arms that

naturally accompanies walking. The reader can demonstrate for themselves the

importance of arm movements during walking by attempting to lock his arms to his

body while walking, this is both awkward and feels unnatural. Another similarity could

be between Arm Pedalling and our time as infants during which we crawl around on all

fours, even though crawling infants are not renowned for their high rates of optic flow!

Finger Tapping utilises none of the same muscles as natural locomotion and it is hard to

envisage that it has any correlation with self-motion, and still less with providing

locomotive force. This steady decline in effect strength, from locomotor-similar to

locomotor-dissimilar movements, supports the hypothesis (Thurrell et al. 1998) that

signals of limb movement are influencing visual motion perception via a mechanism,

the normal purpose of which is to remove those optic flow components that occur

during, and as a consequence of, natural locomotion.

Walking Direction

The hypothesis of Thurrell et al. (1998) would also predict that during backward

walking this same mechanism would again act to remove those components of optic

flow resulting from translation of the eyes, resulting in an overestimation of optic flow

speed during faster backward walking. A more precise prediction would be that data

points collected during backward walking would lie along an extension to the line of

best fit through data points obtained during standing still and forward walking. The

results, however, indicate that backward walking has the same effect as forward

walking, i.e. faster backward walking also reduces the perceived speed of optic flow,

and this does not directly fit the hypothesis. Two modifications to the hypothesised

mechanism can, however, explain all the results. 1) The simplest is that the direction of

locomotion is ignored, perhaps as a consequence of the rarity of backward walking. 2)

Backward walking is normally accompanied by contracting, not expanding, optic flow.

If the hypothesised mechanism was the result of learning, backward walking may

influence only contracting optic flow in the manner predicted. If at the same time,

backward walking activated the mechanism due to its similarities to forward walking

(much as the cycling action does), it would decrease the perceived optic flow speed.

This finding does, however, suggest that it is not the subject's intention or expectation of

the outcome of the action that alters perception, but rather the signals of limb

movement, e.g. proprioceptive signals, themselves.
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Extension to Other Optic flow Patterns

Comparison of the intersubject mean arthrovisual effect strengths did not reveal any

significant differences, such as the hypothesised reduction in effect strength as the optic

flow pattern became less similar to that experienced during natural locomotion. It may

well be that this is the case, however, it would be inconsistent with other studies

investigating the processing of different optic flow patterns (Stoffregen, 1985). A more

detailed study with more subjects is required to provide a concrete answer to this

question. It would also be interesting to determine the influence of walking speed on

some of the complementary flow types to those investigated here, namely a Contracting

Tunnel and upward drifting Horizontal Grating.

Investigation of Reorientation of the Arthrovisual Effect

The hypothesis of Thurrell et al. (1998) predicted that as the direction of self-motion, as

indicated by signals of walking, became less closely aligned with the direction of visual

motion, then the strength of the arthrovisual effect would decrease. Comparison of the

intersubject mean arthrovisual effect strengths did not reveal any significant differences

between orientations for any optic flow pattern. Again, this may well be the case,

however, given the small number of subjects and that it would be inconsistent with

other studies investigating the processing of optic flow patterns and signals of self-

motion in different directions (Wolsley et al. 1996b; Duffy, 1998), this conclusion

should be treated with caution. A more detailed study containing more subjects is

required to confirm or refute these findings. If a significant influence of orientation can

be found using more subjects, then investigating the interaction between orientation and

optic flow pattern for some of the complementary flow types to those investigated here,

namely a Contracting Tunnel, an upward drifting Horizontal Grating and a clockwise

Cartwheel would further test predications of the proposed arthrovisual mechanism.

Investigation of a Hemianopic Subject

In GY's blind hemifield, those visual signals that would normally travel via area V1 are

unavailable, GY's remaining abilities in this hemifield, i.e. his residual vision, must

therefore depend on alternative pathways. The residual vision demonstrated here, the

ability to sense and compare the velocity of moving stimuli, is thought to occur in area

MT, using visual signals from the superior colliculus via the inferior pulvinar nucleus

(see Rodman et al. 1990). GY's ability to make repeatable velocity comparisons

between the blind and intact hemifields is consistent with use of these remaining
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pathways. V1 must not be required for the arthrovisual effect occurs in GY's blind

hemifield as it occurs with a strength comparable to that in the intact hemifield, i.e.

signals travelling via the pulvinar and superior colliculus are sufficient. MSTd is

directly above area MT in the visual processing hierarchy and has a number of other

demonstrable properties that would make it suitable for combining walking and optic

flow signals: many MSTd neurones, unlike MT neurones, respond selectively to

externally induced visual motion but not to motion induced by eye movements

(Erickson and Thier, 1991) or head rotations (Shenoy et al. 1999). Vestibular

stimulation by linear whole-body movements also influences the direction selectivity of

MST neurones in a manner that may disambiguate self- and object-motion (Duffy,

1998; Bremmer et al. 1999).

Signals of eye motion (whether this is eye-in-head motion or locomotion of the whole

body) must interact with retinal signals to compensate for those eye movements either

early or late in visual processing (van den Berg and Beintema 1997). In the former,

compensation for eye movements occurs before local velocity signals are combined into

signals of global flow, whereas in the latter, signals of global flow are created first and

these are then matched to altered templates to result in compensated global signals of

optic flow. In the first possibility, the same compensation must occur (in the intact

hemifield) in two pathways: in the geniculo-striate pathway and in the tecto-fugal

pathway. In the second possibility, the compensation need only occur in one place

(probably in MSTd), and this must be considered the more likely scenario.

Specification of Spatial Scale

Contrary to their previous performances (see Table 7) four of the five subjects showed

no significant reduction in perceived tunnel speed during walking in any condition, and

for the remaining subject the effect was weaker than during previous experiments (see

Table 7). Subject CJ displayed poor stereoscopic vision, and though he commented that

he did not perceive the tunnel as three-dimensional, his results were comparable to those

of the other subjects. Certainly none of the subjects displayed an effect resulting in a

slope of -1 between the perceived tunnel speed and walking speed, i.e. true perceptual

constancy, as was predicted. This disappearance of the effect does not seem to be due to

the presence or absence of either stereopsis or parallax as there is no apparent difference

between the conditions, though the small number of subjects would make such a

difference difficult to see. Possible reasons for the lack of an effect could be the strain
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on the subjects of maintaining a three-dimensional percept of the stimulus in the virtual

reality environment. Factors such as accommodative mismatch from the close screen

distance, time lag between subject motion and screen updating, and the simplified

nature of the stimulus itself (its reduced visual angle and it only being two or three

squares instead of 12 or 13). With technical refinements, most of these problems may be

overcome and the prediction of a reduction in perceived tunnel speed equal to the

walking speed may be tested. However, the last possibility, that the altered 'tunnel'

structure, consisting of only two or three concentric squares at any one time, should be

investigated further. With the reduced number of tunnel components, signals of the

displacement of individual components become stronger relative to signals of velocity.

If walking does not influence these displacement signals as it does signals of motion,

this could explain the lack of an effect here. With a more advanced three-dimensional

stimulus and/or alternative stimuli that produce strong displacement signals, it should be

possible to test these two possibilities.

Conclusions

We present experimental results, based on a new 'arthrovisual' effect, that reveal an

important mechanism used by the visual system to maintain perceptual constancy

during self-motion. This is achieved by the modulation of visual motion signals, at a

level no lower than area MT though probably in MSTd, by arthrokinetic signals from

the limbs that correlate with self-motion through the environment. This mechanism

forms the end of a chain of signals expressing motion and position of the eyes relative to

the head, to the body and to the ground (see Figure 1), and as such helps to provide a

reference signal of eye motion in space (cf. Wertheim 1994). Within this framework no

single signal is accurate in all situations, so to enable robust determination of eye

movements and hence visual perception, many signals must work in combination such

that when conditions prevent one from providing useful information another may

replace it. The mechanism responsible for the arthrovisual effect therefore works in

parallel with mechanisms incorporating other signals, e.g. from the vestibular apparatus

(Harris et al. 1981; Duffy, 1998). As a consequence of this, there should also be a

general caution when studying vision in isolation, as signals may be interpreted in vastly

different ways depending upon the co-incident information from other modalities.
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Chapter 5: General Conclusions
In this thesis a number of interactions between signals of self-motion were investigated.

Each of these signals is only one of many signals of self-motion used by the human

brain and therefore would normally act in concert with the other signals as shown in

Figure 1. Chapters 2 and 3 described experiments using postural sway as a measure of

the combined self-motion signal after manipulation of its visual or proprioceptive

components. Chapter 4 described investigations on how efference copy and

proprioceptive signals influence visual motion processing, presumably by providing

signals of self-motion.

Relationship Between Cognition and the Reorientation of Signals of

Self-Motion Between the Eyes and Feet

Visual signals of self-motion arise in retino-centric co-ordinates, whereas postural

control presumably acts in body-centric co-ordinates, such that during the visual control

of posture, unless the two are aligned physically, an internal reorientation must occur.

Previous experiments (Wolsley et al. 1996a + b) had shown an accurate reorientation of

this self-motion signal during head and/or eye rotations in a visible, well-structured

environment. A similar reorientation of vestibular signals had been demonstrated by

Nashner and Wolfson (1974) and appeared to be mediated at least partially by cognitive

processes (Gurfinkel et al. 1989). Whether the reorientation as demonstrated by Wolsley

et al. (1996a + b) could still occur without the cognitive cues afforded by a visible

background was unknown, i.e. whether proprioceptive and efference copy signals of

neck position were sufficient for this reorientation. In Chapter 2 this was tested by

replicating the experimental paradigm of Wolsley et al. but altered to remove visual and

cognitive cues. The reorientation of visual cues in postural control was found to be as

good in the current experiment without cognitive knowledge as in the experiment of

Wolsley et al. with cognitive cues. The comparison of the results in Chapter 2 with the

findings of Wolsley et al. may be open to question, as there were a number of

differences between these experiments, such as the size and speed of the rotating disk

used. Due to this, and the minimal data presented in the study of Wolsley et al. it was

not possible to meaningfully compare the resulting sway accuracy's statistically. Also,

the lack of a difference between the two sets of results does not indicate that cognitive
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mechanisms are not used, but rather that non-cognitive mechanisms are sufficient. For

these reasons an alternative test of the use of cognitive cues was used in Chapter 3.

In Chapter 3 all aspects of the stimulus were kept constant at all times and the presence

or absence of vection used as a measure of the presence or absence of self-motion

related cognitive cues. Measurement of the accuracy of the alignment of the sway

direction with the direction of disk motion showed that during periods of vection, i.e.

when cognitive cues are available, sway is more accurately aligned. This suggests that

cognitive cues are useful to the reorientation mechanism(s) involved, even if they need

not always be used. That postural responses may occur before vection is perceived

(Previc and Mullen, 1991; Clément et al. 1983) suggest the presence or absence of

vection may not be a suitable measure of the availability of cognitive mechanisms of

reorientation. Further experiments that should be carried-out to circumvent these

criticisms could involve some of the following: Prolonged head-on-neck and/or eye-in-

head turning prior to the measurement of sway, directly analogous to the experiment of

Gurfinkel et al. (1989), and/or use of a visual stimulus that is less obvious in the

direction of motion induced, such as a virtual cloud of dots where movement en masse

is disguised by additional random motion.

Signals of Self-Motion Influence Visual Perception During Walking

Self-motion, or more specifically motion of the eyes, alters image motion across the

retinae, thus the retinal signal is different from what it would have been without such

concurrent eye motion. The structure of the environment and the motion of the eyes

through the environment directly relate to the changes in the retinal signal. Thus, this

modification of the retinal signal may be used in the Gibsonian sense (1950, 1954,

1966) to reconstruct a signal of eye- and consequently self-motion, such as that used in

the visual control of posture (see Chapters 2 and 3). Alternatively, signals of self-motion

may be used to remove these modifications of the retinal signal; this would be required

for tasks requiring a signal of an object's position or motion in space. A number of non-

visual signals may be used to determine eye- and/or self-motion (e.g. Wertheim, 1994;

Crowell et al. 1998). These may be combined with knowledge of the environmental

structure to discount the visual modifications resulting from the eye-motion. In Chapter

4: A Mechanism to Counter the Influence of Locomotion on Visual Perception, the use

of arthrokinetic signals of self-motion from the limbs to remove these visual alterations
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is investigated. The results suggest, despite much intersubject variation, that

arthrokinetic signals do influence visual processing in a manner consistent with their

forming an extension to the 'reference signal' of Wertheim (1994).

The experimental paradigm involved comparing the perception of visual motion

velocity during walking and standing still using a matching to target task. In order to

complete each experiment in a reasonable time and to reduce the effort required from

each subject the matching was conducted during short bursts of walking. During

overground walking such a brief change in speed would result in concomitant vestibular

stimulation. However, during treadmill walking this linear vestibular acceleration does

not occur (disregarding the cyclical oscillations at the stride frequency), generating an

inconsistency between the vestibular and arthrokinetic signals. Hlavacka et al. (1996)

showed that arthrokinetic information from the legs is only used if the support surface is

perceptually stationary in comparison to vestibular signals. It may be, in the current

experiments, that arthrokinetic signals from the legs are moderated by vestibular signals

in a similar manner. Differences in this comparison, with some subjects using

arthrokinetic signals and some ignoring them, could explain the inter-subject variability

in arthrovisual effect strength. If this is the case, further studies using longer periods of

walking at constant speed on the treadmill before the matching task should result in a

more consistent effect between subjects. Care should be taken in such experiments as

longer periods of walking may result in recalibration of the links between walking and

visual motion, as found by Pelah and Barlow (1996).

