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Summary and Conclusions