Within their limitations, as discussed in Chapter 4, the control variations and the

investigation of different motor activities are consistent with arthrokinetic signals from

the legs forming an extension to the 'reference signal' model of Wertheim (1994). The

investigations of different optic-flow patterns and of the relative orientations of the

walking direction and visual motion probably do not fit the model due to a lack of

subjects, and this lack should be rectified with future studies. The investigation into the

specification of spatial scale did not provide useful values of the effect strength due to

technical reasons. To allow comparison with the walking speed directly, this experiment

should be repeated with a more advanced stimulus. The results from backward walking

do not fit so easily into this framework, as the effect appears to change sign, increasing

the perceived optic-flow speed as walking speed becomes faster. Whether this is

because walking direction information is simply ignored, or because backward walking
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only affects contracting flow remains to be seen. However, either way incorporating this

forms the largest problem for any model which uses arthrokinetic signals as signals of

self-motion. Further work is required to differentiate between all the various

possibilities (which are not necessarily included in this thesis), one possibility would be

to investigate the motion after-effect during backward walking, as it is thought to be a

product of the same mechanism.

Summary

In conclusion, in this thesis results are presented that demonstrate two main

mechanisms: The usefulness of cognitive processing, when available, for the

interpretation of signals of self-motion. The usefulness of arthrokinetic signals from the

limbs (particularly the legs) in modulating visual signals of motion. Both these

mechanisms form parts of the network of signals of self-motion as presented in Figure 1

that are proposed to form a single model of motion of the body and its parts.
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The influence of non-visual signals of walking on the perceived speed of
optic flow

A. E. I. Thurrell, A. Pelah, H. K. Distler*
(Department of Physiology, University of Cambridge, Downing Street, Cambridge, CB2 3EG;

* Max-Planck-Institut fur biologische Kybernetik, Spemannstrasse 38, D 72076 Tubingen,

The main observation
We noted during the course of a different study that the speed of a motion stimulus appeared
slower if one was engaged in the activity of walking. We set out to test this observation and

confirmed it, as reported here.

Results
The results showed an increase in matched visual speed settings with increased walking
speed. This effect did not depend on either the direction of walking or on the direction of the
visual stimulus (see Fig. 3). The strength of the effect was, however, affected by the type of
stimulus used (see Fig. 4); the apparent speed of the flashing tunnel (having no motion
components) remaining unaffected by walking.

Figure 3
Results for subject AT showing the effect of walking speed on matched
optical flow speed settings for the expanding or contracting tunnel, with
either forward or backward walking.

Figure 4
Results for subject AT showing the effect of walking speed on matched
optical flow settings for different stimuli. Target speeds were: tunnel: 3.2
deg/sec at mid hemifield; grating: 3.2 deg/sec at fixation point;
cartwheel: 1/5 revolutions/sec; flashing tunnel: 2Hz.

Figure 5
The strength of the effect for subject AT the expanding tunnel stimulus,
as measured by the slope of the linear best-fit curve of matched optic
flow speed plotted against forward walking velocity for seven target
speeds: 2, 3.5, 5, 6.5, 8, 9.5, and 12 cm/s.

Conclusions
Walking speed affects visual speed perception, such that motion is underestimated progressively as walking speed increases. The mechanism(s)

responsible respond equally to walking in either direction, and likewise make no distinction between opposite stimulus directions. The response is to
motion rather than a space-time construct, as shown by the absence of an effect of walking on the flashing tunnel matches. The strength of the

effect appears to be related to the similarity of the stimulus to true optic flow, i.e. tunnel>grating>cartwheel. The strength of the effect is also
proportional to the target velocity, suggesting a ratiometric alteration of visual perception by activity.

These observations suggest that visual perception is altered by general motor activity, perhaps due to alterations in a central pattern generator. A
mechanism acting in series with a visual filter for optical flow would account for the result.

per se
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Methods
EXPERIMENTAL PROCEDURE - Experiments consisted of ten blocks, each

consisting of nine 10 s trials, with a 5 s blank interval between trials. At the

beginning of each block subjects were shown the stimulus (one of four possible

types, see Fig. 2) at a given target speed, and in the subsequent test trials they

were required to match the speed to the target by adjusting a hand-held knob. The

subject remained standing while viewing the target stimulus. But while making the

settings the subject either stood (control) or walked (forward or backward)

according to written instructions displayed on the screen at the beginning of each

trial: 'very slow,' 'slow,' 'normal,' 'fast,' 'very fast,' 'fast back,' 'slow back' or 'stand.'

Walking speed and visual test speed settings were averaged over the last 5 s of

each trial.

Figure 1
EXPERIMENTAL SET-UP -
The experimental set-up consisted of a large rear-projected image (90
deg x 75 deg) in front of a non-motorised treadmill upon which the
subject could walk at their chosen pace and direction.

Figure 2
VISUAL STIMULI - The stimuli consisted of
an expanding or contracting tunnel;
downward drifting grating; anti-clockwise
cartwheel; or flashing tunnel (not shown).
The flashing tunnel was identical to a static
tunnel with tunnel elements varying in
brightness sinusoidally from zero luminance.
The arrows denote the motion axes of the
stimuli.



Reorientation of a visually evoked postural response does not require cognitive
knowledge of display relative angular position

A E I Thurrell, P Bertholon, A M Bronstein
MRC Human Movement and Balance Unit, 8-11 Queen Square, London, WC1N 3BG

y = 0.8385x - 3.8399
R2 = 0.8952

-180

-90

0

90

180

-180 -90 0 90 180

Fig. 4 Direction of sway in degrees from centre plotted against visual stimulus motion for onset
(left) and offset (right) conditions.
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Results

Data from individual subjects (Fig. 1) were combined into groups of matching start or end positions and normalised to
show the change in sway position induced by visual stimulus rotation onset or offset respectively (Fig. 2). The
directions of the visually evoked postural sway response at the start and the relaxation back to centre are compared
graphically with the orientation of the visual stimulus (Fig. 3). These direction vectors converted to degrees can then
be compared statistically (Fig. 4) revealing an average gain of reorientation from straight ahead of 0.9.

Discussion

The ability to use visual cues for posture is important physiologically, and this should be present in any direction of
gaze. These experiments confirm that postural responses do reorient according to gaze angle. The mechanism for
reorientation requires signal(s) of the misalignment between the visual and locomotor systems; these signals may
originate from efference copy, proprioception, vision or cognitive knowledge of the environment. By reducing the
cognitive and background visual signals compared with previous experiments their importance can be determined.
The present experiment revealed a gain of reorientation of 0.9 which is not significantly different from that of
Wolsley et al. (1996) where they found a gain of reorientation of 1.08 ± 0.2. Thus, we propose that cognition and
background visual structure do not play a role in this reorientation.

Introduction

Vision is used as an accompaniment to proprioception and vestibular signals in the control of posture. These control
mechanisms have been investigated using visual stimuli experimentally moved to simulate the visual conditions that
occur when a subject spontaneously sways. A previous experiment investigated the reorientation of a visually evoked
postural sway response during fixation an off centre visual stimulus (Wolsley et al. 1996). It was discovered that
subjects reorient their visually evoked postural sway response to match the direction of the visual stimulus for a
variety of combinations of head-on-neck and eye-in-orbit rotations. However, this experiment was run in a well-lit,
structured visual environment, where subjects were able to determine the orientation of the stimulus relative to
themselves. As a consequence of the instructions received, subjects also had full cognitive knowledge of their
orientation relative to the visual stimulus. The present experiment was run with a dark visual environment to remove
external visual cues and a reduced instruction set. It is proposed that this approach can reveal the importance of
cognitive knowledge and/or background visual texture for the reorientation of the visually evoked postural sway
response.

2 
cm

L

R

A

P

15 s

Fig.1 Raw posturography platform traces from subject JB, conditions as icons, the traces show the
anterior-posterior and right-left movements of the centre of pressure of the feet. Visual stimulus
rotation occurs between the arrows, subject rotation between the arrowheads.

Methods

Eight normal subjects were instructed to stand, fixating the centre of the visual stimulus - this consisted of a large
luminous disk facing the subject and could be rotated (40o/sec) around the visual axis in either direction with the
visual environment otherwise dark. Subjects stood on an externally controlled platform that could be rotated (2o/sec)
to change the position of the subject relative to the visual stimulus. Sway was measured at the level of the centre of
pressure (COP) and of the head. The sequence of events during each trial were: an initial period to measure base-line
position; a period of visual stimulus rotation at one of five positions relative to the subject; a period of rotation of the
subject to a different position relative to the visual stimulus; a further period of visual stimulus rotation; and a final
period with no rotation (Fig.1, bottom panel).

Fig. 2  Average COP movements from all subjects for each of the ten starting conditions relative to
base-line, during the first 30 s of disk rotation. Each turning point represents a 5 s period, units are
cm. Left figure shows conditions with anti-clockwise disk rotation and vice-versa. Colours denote
position of disk relative to subject as follows: red: +90 o (right), orange: +45 o, yellow: 0 o(centre),
green: -45 o, blue: -90o (left)
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Fig.3 Direction of the visually evoked postural response (VEPR) and relaxation back to centre
when the visual stimulus stopped for each condition compared with the orientation of motion of
the visual stimulus. Left figure shows conditions with anti-clockwise disk rotation and vice-versa.
Colours as Fig. 2
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Abstract Visually evoked postural responses (VEPR) to
a roll-motion rotating disk were recorded from normal
subjects standing on a yaw axis motorised rotating plat-
form. The disk was fluorescent so that subjects could be
tested in an otherwise dark room. Movements of the head
and centre of foot pressure were measured while subjects
looked at the disk with their eyes and head in the primary
position and while the rotating platform moved the sub-
jects randomly to 0, +/–45° and +/–90° angles from the
visual stimulus. Subjects were instructed to maintain fixa-
tion on the centre of the rotating disk but the amount of
horizontal eye and head movement used was not speci-
fied. Platform rotational velocity was set near threshold
values for perception of self-rotation (~2°/s) so that sub-
jects would find it difficult to reconstruct the angle trav-
elled. The data showed that the VEPR occurred in the
plane of disk rotation, regardless of body position with
respect to the disk, and despite the subjective spatial dis-
orientation induced by the experiment. Averages of the
response revealed a good match (gain=0.95) between
disk orientation and sway direction. The horizontal gaze
deviation required to fixate the centre of the disk was
largely achieved by head motion (head 95%, eye 5%).
The results confirm previous results that VEPRs are re-
oriented according to horizontal gaze angle. In addition,
we show that the postural reorientation is independent of
cognitively or visually mediated knowledge of the geom-
etry of the experimental conditions. In the current experi-
ments, the main source of gaze position input required for
VEPR reorientation was likely to be provided by neck af-
ferents. The results support the notion that vision controls
posture effectively at any gaze angle and that this is
achieved by combining visual input with proprioceptively
mediated gaze-angle signals.

Key words Vestibular · Posture · Visual motion · 
Proprioception · Human

Introduction

Vision is used in conjunction with proprioceptive and
vestibular signals for spatial orientation and balance con-
trol. If a subject, standing upright and looking straight
ahead in a room, spontaneously starts to fall to the right,
the optic flow will be to his/her left. The correct righting
response for the subject in this case is to increase the
pressure on the right foot and decrease it on the left, such
that the change in forces acts to rotate the subject’s body
leftwards. The usual cause of large-field visual motion is
the movement of the retina in space; therefore large-field
motion is treated as if it was due to self-motion by the
subject. If this retinal motion is simulated by a visual
scene moving to the left when the subject is in fact up-
right, then the change in pressures at the feet will act to
destabilise the subject to the left, i.e. in the same direc-
tion as the visual motion. The response to a large-field
moving stimulus is therefore to sway in the same direc-
tion in space as the visual motion (Dichgans et al. 1975;
Clément et al. 1985; Bronstein 1986).

A common feature of many previous experiments is
the use of visual motion stimuli that are viewed by the
subject looking straight ahead, i.e. with both the eyes
centrally placed in the orbits and the head centrally
placed on the shoulders (Dichgans et al. 1975; Clément
et al. 1985; Bronstein 1986). However, Wolsley et al.
(1996) investigated the effect of supplying identical reti-
nal inputs with the eyes and head at different positions in
the yaw plane. It was found that subjects reoriented the
main direction of sway, so as to match the direction of
the visual stimulus, for a variety of combinations of
head-on-trunk and eye-in-orbit positions. However, this
experiment was run in a well-lit visual environment,
with subjects instructed to position themselves actively.
Thus subjects may have been able to determine their ori-
entation, and that of the visual stimulus, visually and
cognitively. Here we examine whether accurate reorien-
tation of visually evoked postural responses (VEPR) still
occurs during passive body rotation and with diminished
visual and cognitive cues.
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Methods

Eight normal subjects aged between 21 and 33 years of age were
instructed to stand relaxed, with arms at their sides, fixating the
centre of a visual display. The visual display consisted of a large
disk of diameter 0.9 m positioned 40 cm from the subject’s nasion
at eye level, such that it covered a large area of the subject’s visual
field (97°). This disk was covered in randomly distributed fluores-
cent circles of 2 cm diameter with an average density of 320 m–2

and could be rotated around the visual axis at an angular velocity
of 40 /s either clockwise or anti-clockwise. Acceleration and de-
celeration of the disk took less than 2 s. The visual environment
was otherwise dark.

The subjects stood on a posturography platform (internal mal-
leoli 3 cm apart), which measured the position of the centre of foot
pressure (COP) in the anterior–posterior and lateral directions. A
3-D magnetic search coil system (Polhemus 3space fastrack) mea-
sured head position in anterior–posterior, right–left directions and
yaw. Horizontal DC electro-oculography was used to check that
subjects fixated the centre of the disk and to reveal the relative 
extent of the head-on-trunk and eye-in-orbit rotations. The post-
urography platform was mounted on an externally controlled ro-
tating platform moving smoothly about a vertical axis at 2°/s. This
is near the reported values for perception of rotation (Hulk and
Jongkees 1948; for review see Jongkees 1974); pilot studies indi-
cated that most subjects could not perceive being rotated when
their eyes were closed. Thus the visual stimulus could appear be-
tween –90° (left) and +90° (right) relative to the subjects’ trunk
mid-sagittal plane.

During a trial, each subject started facing the disk at one of
five platform positions: –90, –45, 0, +45, +90. The stimulus se-
quence was as follows (see Fig. 1, bottom panel): 1) stationary
platform, stationary disk (15 s), 2) stationary platform, rotating
disk (30 s), 3) rotating platform, rotating disk (22.5–90 s, depend-
ing on amplitude of platform rotation), 4) stationary platform, ro-
tating disk (30 s) and 5)stationary platform and disk (15 s). These
periods were contiguous. There were 40 different possible trials:
two disk rotation directions vs five positions for the start-point and
four positions for the end-point of platform rotation. Each subject

experienced ten different trials in a Latin-square paradigm, the
first trial starting and the last trial ending with the disk straight
ahead. Subjects remained in the dark between trials to prevent use
of visual cues to determine their orientation.

All signals were sampled at 125 Hz and analysed offline. COP
was arithmetically normalised to represent the signal given by a
70 kg mass. Five seconds of the onset response (average position
between 25 and 30 s of disk rotation) were measured, relative to
the average position during the 15 s before disk rotation. For the
offset response, 1 s was measured (between 1 and 2 s after cessa-
tion of disk rotation), relative to the average position during the last
15 s of disk rotation. Based on these position measurements, the
average orientation of the VEPR was then calculated for all sub-
jects at each onset or offset condition, e.g. clockwise disk rotation
at +45° platform position. In order to control for the effects of plat-
form rotation in isolation, four subjects were rotated six times each
between –45° and +45° and vice versa at 2°/s while fixating the sta-
tionary visual display. This control experiment showed that sub-
jects’ COP shifted by a mean of 1.05 cm, SD 0.88 cm, in the direc-
tion of body rotation; due to the randomisation process for disk and
platform rotational direction this bias would be cancelled out.

Results

Signals of head yaw and horizontal eye positions showed
that the steady-state reorientation of gaze for all subjects
was mainly due to rotation of the head on the trunk (95%,
SD 5%), with the remaining 5% performed by the eyes.
During subject rotation, the proportion of movement car-
ried out by the eyes sometimes exceeded this until further
rotation of the head occurred. Subjectively, subjects were
unsure of the relative position between themselves and
the visual stimulus; some reported disorientation.

Figure 1shows raw sway platform traces from one
subject (JB) during the condition where the disk started

230

Fig. 1 Raw platform traces
from subject JB for the condi-
tion with clockwise disk rota-
tion: starting condition at –45°
(left), ending at +45° (right)
relative to the subject. The two
traces show the anterior
(A)–posterior (P) and right
(R)–left (L) movements of the
centre of foot pressure. The 
period of disk rotation is shown
between the arrows and plat-
form rotation between the
arrowheads. The sequence of
events is also represented by
the icons below



at a position of –45° before moving (relative to the sub-
ject) to +45°. The traces show the onset of the VEPR,
with forwards and rightwards sway, at circa 25 s. As the
platform rotates rightwards (between arrowheads, Fig. 1)
there is a reorientation of the COP from a right anterior
to a right posterior position. On cessation of disk rotation
(last arrow) the COP moves anteriorly and partly left-
wards towards the original baseline position.

Visually evoked postural reponses were normalized
with respect to a 15 s period preceding the onset or offset
of disk rotation. The orientation of the VEPR after 30 s
(onset) or 1 s (offset) was converted into degrees relative
to the subjects’ trunk mid-sagittal plane for direct com-
parison with the orientation of the visual display. The re-
orientation of the VEPR at both the onset and offset of
disk rotation, measured for COP signals for all condi-
tions, is summarised graphically in Fig. 2; a strong reori-
entation of VEPR by relative disk position can be seen.
The best-fit curve reveals that the gain of the reorienta-
tion response at onset is ~0.82 (y=0.84x–3.8, r2=0.90, as
measured at the COP, and y=0.80x+4.61, r2=0.95 mea-
sured at the level of the head, where x and y are visual
motion and sway directions respectively). The offset re-
sponse (at 1 s after the end of disk rotation) had a gain
around unity (y=1.06x–9.63, r2=0.84 as measured by the
COP, or y=1.05x–7.3, r2=0.96 as measured at the level of
the head).

Discussion

Many previous studies have shown that visual motion is
capable of generating postural reactions (e.g. Dichgans
et al. 1975; Clément et al. 1985; Bronstein 1986); how-
ever, relatively few have investigated the influence of
different positions of these stimuli relative to the subject
(Stoffregen 1985; Gielen and Asten 1990; Wolsley et al
1996). Wolsley et al. (1996) reported an accurate reori-
entation of a VEPR during deviation of both the eyes in
head and head on trunk. It was reasoned that, since the
retinal motion stimulation was the same in the different
positions, the postural reorientation must be due to eye-
in-orbit and head-on-trunk position signals, possibly pro-
prioceptive in origin. However, their experiment was
conducted in a well-lit environment with subjects having

prior cognitive knowledge of the position of the visual
stimulus and of the relative rotations of the eyes and
head. The present experiment was therefore conducted to
test whether the reorientation of the VEPR is affected by
reduced cognitive and background visual information
and by passive positioning of the subjects on a rotating
platform.

In the present experiment the directions of VEPRs in-
duced by both the onset and offset of disk rotation were
measured. The gain of the reorientation of VEPR was
~0.8 at the onset but ~1.0 during the offset. This slight
difference may be explained by the fact that the postural-
ly-relevant sensory cues for vertical realignment of the
body during disk rotation are conflicting, but those for
realignment after disk rotation has ended are not. A com-
parison with the data of Wolsley et al. (1996), who found
a gain of reorientation of 1.08±0.2 (calculated from pub-
lished diagrams), suggests that little or no role is played
by cognition, background visual structure or active posi-
tioning in the reorientation of VEPRs.

The origin of the signals used to determine the direc-
tion of gaze for visual control of posture is not yet clear.
For the neck, proprioception would seem useful due to
the possibility of external forces acting on the head.
Neck afferents have been shown to be the main source of
information used to estimate head–trunk horizontal an-
gular deviation (Nakamura and Bronstein 1995). In the
current experiments, where 95% of gaze deviation was
achieved by head-on-trunk deviation, neck propriocep-
tive information is therefore the most likely source. Neck
proprioceptive afferents are also thought to be responsi-
ble for the reorientation of vestibularly (galvanic) elicit-
ed sway during head turns (Lund and Broberg 1983;
Britton et al 1993). External forces do not normally act
on the eyes and, therefore, efference copy or a mixture of
efference copy and ocular proprioception has been fa-
voured as source of an eye-in-orbit position signal. In
pointing and estimation tasks (Bridgeman and Stark
1991) physiological gains of oculomotor efference copy
and proprioception were found to be 0.61 and 0.26 re-
spectively. The finding that extra-ocular muscle vibra-
tion elicits directional postural responses (Roll et al.
1989) suggests that at least some ocular proprioceptive
component influences postural control. The current ex-
periments suggest that visual and proprioceptive signals
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Fig. 2 Direction of sway 
(abscissa), as measured by the
position of the centre of foot
pressure, plotted against direc-
tion of disk upper half motion,
i.e. predicted sway direction
(ordinate). Conditions were 
onset (left) and offset (right) of
disk rotation. All values in de-
grees, with zero corresponding
to the direction of the subject’s
toes



combine in order to provide effective, gaze angle-inde-
pendent, visual control of posture. This process appears
to be largely independent of cognitive comprehension of
the geometry involved.
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Introduction

Movement of the eyes has a profound effect on the images
projected on the retinae. Thus in any visual determination of
the position or movement of an object, account must be made
of the movements of the eyes in space. Von Helmholtz (1896)
concluded that the solution was to use extra-retinal signals to
reveal object position and movement in space. Wertheim
(1994) suggested the replacement of the concept of extra-
retinal signals by that of reference signals which encode the
motion of the eyes in space rather than rotation of the eyes in
their sockets relative to the head in order to account for
percepts during sensations of ego-motion (vection). This
concept allows easy extension of the reference signal to
include not just ego-motion from vestibular or vection-inducing
optic flow, but signals from other sensory modalities as well,
providing a common reference frame for interaction. A number
of studies have found influences of limb proprioceptive and
somatosensory signals on self-motion perception (Bles et al.
1995), ocular tracking (de Graaf et al. 1994) and visual motion
perception (Brandt et al. 1977, Pelah et al. 1996). We reported
previously (Thurrell et al. 1998) that perceived optic flow speed
is reduced linearly with walking speed on an exercise treadmill.
As it is rare to walk on a moving surface, we postulated this
mechanism would preserve world constancy during normal
self-motion. The hypothesis that this effect is due to
mechanisms of perceptual constancy would be bolstered if the
effect were strongest for motor activities similar to natural
locomotion (walking). We tested the effect under four motor
activities progressively less similar to natural locomotion:
walking; cycling; 'arm pedalling' and finger tapping.

Methods

24 experimentally naïve subjects between the ages of 19 and
25 were tested. Goggles were worn allowing vision only from
the right eye and restricting peripheral vision to within the
confines of the visual display. The visual stimulus consisted of
a large screen (1.9m x 1.2m) on which was rear-projected a
moveable tunnel composed of 15 bright squares on a dark
background. A bright fixation point was also present on the
centre of the tunnel and maintained at eye level. The image
resolution was 1280 x 1024 refreshed at 30Hz, fully anti-
aliased and tunnel components faded in and out of the
background luminosity to reduce motion artefacts.

The conditions:
The walking condition was performed on an exercise
treadmill powered by the locomotion of the subject whilst
holding the hand-rails, allowing direct control of their walking
velocity.
Cycling conditions were performed on an exercise bicycle
placed to minimise changes in eye position from walking.
For the 'arm pedalling' condition, the exercise bicycle was
raised and the resistance reduced for comfort.
Finger tapping conditions were performed while standing on
the treadmill, tapping all 4 fingers on each hand together,
alternating hands. See Figure 1.

�

�

�

�

The order of the experiments was counterbalanced across the
subjects, with 18 trials for each motor activity and subject.
Subjects adjusted the test tunnel velocity using a
potentiometer placed near their right hand.
Each trial was 45s long (see Figure 2):

Results

�

�

�

�

15 out of 20 subjects showed the previously reported effect
of reduced perceived visual velocity due to walking.
Remaining subjects produced anomalous results possibly
due misinterpretation of instructions or lack of immersion in
the environment.
The effect of walking speed on the perceived visual velocity
was significantly greater than the other activity conditions.
The effects of cycling and arm pedalling were both
significantly different from zero, but not from each other.
The effect of finger tapping on the perceived visual velocity
was not significantly different from zero.
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Figure 4. Intersubject mean of absolute slopes for each motor
activity showing the trend in effect magnitude from walking to finger
tapping. Error bars denote ±1.96 standard errors.

Figure 2. The time sequence of each trial. Instructions were
displayed for 5s each (thin black line) alternating with the tunnel (10s,
thick black lines). Mean settings during the last 5s of each test tunnel
(blue bars) were plotted against the mean walking speed during the
last 5s of the target tunnel (red bar), see Figure 3. Activity speed (red)
in km/h, visual velocity (blue) in cm/s at mid-hemifield position, data
from subject BRD (walking).

Figure 3. Perceived visual velocity plotted against normalised motor
activity for each of the 4 activities. Data show accurate perception
without motor activity and reduced perceived velocity at higher activity
speeds for walking, cycling and arm pedalling. Slopes of linear best fits
were -3.9 (walking), -3.2 (cycling), -0.8 (arm pedalling) and 0.0 (finger
tapping). Target tunnel velocity was always +5cm/s (expanding). Data
from subject BKW.

Figure 1. The 4 motor activity conditions used.

An instruction denoting a target presentation and for the
motor activity speed, either 'stop', 'very slow', 'slow',
'normal', 'fast' or 'very fast' was displayed for 5s giving the
subject time to reach this speed from rest before…
A target tunnel velocity (always expanding at +5cm/s at the
mid-hemifield position) was presented for 10s.
The tunnel was removed for 5s and replaced with
instructions to stop the motor activity and adjust the tunnel
velocity. The tunnel velocity was to be adjusted to that
perceived during the motor activity.
A test tunnel whose velocity was controlled by the subject
was presented for 10s.
A second test tunnel followed in an identical manner.

�

�

�

�

Discussion

Confirming our previous findings, visual motion perception is
influenced by walking. Cycling and arm pedalling, as activities
less similar to locomotion, were also found to influence visual
motion perception. Finger tapping, however, was not found to
have any effect upon visual motion perception, see Figure 4.
This trend may be explained by the similarity of the activity to
natural locomotion: Walking as the 'gold standard', would be
the quintessential activity for which this effect would be
expected; cycling uses many of the same muscles, but with a
different coordination pattern and is less natural; arm pedalling
may replicate some aspects of arm swing during walking
whereas finger tapping is completely unrelated to locomotion.
An intriguing alternative to the similarity of arm pedalling to arm
swing would be that this activity activates vestigial
quadrupedal pathways present as a result of our evolutionary
heritage or our days as infants crawling on all fours.
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Introduction

For visual control of posture to be successful there must
be a compensation for any change in position of the eyes
relative to the feet. A previous study (Wolsley et al. 1996)
showed that a visually evoked postural response (VEPR) to
roll-plane visual-motion was reoriented both by head-on-
trunk and eye-in-head rotation. Thurrell et al. (2000)
extended these results to show that this reorientation was
not dependent on cognitive knowledge of environment
geometry. During viewing of large moving scenes subjects
may perceive themselves to be moving (vection) or the
scene to be moving, perception alternating spontaneously
between these two states. It has been shown (e.g. Kuno et al.
1999) that the degree of vection correlates with the

of visually induced postural sway. We
suspected that the of the orientation of this
visually induced postural response to the direction of the
driving visual stimulus would be increased during periods
of vection relative to those periods during object motion
perception.

magnitude
accuracy

Methods

�

�

�

�

�

�

Subjects were required to stand, looking either straight

ahead or ~30 to the right or left using only horizontal eye

rotation at the centre of a large rotating (±50 /sec about
the visual axis) disk (see Fig. 1).
Trials were conducted either monocularly or
binocularly.
Posture was measured via the (Polhemus
Fastrack) and the .
Alternations between and

were indicated using a hand-held
.

The position of the head and the COP was averaged
during periods of: disk stationarity (baseline); vection
and object motion (see Figs. 2 and 3).
The errors between the direction of disk motion and the
directions of sway from baseline to vection and object
motion positions were calculated (see Fig. 3b).

o

o

head position
centre of foot pressure (COP)

vection object-motion
perception push
button

Results

�

�

�

ANOVA indicated that sway orientation was
with respect to disk orientation

than during object motion perception (13 vs. 19 mean
direction error; P < 0.05).
There was no statistically significant difference between
monocular and binocular viewing.
Visually induced sway amplitude was larger during
vection than object motion perception (P < 0.05; see Fig.
3b).

more
accurate during vection

o o
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Figure 3 Data (same trial as figure 2) plotted

showing the direction and increased magnitude of
sway during compared to

. a) Average positions during
periods of , or

. b) Positions averaged over periods
of , or

, showing directions of sway and errors
with respect to disk motion direction.

each

all
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object motion
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object motion
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Discussion

These results show a significantly more accurate
reorientation of visually evoked postural sway during
vection than object motion perception. The increased
accuracy observed during vection suggests that conscious
perception of self-motion, presumably at a cortical level,
may interact more effectively with gaze position signals.
This indicates that visual control of body sway is improved
when vision signals self-motion!

Figure 2 Raw signals from a single trial (with

the disk 30 left, rotating anticlockwise) showing
periods of and
signalled by the subject to be compared to the

periods.

o

vection object motion perception

stationary

Figure 1 The experimental set-up showing the

three disk positions. Data from the
position used in Figures
2 and 3.

left disk
rotating anticlockwise

Figure 4 Mean (± standard error) of directional

errors showing greater accuracy of sway during
vection vs. object motion perception and during
binocular vs. monocular viewing (expected due to
additional depth cues from stereopsis, but not
statistically significant).
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Abstract. Movement of large visual scenes induces an illusion of self-motion (vection) and postural
responses. We investigated if the conscious perception of self-motion influences the magnitude and
directional accuracy of visually evoked postural responses. Five normal subjects fixated the centre of a
large disk rotating in the roll (coronal) plane. The disk was placed either in front of the subjects or
obliquely 30 deg to their right or left; in these oblique positions disk fixation was achieved by
horizontal ocular deviation alone (i.e. no neck deviation). Subjects indicated their subjective
perceptual status, either vection or object motion, with a push button. The results confirmed that the
direction of the visually evoked postural response was reoriented according to the different eye-disk
positions. In addition, both the magnitude of the postural response and the accuracy of its alignment
with the disk rotational plane were significantly increased during vection periods. The results show
that conscious perception of self-motion enhances visuopostural performance. Since conscious
perception is likely to arise at cortical levels, the findings indicate that the cortex is one of the sites
where gaze direction interacts with retinal motion signals to provide a self-motion signal in
body-centric co-ordinates. Such interaction provides a substrate for spatial representation during
motion in the environment.

Keywords. Human - Posture - Vision - Vection - Visuomotor

Introduction
Locomotor or postural movements create relative motion between the subject and the visual
environment (optic-flow). Artificial full-field visual motion stimuli are often interpreted as due to
self-motion and induce subconscious visually evoked postural responses and sometimes a conscious
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illusion of sensation of self-motion termed vection (Dichgans et al. 1972). At other times, however,
perception is correct and the viewer reports that they are stationary and the disk is moving
(object-motion perception). These two percepts comprise a bi-stable pair such that, when viewing a
large rotating disk, there will be alternating periods of vection and of object-motion perception.
However, illusory signals of self-motion that may result in vection need not be consciously perceived
to influence postural control under identical visual conditions (Previc and Mullen 1991), and in fact
may have visuopostural latencies many times shorter than vection (Clément et al. 1983). However, a
recent study found that postural sway during periods of vection was of a greater magnitude than during
periods of object-motion perception (Kuno et al. 1999). Therefore, it could be expected that the
induced postural sway during vection would become more accurately aligned with the moving visual
stimulus. This would suggest, in turn, that conscious perception of self-motion improves visuopostural
control. These expected changes in the accuracy of orientation of the induced postural sway,
comparing vection versus object-motion perception, were investigated here.

Materials and methods
Five normal subjects between the ages of 21 and 31 years were instructed to stand, relaxed, with their
arms at their sides and their feet slightly splayed and separated upon a force platform. Subjects wore a
light helmet carrying the receiver of a magnetic search coil system (Polhemus 3space Fastrack)
measuring head position in all six degrees of freedom. Subsequent data processing was performed
identically upon the horizontal position of the centre of foot pressure (COP) and on horizontal head
position. In their right hand subjects held a button to indicate their perceptual state (vection or
object-motion). All signals were recorded at 125 Hz. In half the trials subjects were to press this button
when they perceived themselves to be moving (i.e. vection) and in the other half only when they
perceived the visual display to be moving (object-motion perception). The visual display consisted of a
large (1.8 m diameter, visual angle 122°) white disk, with a central fixation point, covered in smaller
(5-20 cm diameter) circles of various colours. This disk was rotated either clockwise or anticlockwise
at 50°/s and it was placed in one of three positions, either directly ahead of the subject or 30° to the left
or right (see Fig. 1a), all at 50 cm from the subject’s nasion. The centre of the disk was fixated with
eye deviation only, i.e. no neck deviation, and viewed against normal laboratory lighting. Each subject
was tested at each orientation with the disk always rotating clockwise or always anticlockwise. Each
trial lasted 300 s with the disk being stationary for the first and last 10 s, taking 7.5 s to reach 50°/s and
5 s to stop. The remainder formed a central period of constant speed disk rotation that was divided into
perceptual periods determined by each subject’s indication of vection or object-motion (see Fig. 1b).
Baseline positions were calculated as the means over the initial stationary period (0-10 s) and the final
5 s of the last stationary period. Sway (magnitude and the angular error relative to the orientation of
disk motion) relative to both baseline positions was calculated during each perceptual period. Periods
from the onset of disk rotation until the onset of the first vection percept and during the offset of disk
rotation were discarded. The means of the sway magnitudes and direction errors across all periods for
each perceptual state were calculated for each trial (see Fig. 1c). 
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Fig. 1. A The experimental set-up from above, showing the three disk positions relative to the subject. 
B Raw time signals from a typical trial (with the disk 30° left, rotating anticlockwise) showing periods
of vection (thick black lines) and object-motion perception (thick grey lines) signalled by the subject to
be compared to the baseline periods (thin black lines). Intermediate periods during and immediately
after start or cessation of disk rotation (thin grey lines) are not used for analysis. C Data plotted
showing the positions of sway during vection (black) and object motion perception (grey) and the
trajectories from each of these positions to both baseline positions (white) from which the mean error
direction for that trial was calculated
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Results
The grand averages across all subjects and disk orientations of sway magnitude were calculated for
each perceptual state (vection or object-motion perception). Sway deviation from baseline was found
to be significantly greater (P<0.05, paired t-test) during vection than during object-motion perception
at both the level of the head (5.8±0.56 mm vs 4.3±0.40 mm, mean ± SEM) and the COP (3.0±0.39 mm
vs 1.7±0.19 mm).

Angular errors were also collapsed across subjects and disk orientations to reveal angular errors for
each perceptual state (vection and object-motion perception). Comparison of the grand average of
these errors revealed sway orientation to be significantly more accurate with respect to disk motion
direction during periods of vection than during object-motion perception (32.6±6.6° vs 51.4±7.9°,
intersubject mean ± SEM direction error, at the level of the COP and 32.0±6.7° vs 40.5±7.1° at the
level of the head; P<0.05, paired t-test).

Discussion
The results confirm data by Wolsley et al. (1996a) and Thurrell et al. (2000) showing that the direction
of a visually evoked postural response tends to align with the plane of motion of the visual stimulus.
Such realignment of retinal motion signals into body-centric co-ordinates by gaze direction, which
may be mediated partly by proprioceptive input from the neck and the extraocular muscles (Roll et al. 
1989; Wolsley et al. 1996b), is critical in making visuopostural control functionally useful in different
directions of gaze. Also in agreement with a previous study (Kuno et al. 1999) is the greater magnitude
of visually evoked postural sway during vection than during object-motion perception. The new result
emerging from the current study is the finding of a more accurate alignment of visually evoked
postural sway during vection than during object-motion perception. Since the perception of
self-motion presumably arises at a cortical level, the implication is that the cerebral cortex is one of the
sites where retinal motion signals are reoriented by gaze direction to allow for the visual control of
self-motion. Indeed, neurons responsive to both retinal-flow and eye position have been found in areas
MSTd (Bremmer et al. 1997) and 7a (Read and Siegel 1997), and our findings concur with the
authors’ claim that such cortical neurons could provide a substrate for spatial representation during
motion in the environment.

Acknowledgement. Support from the MRC, studentship number G78/5763, is gratefully 
acknowledged.
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Introduction

Movement of the eyes has a profound effect on the images
projected on the retinae. Thus in any visual determination of
the position or movement of an object, account must be made
of the movements of the eyes in space. We reported previously
(Thurrell et al. 1998) that perceived optic-flow speed is
reduced linearly with walking speed. As it is rare to walk on a
moving surface, we postulated this mechanism would
preserve world constancy during normal self-motion. Previous
findings that this effect is tuned to motor activities similar to
natural locomotion (walking) support this hypothesis (Pelah et
al. 2001). The hypothesis that this effect is due to mechanisms
of perceptual constancy would be bolstered if the effect were
also strongest for optic-flow patterns similar to those
experienced during natural locomotion (walking). We therefore
tested the effect on five optic-flow patterns progressively less
similar to natural locomotion: an Expanding Tunnel, a
Horizontal Grating, a Vertical Grating, a rotating Cartwheel and
a Flashing Tunnel.

Methods

15 naïve subjects between the ages of 21 and 57 were tested.
Walking was performed on an exercise treadmill powered by
the locomotion of the subject whilst holding the hand-rails,
allowing direct control of their walking velocity. Monocular
goggles were worn also restricting peripheral vision. The visual
stimulus consisted of a large screen directly in front of the
treadmill on which optic-flow patterns were rear-projected. A
fixation point was always present at eye level in the centre of
the screen. The image resolution was 1280 x 1024 refreshed at
30Hz and fully anti-aliased to reduce motion artefacts.
The five conditions:

The Expanding Tunnel consisted of 15 bright rectangles
expanding and looming against the dark background.
The Horizontal Grating consisted of 15 horizontal lines
moving downward. Each line was masked in the central 20%
of the screen to reduce cueing as each line passed the
fixation point.
The Vertical Grating was similar to the Horizontal Grating but
rotated anti-clockwise (moving rightward).
The Cartwheel consisted of 15 radial spokes rotating anti-
clockwise around the fixation point. The innermost 10% of
each line was masked for comparison to other stimuli.
The Flashing Tunnel was similar to the Expanding Tunnel
but stationary and with a sinusoidally varying luminosity.

Each trial was 45s long (see Figure 2) and repeated 18 times
for each pattern:

�

�

�

�

�

Results

�

�

�

9 out of 15 subjects showed the previously reported effect of
reduced perceived optic-flow speed during walking.
The effects of walking speed on the perceived Expanding
Tunnel and Horizontal Grating speeds were significantly
different from zero (P < 0.05), but not from each other.
The effect of walking speed on the perceived Vertical
Grating and Cartwheel speeds and the perceived Flashing
Tunnel frequency were not significantly different from zero.
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Figure 4. Intersubject mean (± s.e.m.) of absolute slopes
for each optic-flow pattern showing the trend in effect
magnitude from the Expanding Tunnel to the Flashing
Tunnel. Asterisks denote values significantly different from
zero.

Figure 2. The time sequence of each trial. Instructions
were displayed for 5s each (thin portion of time-scale)
alternating with the tunnel (10s, thick portion). Mean settings
during the last 1s of each test tunnel (blue bars) were plotted
against the mean walking speed during the last 5s of the
target tunnel (red bar), see Figure 3.

reduced perceived velocity at higher walking speeds for the
Expanding Tunnel and both gratings for this subject, but not
for the Cartwheel or the Flashing Tunnel. Slopes of linear
best fits were 0.023 (Expanding Tunnel), -0.031 (Horizontal
Grating), -0.025 (Vertical Grating), -0.0025 (Cartwheel) and
0.00039 (Flashing Tunnel).

Figure 1. The experimental set-up and the 5 optic-flow
patterns used.

Discussion

Confirming our previous findings, expanding optic-flow
perception is influenced by walking. Downward linear motion
was also significantly affected by walking speed. Linear
sideways motion, rotation and flashing perception were not
found to be significantly affected by walking speed. This trend
may be explained by the similarity of the optic-flow pattern to
that experienced during natural locomotion: Expansion as the
'gold standard' would be the most common optic-flow pattern
generated by walking. Downward linear motion may
correspond to motion of a ground surface while reducing
conflict with an apparently non-moving sky. However,
sideways linear motion, rotational motion and flashing do not
normally result from walking. These results are therefore
consistent with the hypothesis that non-visual signals of
walking are used to disambiguate optic-flow perception.
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An instruction denoting a target presentation and for the
walking speed, either 'stop', 'very slow', 'slow', 'normal', 'fast'
or 'very fast' was displayed for 5s giving the subject time to
reach this speed from rest before…
A target pattern (moving at 5cm/s at the mid-hemifield
position or flashing at 2Hz) was presented for 10s.
The pattern was removed for 5s and replaced with
instructions to stop walking and to adjust the optic-flow
speed, using a potentiometer placed near their right hand, to
the target speed perceived during walking.
A test pattern whose velocity was controlled by the subject
was presented for 10s.
A second test pattern followed in an identical manner.

Figure 3. P e r c e i v e d
visual velocity normalised
by target speed plotted
against walking speed.
D a t a s h o w a c c u r a t e
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Reduction of perceived visual speed during walking: Evidence against the involvement of attentional or vestibular mechanisms
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Introduction

We reported previously (Thurrell et al. 1998) that perceived
expanding optic-flow speed is reduced linearly with increasing
walking speed on an exercise treadmill. Any movement of the
eyes, such as that resulting from locomotion, has a profound
effect on the images projected on the retinae. Thus, in any
visual determination of the position or movement of an object,
account must be made of the movements of the eyes in space.
As it is rare to walk on a moving surface, we postulated that
signals of eye motion relative to the support surface, i.e. of
walking speed, could preserve perceptual constancy during
normal self-motion. However, two alternative mechanisms
were proposed to explain the data: changes in attentional load
have been shown to modulate visual motion aftereffects
(Chaudhuri, 1990) suggesting that attentional changes during
walking at different speeds may be responsible; and vestibular
stimulation has been shown to increase visual motion
detection thresholds and latencies (Probst et al. 1986) and
may, therefore, extend to reductions in perceived visual motion
speeds via the 'bobbing' motion of the head during walking.

which was rear-projected a moveable tunnel composed of 15
bright squares on a dark background. A fixation point was also
present at eye level in the center of the tunnel. The image
resolution was 1024 x 768 refreshed at 35Hz, fully anti-aliased
and tunnel components faded in and out of the background
luminosity to reduce motion artefacts. H

The order of the experiments was counterbalanced across
the subjects, with 18 trials for each condition. Subjects
adjusted the test tunnel velocity using a potentiometer placed
near their right hand.
Each trial was 45s long (see Figure 2):

An instruction denoting a target presentation and for the
motor activity speed, either 'stop', 'very slow', 'slow',
'normal', 'fast' or 'very fast' was displayed for 5s giving the
subject time to reach this speed.
A target tunnel velocity (always expanding at 5cm/s at the
mid-hemifield position) was presented for 10s.
The tunnel was removed for 5s and replaced with
instructions to stop walking and adjust the tunnel speed. The
tunnel speed was to be adjusted to that perceived during
walking.
A test tunnel whose velocity was controlled by the subject
was presented for 10s.
A second test tunnel followed in an identical manner.

The three different conditions were:

ead position was
monitored in all 6 degrees of freedom.

�

�

�

�

�

Results
�

�

�

�

�

12 out of 16 subjects showed the previously reported effect
of reduced perceived visual velocity due to walking in the
control condition. The slope of line of best fit was taken as
the effect strength (see Figure 3) for each condition.
Remaining subjects produced anomalous results possibly
due to misinterpretation of instructions or lack of immersion
in the environment and were discarded.
In all conditions, the mean strength of the influence of
walking speed on expanding optic-flow perception was
significantly different from zero (P < 0.05).
In the attention condition, the average effect strength was
lower (slope of 0.35 vs. 0.42), though not significantly so
(Paired t-test, 2 tailed, n = 10), than during the Control
condition.
In the restricted head motion condition, the average effect
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Figure 2. The time sequence of each trial. Instructions
were displayed for 5s each (thin portion of time-scale)
alternating with the tunnel (10s, thick portion). Mean settings
during the last 5s of each test tunnel (blue bars) were plotted
against the mean walking speed during the last 5s of the
target tunnel (red bar), see Figure 3.

Figure 3. Perceived visual velocity plotted against walking
speed for the three conditions. Data show accurate
perception without walking and reduced perceived velocity
at higher walking speeds for all conditions. Slopes of linear
best fits for this subject were -0.23 (control), -0.29 (with
concurrent attentional task), -0.27 (restricted head motion).

Figure 1. The experimental set-up. The bite-bar (green)
was used to restrict head motion.

�

�

�

The control condition as above.
The attention condition, in which an auditory-verbal
summing task of 5 single-digit numbers was presented
concurrently with the target presentation.
The restricted head motion condition, in which subjects'
head positions were fixed using a bite-bar rigidly attached to
the treadmill.

Discussion

Confirming previous findings, visual motion perception is
influenced by walking in approximately three-quarters of
subjects. Neither increasing the concurrent attentional load
nor reducing the vestibular stimulation due to walking,
significantly alters the influence of walking speed on
expanding optic-flow perception. We suggest, therefore, that
these findings support the hypothesis that this reduction in
perceived expanding optic-flow speed functions to maintain
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Methods

16 subjects between the ages of 19 and 24 were tested.
Walking was performed on an exercise treadmill powered by
the locomotion of the subject whilst holding the hand-rails,
allowing subjects direct control of their walking velocity.
Goggles were worn allowing vision only from the right eye and
restricting peripheral vision. The visual stimulus consisted of a
large screen (1.9m x 1.2m) directly in front of the treadmill on

Figure 4. Comparisons of effect strength with and without
the concurrent attentional task (orange) and between
restricted and unrestricted head motion (green) for each
subject. White values denote the data shown in Figure 3.
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strength was also lower than during the control condition
(slope of 0.23 vs. 0.44), though this was not significant (P <
0.05, paired 2 tailed t-test, n = 6). During the restricted head
motion condition, linear head motion was reduced by a
factor of ~15 laterally and ~5 otherwise, whilst rotational
motion was reduced by a factor of ~10 for yaw and roll,
though pitch motion remained unchanged.
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Abstract We assessed the influence of vestibular stim-
ulation by whole-body oscillation in the yaw plane on the
cardiorespiratory responses after a change of posture from
sitting to standing. Eighteen healthy subjects (21–70 years
old) and six patients with bilateral vestibular loss (46–
59 years old) were tested. For comparison, a subgroup,
age matched to the patients, was created from the healthy
group. After a 10-min rest, subjects who were sitting,
back unsupported, stood on a platform affording en bloc
head and body support. The platform was either static or
oscillated at 0.1 Hz and 0.5 Hz (20� amplitude) for 2 min.
Presentation of the three conditions was counterbalanced.
Respiration, ECG, blood pressure and head position were
recorded. During oscillation at 0.5 Hz, the respiratory
responses were different between groups; healthy subjects
showed a significant increase of the respiratory frequency
(1.75€2.1 breaths/min), which was not observed in the
patients (0.16€0.7 breaths/min) (p<0.05, ANOVA). Ab-
solute changes of heart rate and blood pressure were
similar for the three conditions in all the subjects.
However, healthy subjects showed a decrease of power
spectrum density of the high-frequency (‘respiratory’)
component of heart rate variability on standing during all
three conditions. This response was variable among the
patients and the age-matched group. The study shows that
semicircular canal activation influences the respiratory
rhythm during movements in the yaw plane in standing
subjects. In addition, we observed that changes of the
respiratory influence on heart rate variability during

orthostatic stress are not affected by yaw oscillation or
chronic vestibular loss, but may be affected by factors
related to age.

Keywords Vestibular influence · Cardiorespiratory
responses · Whole-body oscillation · Bilateral vestibular
loss · Respiratory frequency · Power spectrum density

Introduction

The assumption of upright posture causes a displacement
of blood pressure towards the lower body and provokes a
cascade of haemodynamic and autonomic adjustments
(Cook et al. 1999). Animal studies and clinical observa-
tions indicate that the vestibular system participates in the
autonomic responses to postural changes (Doba and Reis
1974; Yates et al. 1999; J�uregui-Renaud et al. 2001a).
Although human data also show a similar trend, studies
on vestibuloautonomic control in the normal upright
position are scarce (J�uregui-Renaud et al. 2001a).

Reorientations of the body also provoke respiratory
changes. When a subject stands up, the end-expiratory
lung volume is set and maintained below the neutral
position of the respiratory system by abdominal contrac-
tion (De Troyer 1983). Furthermore, not only do
challenges to posture challenge ventilation, but, converse-
ly, coordinated contraction of the diaphragm may con-
tribute to control of the trunk during postural reorientation
(Gandevia et al. 2002). A component of the alterations in
respiratory muscle activity during movement and postural
changes has been shown to result from activation of
vestibular receptors (Yates et al. 2002). The properties of
the vestibular signal are ideal for both triggering the onset
of such respiratory changes, should they be pre-pro-
grammed, or for a continuous mode of control for
continuous reorientation. Thus, a vestibulorespiratory
drive may contribute to coupling respiration with move-
ments of the whole body in the upright standing position.

Some evidence that semicircular canal activation can
modulate breathing rate in humans has been recently
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reported. Dynamic head movements at 15 and 30 cycles/
min (pitch, roll and yaw) can modify respiratory
frequency in healthy subjects (Monahan et al. 2001).
Both vertical semicircular canal activation by a rotational
’stopping’ stimulus (J�uregui-Renaud et al. 2001b), and
horizontal canal stimulation by caloric irrigation of the
external ear canal (J�uregui-Renaud et al. 2000), can
change the respiratory pattern of healthy subjects,
whereas patients with vestibular loss are unresponsive.
However, studies examining a possible role of the
vestibular system in respiration control in humans
actively reaching the normal upright position are lacking.

In this study we investigate whether patients without
vestibular function show any difference in cardiorespira-
tory function, with respect to healthy subjects, during
rotation in the upright position. In particular, we assess
the influence of whole-body oscillation in the yaw plane
(0.1 Hz and 0.5 Hz) after an active change of posture,
from sitting to standing. Putative differences present
between patients and age-matched healthy subjects could
indicate a role for the vestibular receptors in cardiovas-
cular and respiratory control.

Materials and methods

Subjects

Eighteen healthy subjects, aged 40€17 years (mean € SD) and body
mass index 23.9€3.2 (seven females), and six patients with bilateral
loss of vestibular function, aged 54€5 years and body mass index
25.6€1.75 (two females), gave their informed consent to participate
in the study according to the guidelines of the local ethics committee.
For comparison with the patients, an age-matched subgroup was
created using six of the healthy subjects, aged 53€13 years and body
mass index 24.5€4.6 (two females). An additional healthy subject
was excluded from the study because we observed a sudden decrease
of systolic blood pressure on standing (>30 mmHg). Neither normal
subjects nor patients had a history of CNS or cardiovascular disease,
nor were they receiving any medication.

In all patients the vestibular loss was idiopathic (Rinne et al.
1998) and was demonstrated by the absence of nystagmic responses
to both caloric irrigation at 30�C and 44�C and horizontal rotation
in the dark using velocity steps of 80�/s.

Procedures

Subjects were investigated after fasting for at least 4 h and abstaining
from caffeine and alcohol for at least 12 h. They were required to
stand on a platform from back-unsupported sitting, after 10 min rest.
Once standing they placed their heads and arms on a framework
attached to a platform, which was able to rotate about a vertical axis
passing through their heads (Fig. 1) so that subject, frame and
platform would rotate en bloc. The platform was either static or
oscillated via a motor drive at 0.1 Hz (3.9�/s2 peak acceleration) and
0.5 Hz (98.7�/s2 peak acceleration), 20� peak-to-peak amplitude.
These three conditions were dispensed in a counterbalanced order.

Before the first trial, all the subjects practised standing on the
platform. During the study, the time required by the subjects to
mount the framework was 9€4 s for the healthy group, 11€5 s for
the age-matched group and 14€6 s for the patients. During all three
conditions, subjects were instructed to keep their eyes open,
looking at a blank white screen. The screen was earth-fixed and
hemicylindrical with a radius of 50 cm originating on the axis of
rotation and vertically centred at head height (Fig. 1).

Recordings

Two minutes before (i.e. whilst still sitting) and 2 min after
standing, recordings were taken of respiration as movements of the
thorax-abdomen (Respitrace, NiMS), blood pressure in the finger
with automatic, hydrostatic height-correction (Portapres, TNO), the
electrocardiogram using three lead surface electrodes (Grass
Instruments) and head position (Fastrack, Polhemus). Signals were
acquired at a 500-Hz sampling rate. The first 20 s, during standing
up, were discarded according to the presence of movement artefact.

Signal processing and data analysis

Respiration signals from abdomen and thorax were linearly added
to make a composite respiration signal filtered with a zero-lag
eighth-order FIR (passband 0.1–1.0 Hz). Similarly the ECG signal
was zero-lag eighth-order FIR bandpass filtered (passband 1–
37.5 Hz). After visual inspection of the ECG, R waves were
identified as local maxima of the ECG trace, using linear
interpolation to replace ectopic beats. Instantaneous heart rate,
diastolic and systolic blood pressures were found for each beat.

Fig. 1 Subjects were required to stand up on the rotating platform
and rest their chin, forehead and arms on a frame attached to the
platform. The frame was surrounded by an earth-fixed white
surrounding screen. Patients kept their feet in the same predeter-
mined position, by the rotational axis, whilst sitting and standing.
As soon as subjects stood up, the platform could remain stationary
or began to oscillate at 0.1 or 0.5 Hz
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Mean blood pressure was calculated as 1/3 systolic + 2/3 diastolic
blood pressure.

All signals were resampled at 10 Hz using cubic spline
interpolation. Heart rate and blood pressure signals were then zero-
lag highpass filtered using a fifth-order IIR filter with a cut-off
frequency of 0.05 Hz. Analysis was performed on the 2-min period
preceding standing and 2 min shortly afterward, allowing time for
movement transients to decay. Autoregressive spectra of heart rate
and blood pressure were calculated using the modified covariance
method with model order selected by the ‘minimum description
length’ criterion (Matlab, The Mathworks). Heart rate and blood
pressure power spectra were summed and divided into two bands: a
‘low-frequency’ band between 0.04 and 0.15 Hz and a ‘high-
frequency’ band from 0.15 to 0.5 Hz. The power spectral density
measurements were natural log transformed.

Analysis

Responses following standing were computed in terms of differ-
ences from the sitting position. Statistical analysis was performed
using Friedman’s ANOVA, the Kruskall-Wallis test and Spear-
man’s correlation. Differences were considered significant when
two-tailed p values were less than 0.05.

Results

Respiration rate

Sitting position

Whilst in the sitting position, respiratory rate was similar
for both healthy subjects and patients, over the three

conditions, and did not show significant differences
between the groups (Table 1).

Standing position

During the static condition and oscillation at 0.1 Hz, to
stand up induced variable changes in healthy subjects and
patients (Fig. 2). However, during oscillation at 0.5 Hz,
the healthy subjects showed an increase in respiratory rate
(Fig. 2), which was not observed in the patients (Figs. 2,
3). This difference between groups was still evident when
patients were compared with the age-matched group
(p<0.05, Kruskall-Wallis).

Heart rate and blood pressure

In all subjects, measurements of heart rate and blood
pressure while subjects were sitting were similar during
the three conditions (Table 1). Comparison of responses
to standing up did not show significant differences
between conditions or groups.

In all subjects, frequency domain analysis of heart rate
variability while sitting and standing showed no signif-
icant differences between conditions (Table 2). In the two
positions, the power spectral density measurements of the
low- and high-frequency components of heart rate
variability were linearly related to the age of the subjects;
Spearman’s r=0.6 for the two components (p<0.05).

Table 1 Absolute values of respiration rate, heart rate and blood
pressure, 2 min while sitting and 2 min after standing, of 18 healthy
subjects and 6 patients with bilateral vestibular loss. At 0.1 Hz the

blood pressure measurements are only from five patients (SD
standard deviation, bpm beats per minute)

Condition Healthy subjects (n=18) Age-matched healthy subjects (n=6) Patients (n=6)

Sitting Standing Sitting Standing Sitting Standing
Mean € SD Mean € SD Mean € SD Mean € SD Mean € SD Mean € SD

Respiration rate

Static 16.7€3.8 15.6€3.4 17.7€4.9 15.9€4.4 14.1€3.5 15.6€2.6
Rotation at 0.1 Hz 16.3€3.7 15.6€3.1 16.3€5.0 16.5€4.6 15.1€2.3 16.1€1.8
Rotation at 0.5 Hz 16.1€3.7 17.8€3.6 16.4€5.1 18.8€5.1 15.8€2.5 16.0€2.8

Heart Rate (bpm)

Static 68€8 74€12 64€5 68€9 66€10 73€11
Rotation at 0.1 Hz 70€8 75€13 63€6 69€12 70€12 73€11
Rotation at 0.5 Hz 68€9 75€13 63€4 68€9 68€9 73€9

Systolic BP (mmHg)

Static 107€14 97€13 107€12 99€10 116€22 110€14
Rotation at 0.1 Hz 107€14 99€14 104€11 102€4 115€15 106€17
Rotation at 0.5 Hz 107€16 100€16 114€10 104€8 116€15 108€15

Diastolic BP (mmHg)

Static 60€12 58€12 57€13 56€14 68€17 67€12
Rotation at 0.1 Hz 60€13 59€12 59€13 58€13 69€14 66€15
Rotation at 0.5 Hz 60€13 59€13 61€11 59€13 69€13 66€12

Mean BP (mmHg)

Static 75€12 71€11 74€12 70€12 86€20 83€14
Rotation at 0.1 Hz 75€13 72€12 76€12 72€11 85€16 80€18
Rotation at 0.5 Hz 76€13 73€13 79€10 74€11 85€15 81€15
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In the group of 18 healthy subjects, the power spectral
density of the high-frequency (respiratory) component
was consistently decreased after standing during the three
conditions (Fig. 4) (p<0.05, Friedman’s ANOVA), but
was variable in patients. Although there was no signif-
icant linear correlation between the age of the subjects
and the response to standing, the difference between
healthy subjects and patients was no longer apparent
when patients were compared with the age-matched group
(Table 2). In all three conditions, after standing up, the
amplitude of the high-frequency component of heart rate
variability of healthy subjects and patients was consis-
tently depressed relative to the amplitude of the low-
frequency component, but there were not consistent
changes of the low-frequency component on standing
(Fig. 4).

Discussion

During daily activities, sit-to-stand movements are usu-
ally combined with other movements of the body.
Although the position of the head whilst moving may
be variable, angular acceleration in the horizontal plane is
a frequent component of motion. In this study we
observed an influence of whole-body horizontal oscilla-
tion on the respiratory pattern of healthy subjects after
standing. Although this effect was small, it was not
present in patients with bilateral vestibular loss. The
change of the respiratory rhythm could be described as

Fig. 2 Respiratory rate differences between standing and sitting of
healthy subjects and patients with loss of vestibular function during
the three conditions of platform oscillation: 0 Hz (static), 0.1 Hz
(low frequency) and 0.5 Hz (high frequency)

Table 2 Power spectrum density of heart rate variability (/ms2/Hz), absolute values, while sitting and standing of 18 healthy subjects and 6
patients with bilateral vestibular loss

Condition Healthy subjects (n=18) Age-matched healthy subjects (n=6) Patients (n=6)

Sitting Standing Sitting Standing Sitting Standing
Median, 25–75
percentiles

Median, 25–75
percentiles

Median, 25–75
percentiles

Median, 25–75
percentiles

Median, 25–75
percentiles

Median, 25–75
percentiles

Static

Low freq. 2095 3511 969 1089 2193 2082
(0.04–0.15 Hz) 1527–5929 1253–13,749 457–1485 816–3082 1396–2540 1000–4794
High freq. 1423 1382 422 451 1029 1576
(0.15–0.5 Hz) 557–4550 464–1958a 352–793 356–1054 464–1609 687–1699
Total 5317 5269 1583 1879 3186 3620
(0.04–0.5 Hz) 2044–9654 1827–16,597 935–1904 962–4529 1986–4808 1746–6472

Rotation at 0.1 Hz

Low freq. 2476 2965 1059 1000 2184 1770
(0.04–0.15 Hz) 1284–8015 899–9083 624–1291 692–1995 825–3146 834–4802
High freq. 1267 696 526 419 1112 1362
(0.15–0.5 Hz) 646–3300 451–3245a 335–720 301–468 495–1960 589–2802
Total 5183 3685 1395 1533 3170 3576
(0.04–0.5 Hz) 1713–14,371 1397–15,076 1093–1908 1057–2552 1889–6173 2181–6343

Rotation at 0.5 Hz

Low freq. 3552 3012 882 1639 2083 2646
(0.04–0.15 Hz) 1315–4199 1170–7500 298–3286 685–3392 863–2953 1109–3485
High freq. 886 1096 541 423 1194 980
(0.15–0.5 Hz) 561–3796 387–1668a 527–596 293–601 593–1650 626–1519
Total 4786 4103 1332 2140 3276 3863
(0.04–0.5 Hz) 1878–10,740 1744–10,331 799–4014 1208–3685 2407–3597 2196–4786

a Significant reduction from sitting, Friedman’s ANOVA (p<0.05)
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Fig. 4 Heart rate spectra of healthy subjects and patients with loss of vestibular function: while sitting during the three conditions (mean €
SD), and during static, 0.1-Hz and 0.5-Hz conditions

Fig. 3 Respiratory movements
(thick line) and platform move-
ments (thin line) of a patient
with vestibular loss and an age-
matched healthy subject, during
the three platform conditions:
static (0 Hz), 0.1 Hz and 0.5 Hz
(a.u. arbitrary units)
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(appeared to be) entrainment of breathing by oscillation.
The implication is that the vestibular system may be
partly responsible for the entrainment of respiratory
muscles with the underlying pattern of body motion.

Central neural modulation initiates the generation of
the breathing rhythm whereas peripheral pulmonary
stretch receptors delineate the timing of the inspiratory
phase of each tidal breath. However, interactions between
respiratory and motion patterns may lead to changes of
the respiratory rhythm, coupling it with the ongoing
movement (entrainment). Entrainment of respiration has
been observed during different protocols of exercise
(Persegol et al. 1991; Bonsignore et al. 1998) and when
rocking a newborn baby (Sammon and Darnall 1994).
Rocking a newborn provides natural vestibular stimula-
tion which may underlie the respiratory entraining
(Sammon and Darnall 1994).

Although oscillation at 0.5 Hz induced an increase of
the respiratory rate, the response to oscillation at 0.1 Hz
was variable among subjects. The variable response to
low-frequency oscillation could be attributed to several
factors: entrainment of respiration by the frequency of the
movement evolves and is not present at all frequencies
imposed (Persegol et al. 1991). Oscillation at 0.5 Hz is a
stronger stimulus to the semicircular canals than oscilla-
tion at 0.1 Hz; in this study, the respiratory rate of the
subjects while sitting was >0.2 Hz, so entrainment of a
lower respiratory rate was not likely to improve the
efficiency of ventilation.

Oscillation after standing up induced respiratory
changes that were not related to changes of the heart rate
and blood pressure responses. The independence of the
respiratory findings from any cardiovascular parameter
could relate to the dynamic changes in cardiac control,
which are necessary to adapt to an orthostatic position. On
standing, the high-frequency component of the heart rate
spectra decreased significantly and was always depressed
relative to the low-frequency component. This result
agrees with previous whole-body-tilt studies showing that
the respiratory rate influence on heart rate variability
decreases at high head-up angles (Cook et al. 1999) and
on standing (Sarno et al. 2000). Our results support the
view that, during orthostatic stress, the increase in
sympathetic stimulation may overwhelm respiratory
influences and vagal stimulation decreases (Cook et al.
1999).

The magnitude by which the high-frequency compo-
nent of heart rate variability decreased on standing was
consistently observed in younger subjects but was more
variable among older subjects. This suggests that age-
related factors may influence the respiratory modulation
of the vascular response to orthostatic stress but further
studies are needed to test this hypothesis.

Respiration also affects the cardiovascular and auto-
nomic systems via changes in lung volume (Saul 1998;
Seals et al. 1990) and CO2 (Van de Borne et al. 2001). An
increase in CO2 during standing, due to metabolic
demands, may influence respiratory patterns via chemore-
flexes (Van den Aardweg 2002) and sympathetic activa-

tion (Somers et al. 1989). Unfortunately, during this study
we did not measure or control tidal volume or gas
exchange and we cannot exclude the possibility that these
factors could have influenced the response. However,
such mechanisms would affect respiratory responses in all
conditions similarly and therefore would not account for
the differences we observed between normal subjects and
patients.

In conclusion, this study shows that semicircular canal
activation influences respiratory rhythm during move-
ments in the yaw plane in standing human subjects,
particularly at higher frequencies/accelerations of motion.
The results also show that changes of the respiratory
influence on heart rate variability during orthostatic stress
are not affected by yaw oscillation or chronic vestibular
loss, but may be affected by factors related to age.
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Appendix B: Computer Programs
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Appendix C: Raw Data

Reorientation of Visually Induced Sway During Whole Body Passive

Rotation

For explanation of plots see Figure 11. Only COP data are produced here. The slope of

the line of best-fit was significantly non-zero for all individual plots (both onset and

offset).
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Accuracy of Reorientation of Visually Induced Sway during Vection

For explanation of histograms see Figure 16.
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Subject SP (this graph appears as Figure 16) RV (black) = -6.3 ± 21.8 and ROMP (white)

= -1.4 ± 32.0 (mean ± s.d.).
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A Mechanism to Counter the Influence of Locomotion on Visual

Perception

Reversal of the Order of Walking and Standing

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV), so details see Figure 32.
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Attentional Control

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV).
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Head Motion Control

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV).
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Timing Perception Investigation

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV).
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0.45 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 1.04 - 0.14 × NWV,

R2 = 0.19 and P < 0.05

Expanding Tunnel
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0 0.5 1 1.5

Flashing Tunnel

0
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1.5

0 0.5 1 1.5

Subject KH Line of best fit for the Expanding Tunnel: NOFS = 1.13 - 1.19 × NWV, R2 =

0.75 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 1.01 - 0.20 × NWV,

R2 = 0.25 and P < 0.05
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Expanding Tunnel

0
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1

1.5

0 0.5 1 1.5

Flashing Tunnel

0

0.5
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1.5

0 0.5 1 1.5

Subject PW Line of best fit for the Expanding Tunnel: NOFS = 0.94 - 0.19 × NWV, R2 =

0.10 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.91 - 0.12 × NWV,

R2 = 0.14 and P < 0.05
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Flashing Tunnel

0

0.5

1

1.5

0 0.5 1 1.5

Subject RS Line of best fit for the Expanding Tunnel: NOFS = 0.98 - 0.34 × NWV, R2 =

0.25 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.91 - 0.02 × NWV,

R2 = 0.01 and P > 0.05
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Expanding Tunnel
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Flashing Tunnel
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0 0.5 1 1.5

Subject SD Line of best fit for the Expanding Tunnel: NOFS = 0.91 - 0.29 × NWV, R2 =

0.26 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.84 - 0.01 × NWV,

R2 = 0.00 and P > 0.05
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Subject DT Line of best fit for the Expanding Tunnel: NOFS = 0.83 + 0.08 × NWV, R2

= 0.02 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 1.01 - 0.21 ×

NWV, R2  0.06 and P > 0.05
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Expanding Tunnel
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Flashing Tunnel
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1.0

1.5

0.0 0.5 1.0 1.5

Subject EB Line of best fit for the Expanding Tunnel: NOFS = 0.98 + 0.04 × NWV, R2

= 0.01 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.91 + 0.03 ×

NWV, R2  0.01 and P > 0.05
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Flashing Tunnel
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Subject GT Line of best fit for the Expanding Tunnel: NOFS = 0.63 + 0.36 × NWV, R2

= 0.24 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.36 + 0.13 ×

NWV, R2  0.15 and P < 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5
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0.0 0.5 1.0 1.5

Subject JT Line of best fit for the Expanding Tunnel: NOFS = 0.89 + 0.08 × NWV, R2 =

0.02 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.92 + 0.03 ×

NWV, R2  0.02 and P > 0.05
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Subject MB Line of best fit for the Expanding Tunnel: NOFS = 1.78 - 0.66 × NWV, R2 =

0.24 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 1.42 - 0.74 × NWV,

R2  0.48 and P < 0.05
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Expanding Tunnel
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Flashing Tunnel
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Subject MO Line of best fit for the Expanding Tunnel: NOFS = 1.54 - 0.71 × NWV, R2

= 0.34 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 1.08 + 0.13 ×

NWV, R2  0.02 and P > 0.05
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Flashing Tunnel
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Subject MP Line of best fit for the Expanding Tunnel: NOFS = 0.84 - 0.09 × NWV, R2 =

0.02 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.82 + 0.00 ×

NWV, R2  0.00 and P > 0.05
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Expanding Tunnel
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Flashing Tunnel
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Subject RT Line of best fit for the Expanding Tunnel: NOFS = 0.91 - 0.01 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.89 + 0.06 ×

NWV, R2  0.01 and P > 0.05
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0.0 0.5 1.0 1.5

Subject TO Line of best fit for the Expanding Tunnel: NOFS = 0.82 + 0.32 × NWV, R2

= 0.28 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.97 - 0.04 ×

NWV, R2  0.01 and P > 0.05
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0.0 0.5 1.0 1.5

Subject AP Line of best fit for the Expanding Tunnel: NOFS = 1.21 - 0.36 × NWV, R2 =

0.44 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.97 + 0.03 ×

NWV, R2  0.06 and P > 0.05

Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

FlashingTunnel
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0.0 0.5 1.0 1.5

Subject AT Line of best fit for the Expanding Tunnel: NOFS = 1.10 - 0.43 × NWV, R2 =

0.64 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.95 - 0.14 × NWV,

R2  0.29 and P < 0.05
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FlashingTunnel
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Subject BW Line of best fit for the Expanding Tunnel: NOFS = 0.99 - 0.25 × NWV, R2 =

0.30 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 1.00 - 0.03 × NWV,

R2  0.01 and P > 0.05
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FlashingTunnel
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1.0
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0.0 0.5 1.0 1.5

Subject CJ Line of best fit for the Expanding Tunnel: NOFS = 0.98 - 0.07 × NWV, R2 =

0.02 and P > 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.96 - 0.06 × NWV,

R2  0.11 and P < 0.05
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0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject JN Line of best fit for the Expanding Tunnel: NOFS = 1.03 - 0.24 × NWV, R2 =

0.18 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.98 + 0.00 ×

NWV, R2  0.00 and P > 0.05
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Subject LH Line of best fit for the Expanding Tunnel: NOFS = 0.58 + 0.60 × NWV, R2

= 0.30 and P < 0.05 Line of best fit for the Flashing Tunnel: NOFS = 0.97 - 0.06 ×

NWV, R2  0.00 and P > 0.05

Extension to other Motor Activities

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV), for details see Figure 36.
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Subject AB Line of best fit during Walking: NOFS = 1.05 - 0.02 × NWV, R2 = 0.00 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.94 + 0.05 × NWV, R2 = 0.02 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = 0.79 + 0.31 × NWV, R2 = 0.31

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 0.96 + 0.13 × NWV, R2

0.05 and P > 0.05
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Finger Tapping
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Subject AC Line of best fit during Walking: NOFS = -0.76 + 0.04 × NWV, R2 = 0.03

and P > 0.05 Line of best fit during Cycling: NOFS = -0.75 + 0.22 × NWV, R2 = 0.52

and P < 0.05 Line of best fit during Arm Pedalling: NOFS = -0.71 + 0.21 × NWV, R2 =

0.60 and P < 0.05 Line of best fit during Finger Tapping: NOFS = -0.84 + 0.14 ×

NWV, R2  0.71 and P < 0.05
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Subject BD Line of best fit during Walking: NOFS = 0.76 - 0.16 × NWV, R2 = 0.09 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.77 - 0.09 × NWV, R2 = 0.03 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = 0.84 - 0.17 × NWV, R2 = 0.08

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 1.10 - 0.02 × NWV, R2

0.00 and P > 0.05
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Subject BKW Line of best fit during Walking: NOFS = 1.16 - 0.81 × NWV, R2 = 0.63

and P < 0.05 Line of best fit during Cycling: NOFS = 1.07 - 0.71 × NWV, R2 = 0.49

and P < 0.05 Line of best fit during Arm Pedalling: NOFS = 0.94 - 0.20 × NWV, R2 =

0.06 and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.72 - 0.03 × NWV,

R2  0.00 and P > 0.05
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Subject CH Line of best fit during Walking: NOFS = 1.03 - 0.03 × NWV, R2 = 0.00 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.91 + 0.32 × NWV, R2 = 0.21 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.97 + 0.02 × NWV, R2 = 0.00

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.94 + 0.01 × NWV, R2

0.00 and P > 0.05
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Finger Tapping
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Subject DS Line of best fit during Walking: NOFS = 0.89 - 0.02 × NWV, R2 = 0.00 and

P > 0.05 Line of best fit during Cycling: NOFS = 1.07 + 0.09 × NWV, R2 = 0.01 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = 0.89 + 0.07 × NWV, R2 = 0.02

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 1.50 - 0.29 × NWV, R2

0.12 and P < 0.05
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Finger Tapping
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Subject EB Line of best fit during Walking: NOFS = 0.95 - 0.11 × NWV, R2 = 0.02 and

P > 0.05 Line of best fit during Cycling: NOFS = 1.08 - 0.22 × NWV, R2 = 0.18 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.57 + 0.26 × NWV, R2 = 0.09

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.92 + 0.16 × NWV, R2

0.07 and P > 0.05
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Subject EJ Line of best fit during Walking: NOFS = -0.64 - 0.05 × NWV, R2 = 0.03 and

P > 0.05 Line of best fit during Cycling: NOFS = -0.64 - 0.07 × NWV, R2 = 0.06 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = -0.45 - 0.31 × NWV, R2 = 0.28

and P < 0.05 Line of best fit during Finger Tapping: NOFS = -0.68 + 0.01 × NWV, R2

0.00 and P > 0.05
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Finger Tapping
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2.0

0.0 0.5 1.0 1.5

Subject EM Line of best fit during Walking: NOFS = 0.91 - 0.47 × NWV, R2 = 0.42 and

P < 0.05 Line of best fit during Cycling: NOFS = 0.84 - 0.24 × NWV, R2 = 0.30 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.86 - 0.09 × NWV, R2 = 0.07

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 1.02 - 0.14 × NWV, R2

0.07 and P > 0.05
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Finger Tapping

0.0
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1.0

1.5

0.0 0.5 1.0 1.5

Subject EW Line of best fit during Walking: NOFS = 1.11 - 0.37 × NWV, R2 = 0.35 and

P < 0.05 Line of best fit during Cycling: NOFS = 1.04 - 0.27 × NWV, R2 = 0.47 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.93 - 0.26 × NWV, R2 = 0.28

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 0.87 - 0.01 × NWV, R2

0.00 and P > 0.05
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Finger Tapping
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1.5

2.0

0.0 0.5 1.0 1.5

Subject HP Line of best fit during Walking: NOFS = 1.05 - 0.23 × NWV, R2 = 0.25 and

P < 0.05 Line of best fit during Cycling: NOFS = 1.08 - 0.37 × NWV, R2 = 0.46 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 1.08 - 0.15 × NWV, R2 = 0.13

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 1.11 + 0.13 × NWV, R2

0.12 and P < 0.05
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Finger Tapping
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2.0

0.0 0.5 1.0 1.5

Subject JG Line of best fit during Walking: NOFS = 0.93 - 0.48 × NWV, R2 = 0.29 and

P < 0.05 Line of best fit during Cycling: NOFS = 0.88 - 0.20 × NWV, R2 = 0.24 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.77 - 0.19 × NWV, R2 = 0.17

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 0.82 + 0.06 × NWV, R2

0.02 and P > 0.05
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1.5

0.0 0.5 1.0 1.5

Subject KL Line of best fit during Walking: NOFS = 1.08 - 0.12 × NWV, R2 = 0.04 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.98 - 0.12 × NWV, R2 = 0.13 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 1.45 - 0.57 × NWV, R2 = 0.35

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 0.90 - 0.12 × NWV, R2

0.07 and P > 0.05
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Finger Tapping
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2.0
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Subject KR Line of best fit during Walking: NOFS = 1.12 - 0.08 × NWV, R2 = 0.03 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.97 + 0.16 × NWV, R2 = 0.10 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = 1.15 - 0.03 × NWV, R2 = 0.01

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.95 + 0.11 × NWV, R2

0.05 and P > 0.05
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Finger Tapping
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2.0

0.0 0.5 1.0 1.5

Subject LO Line of best fit during Walking: NOFS = 1.41 - 0.56 × NWV, R2 = 0.22 and

P < 0.05 Line of best fit during Cycling: NOFS = 0.93 - 0.26 × NWV, R2 = 0.09 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = 0.92 - 0.05 × NWV, R2 = 0.01

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 1.25 - 0.49 × NWV, R2

0.25 and P < 0.05
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Subject MDB Line of best fit during Walking: NOFS = 1.00 - 0.10 × NWV, R2 = 0.08

and P > 0.05 Line of best fit during Cycling: NOFS = 0.91 - 0.02 × NWV, R2 = 0.00

and P > 0.05 Line of best fit during Arm Pedalling: NOFS = 1.13 - 0.06 × NWV, R2 =

0.01 and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.96 + 0.02 × NWV,

R2  0.00 and P > 0.05
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0.0 0.5 1.0 1.5

Subject MH Line of best fit during Walking: NOFS = 1.52 - 1.04 × NWV, R2 = 0.67 and

P < 0.05 Line of best fit during Cycling: NOFS = 1.08 - 0.57 × NWV, R2 = 0.78 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.95 - 0.29 × NWV, R2 = 0.14

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 1.11 - 0.20 × NWV, R2

0.18 and P < 0.05
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Finger Tapping

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject MN Line of best fit during Walking: NOFS = 0.86 - 0.34 × NWV, R2 = 0.35 and

P < 0.05 Line of best fit during Cycling: NOFS = 0.91 - 0.21 × NWV, R2 = 0.27 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 1.03 - 0.51 × NWV, R2 = 0.49

and P < 0.05 Line of best fit during Finger Tapping: NOFS = 0.85 + 0.11 × NWV, R2

0.05 and P > 0.05
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Finger Tapping

0.0
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1.0

1.5

0.0 0.5 1.0 1.5

Subject PL Line of best fit during Walking: NOFS = 0.95 - 0.01 × NWV, R2 = 0.00 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.95 - 0.03 × NWV, R2 = 0.02 and P

> 0.05 Line of best fit during Arm Pedalling: NOFS = 0.78 + 0.03 × NWV, R2 = 0.01

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.96 + 0.12 × NWV, R2

0.10 and P > 0.05
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0.0 0.5 1.0 1.5

Subject PM Line of best fit during Walking: NOFS = 0.82 + 0.69 × NWV, R2 = 0.41

and P < 0.05 Line of best fit during Cycling: NOFS = 0.80 + 0.34 × NWV, R2 = 0.20

and P < 0.05 Line of best fit during Arm Pedalling: NOFS = 0.57 + 0.39 × NWV, R2 =

0.17 and P < 0.05 Line of best fit during Finger Tapping: NOFS = 0.79 + 0.27 × NWV,

R2  0.15 and P < 0.05
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0.0 0.5 1.0 1.5

Subject RB Line of best fit during Walking: NOFS = 1.25 + 0.15 × NWV, R2 = 0.03 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.94 + 0.15 × NWV, R2 = 0.13 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.92 + 0.10 × NWV, R2 = 0.09

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 1.06 + 0.16 × NWV, R2

0.07 and P > 0.05
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1.5

0.0 0.5 1.0 1.5

Subject SM Line of best fit during Walking: NOFS = 0.96 - 0.19 × NWV, R2 = 0.20 and

P < 0.05 Line of best fit during Cycling: NOFS = 1.02 - 0.14 × NWV, R2 = 0.18 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 0.91 - 0.01 × NWV, R2 = 0.00

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 1.02 + 0.04 × NWV, R2

0.02 and P > 0.05
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Finger Tapping

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject SS Line of best fit during Walking: NOFS = 0.91 + 0.54 × NWV, R2 = 0.32 and

P > 0.05 Line of best fit during Cycling: NOFS = 0.96 + 0.21 × NWV, R2 = 0.17 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 1.53 + 0.17 × NWV, R2 = 0.01

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.99 + 0.08 × NWV, R2

0.03 and P > 0.05



211

Walking

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cycling

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5
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Finger Tapping

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject TR Line of best fit during Walking: NOFS = 0.94 - 0.27 × NWV, R2 = 0.45 and

P < 0.05 Line of best fit during Cycling: NOFS = 0.91 - 0.12 × NWV, R2 = 0.12 and P

< 0.05 Line of best fit during Arm Pedalling: NOFS = 1.10 + 0.21 × NWV, R2 = 0.08

and P > 0.05 Line of best fit during Finger Tapping: NOFS = 0.92 - 0.05 × NWV, R2

0.02 and P > 0.05

Walking Direction

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV), for details see Figure 38.
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-1 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

3.0

2.5

Subject AP Line of best fit during backwards walking: NOFS = 1.47 - 0.70 × NWV, R2

= 0.13 and P > 0.05 Line of best fit during forwards walking: NOFS = 1.49 + 0.55 ×

NWV, R2 = 0.12 and P > 0.05
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-1 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

Subject AT Line of best fit during backwards walking: NOFS = 1.10 - 0.18 × NWV, R2

= 0.18 and P < 0.05 Line of best fit during forwards walking: NOFS = 1.06 + 0.32 ×

NWV, R2 = 0.46 and P < 0.05
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-1 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

2.5

Subject RH (this graph appears as Figure 38) Line of best fit during backwards

walking: NOFS = 0.80 - 0.76 × NWV, R2 = 0.30 and P < 0.05 Line of best fit during

forwards walking: NOFS = 0.81 + 1.06 × NWV, R2 = 0.68 and P < 0.05
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Extension to Other Optic flow Patterns

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV).
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0.0 0.5 1.0 1.5

Subject DT Line of best fit for the Expanding Tunnel: NOFS = 0.83 + 0.08 × NWV, R2

= 0.02 and P > 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.88 - 0.04 ×

NWV, R2 = 0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.90 +

0.00 × NWV, R2 = 0.00 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.76 +

0.07 × NWV, R2  0.03 and P > 0.05
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Subject EB Line of best fit for the Expanding Tunnel: NOFS = 0.98 + 0.04 × NWV, R2

= 0.01 and P > 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.84 - 0.01 ×

NWV, R2 = 0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.95 -

0.09 × NWV, R2 = 0.02 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.80 +

0.06 × NWV, R2  0.01 and P > 0.05
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Subject GT Line of best fit for the Expanding Tunnel: NOFS = 0.63 + 0.36 × NWV, R2

= 0.24 and P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 2.40 - 0.58 ×

NWV, R2 = 0.16 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 0.81 +

0.08 × NWV, R2 = 0.01 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.91 -

0.11 × NWV, R2  0.06 and P > 0.05
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Subject MB Line of best fit for the Expanding Tunnel: NOFS = 1.78 - 0.66 × NWV, R2 =

0.24 and P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.52 - 0.87 ×

NWV, R2 = 0.35 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.76 -

0.96 × NWV, R2 = 0.36 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 1.19 -

0.15 × NWV, R2  0.05 and P > 0.05
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Subject MO Line of best fit for the Expanding Tunnel: NOFS = 1.54 - 0.71 × NWV, R2

= 0.34 and P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.28 - 0.66 ×

NWV, R2 = 0.49 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.06 -

0.56 × NWV, R2 = 0.37 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 1.18 -

0.53 × NWV, R2  0.46 and P < 0.05



220

Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject MP Line of best fit for the Expanding Tunnel: NOFS = 0.84 - 0.09 × NWV, R2 =

0.02 and P > 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.69 + 0.10 ×

NWV, R2 = 0.03 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.87 -

0.15 × NWV, R2 = 0.04 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.82 +

0.04 × NWV, R2  0.01 and P > 0.05
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Subject RT Line of best fit for the Expanding Tunnel: NOFS = 0.91 - 0.01 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.94 + 0.02 ×

NWV, R2 = 0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.68 +

0.17 × NWV, R2 = 0.07 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.86 -

0.17 × NWV, R2  0.08 and P > 0.05
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Subject TO Line of best fit for the Expanding Tunnel: NOFS = 0.82 + 0.32 × NWV, R2

= 0.28 and P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.17 - 0.12 ×

NWV, R2 = 0.06 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.94 -

0.12 × NWV, R2 = 0.10 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 1.00 -

0.01 × NWV, R2  0.00 and P > 0.05
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Investigation of Reorientation of the Arthrovisual Effect

Normalised optic flow speed (NOFS) plotted against normalised walking velocity

(NWV).
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Subject AP mid-line

Line of best fit for the Expanding Tunnel: NOFS = 1.21 - 0.36 × NWV, R2 = 0.44 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.38 - 0.37 × NWV, R2 =

0.49 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.36 + 0.06 ×

NWV, R2 = 0.02 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 1.09 + 0.02 ×

NWV, R2  0.01 and P > 0.05
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Subject AP mid-right

Line of best fit for the Expanding Tunnel: NOFS = 1.09 - 0.23 × NWV, R2 = 0.22 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.45 - 0.33 × NWV, R2 =

0.31 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.36 - 0.13 × NWV,

R2 = 0.04 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.97 + 0.02 × NWV,

R2  0.01 and P > 0.05
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Subject AP full-right

Line of best fit for the Expanding Tunnel: NOFS = 0.96 - 0.38 × NWV, R2 = 0.64 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.39 - 0.25 × NWV, R2 =

0.24 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.36 - 0.19 × NWV,

R2 = 0.06 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.95 - 0.07 × NWV,

R2  0.06 and P > 0.05
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Subject AT mid-line

Line of best fit for the Expanding Tunnel: NOFS = 1.10 - 0.43 × NWV, R2 = 0.64 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.99 - 0.28 × NWV, R2 =

0.50 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.06 - 0.43 × NWV,

R2 = 0.68 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 0.91 - 0.07 × NWV,

R2  0.11 and P < 0.05
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Subject AT mid-right

Line of best fit for the Expanding Tunnel: NOFS = 1.10 - 0.36 × NWV, R2 = 0.60 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.18 - 0.47 × NWV, R2 =

0.63 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.02 - 0.25 × NWV,

R2 = 0.42 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 0.98 - 0.07 × NWV,

R2  0.08 and P > 0.05



228

Expanding Tunnel
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Subject AT full-right

Line of best fit for the Expanding Tunnel: NOFS = 1.11 - 0.03 × NWV, R2 = 0.01 and P

> 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.95 - 0.02 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 1.14 - 0.42 × NWV,

R2 = 0.62 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 1.04 - 0.15 × NWV,

R2  0.33 and P < 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject BW mid-line

Line of best fit for the Expanding Tunnel: NOFS = 0.99 - 0.25 × NWV, R2 = 0.30 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.85 + 0.05 × NWV, R2 =

0.04 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.98 + 0.11 ×

NWV, R2 = 0.08 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.99 - 0.06 ×

NWV, R2  0.05 and P > 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject BW mid-right

Line of best fit for the Expanding Tunnel: NOFS = 0.94 - 0.33 × NWV, R2 = 0.29 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.59 + 0.30 × NWV, R2 =

0.21 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 0.86 - 0.19 × NWV,

R2 = 0.11 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 0.80 - 0.05 × NWV,

R2  0.02 and P > 0.05



231

Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject BW full-right

Line of best fit for the Expanding Tunnel: NOFS = 0.97 + 0.15 × NWV, R2 = 0.14 and

P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.85 + 0.04 × NWV, R2 =

0.01 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.95 + 0.04 ×

NWV, R2 = 0.01 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.98 - 0.03 ×

NWV, R2  0.02 and P > 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject CJ mid-line

Line of best fit for the Expanding Tunnel: NOFS = 0.98 - 0.07 × NWV, R2 = 0.02 and P

> 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.93 + 0.02 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 1.04 + 0.01 ×

NWV, R2 = 0.00 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.89 - 0.14 ×

NWV, R2  0.19 and P < 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject CJ mid-right

Line of best fit for the Expanding Tunnel: NOFS = 0.94 - 0.04 × NWV, R2 = 0.01 and P

> 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.01 - 0.13 × NWV, R2 =

0.17 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 0.89 + 0.02 ×

NWV, R2 = 0.00 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.99 - 0.28 ×

NWV, R2  0.47 and P < 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject CJ full-right

Line of best fit for the Expanding Tunnel: NOFS = 1.03 - 0.13 × NWV, R2 = 0.04 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.05 - 0.01 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.94 - 0.11 × NWV,

R2 = 0.09 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.86 - 0.03 × NWV,

R2 = 0.01 and P > 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject JN mid-line

Line of best fit for the Expanding Tunnel: NOFS = 1.03 - 0.24 × NWV, R2 = 0.18 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.00 - 0.27 × NWV, R2 =

0.32 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.04 - 0.23 × NWV,

R2 = 0.16 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 0.96 - 0.02 × NWV,

R2  0.00 and P > 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject JN mid-right

Line of best fit for the Expanding Tunnel: NOFS = 1.062 - 0.36 × NWV, R2 = 0.31 and

P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.97 + 0.02 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 1.01 - 0.14 × NWV,

R2 = 0.03 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 1.01 - 0.11 × NWV,

R2 = 0.05 and P > 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject JN full-right

Line of best fit for the Expanding Tunnel: NOFS = 1.22 - 0.35 × NWV, R2 = 0.36 and P

< 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.37 - 0.64 × NWV, R2 =

0.56 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 1.12 - 0.26 × NWV,

R2 = 0.23 and P < 0.05 Line of best fit for the Cartwheel: NOFS = 0.97 - 0.21 × NWV,

R2 = 0.23 and P < 0.05
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Expanding Tunnel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Horizontal Grating

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject LH mid-line

Line of best fit for the Expanding Tunnel: NOFS = 0.58 + 0.60 × NWV, R2 = 0.30 and

P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.57 + 0.72 × NWV, R2 =

0.28 and P < 0.05 Line of best fit for the Vertical Grating: NOFS = 0.66 + 0.28 ×

NWV, R2 = 0.04 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.55 + 0.35 ×

NWV, R2  0.15 and P < 0.05
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Expanding Tunnel
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0.0
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1.5

2.0

0.0 0.5 1.0 1.5

Vertical Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Subject LH mid-right

Line of best fit for the Expanding Tunnel: NOFS = 0.84 + 0.19 × NWV, R2 = 0.06 and

P > 0.05 Line of best fit for the Horizontal Grating: NOFS = 0.98 + 0.04 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.80 + 0.19 ×

NWV, R2 = 0.06 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 1.01 - 0.27 ×

NWV, R2  0.17 and P < 0.05
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Expanding Tunnel
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Vertical Grating

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Cartwheel

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Subject LH full-right

Line of best fit for the Expanding Tunnel: NOFS = 0.67 + 0.40 × NWV, R2 = 0.22 and

P < 0.05 Line of best fit for the Horizontal Grating: NOFS = 1.00 + 0.06 × NWV, R2 =

0.00 and P > 0.05 Line of best fit for the Vertical Grating: NOFS = 0.75 + 0.25 ×

NWV, R2 = 0.13 and P > 0.05 Line of best fit for the Cartwheel: NOFS = 0.90 - 0.03 ×

NWV, R2  0.00 and P > 0.05
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Specification of Spatial Scale

Control

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Stereo

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Both

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject AP Line of best fit without stereo or parallax: NOFS = 0.95 - 0.34 × NWV, R2 =

0.57 and P < 0.05 Line of best fit with stereo only: NOFS = 1.01 - 0.30 × NWV, R2 =

0.57 and P < 0.05 Line of best with stereo and parallax: NOFS = 0.96 - 0.26 × NWV,

R2 = 0.13 and P < 0.05
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Control

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Stereo

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Both

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5

Subject AT Line of best fit without stereo or parallax: NOFS = 1.15 - 0.20 × NWV, R2 =

0.21 and P < 0.05 Line of best fit with stereo only: NOFS = 1.14 - 0.29 × NWV, R2 =

0.25 and P < 0.05 Line of best with stereo and parallax: NOFS = 1.21 - 0.06 × NWV,

R2 = 0.01 and P > 0.05
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Control

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Stereo

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Both

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject BW Line of best fit without stereo or parallax: NOFS = 0.87 - 0.05 × NWV, R2

= 0.02 and P > 0.05 Line of best fit with stereo only: NOFS = 0.91 + 0.14 × NWV, R2 =

0.08 and P > 0.05 Line of best with stereo and parallax: NOFS = 0.93 + 0.11 × NWV,

R2 = 0.06 and P > 0.05
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Control

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Parallax

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Both

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject CJ Line of best fit without stereo or parallax: NOFS = 0.89 + 0.00 × NWV, R2

= 0.00 and P > 0.05 Line of best fit with parallax only: NOFS = 0.98 - 0.06 × NWV, R2

= 0.02 and P > 0.05 Line of best with stereo and parallax: NOFS = 0.93 - 0.10 × NWV,

R2 = 0.05 and P > 0.05
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Control

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Stereo

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Both

0.0

0.5

1.0

1.5

0.0 0.5 1.0 1.5

Subject JN Line of best fit without stereo or parallax: NOFS = 1.15 + 0.08 × NWV, R2

= 0.06 and P > 0.05 Line of best fit with stereo only: NOFS = 1.03 - 0.02 × NWV, R2 =

0.00 and P > 0.05 Line of best with stereo and parallax: NOFS = 1.07 + 0.05 × NWV,

R2 = 0.01 and P > 0.05


	appendixA.pdf
	thurrell_bronstein.pdf
	
	Research Note

	Vection increases the magnitude and accuracy of visually evoked postural responses
	Introduction
	Materials and methods
	Results
	Discussion
	References




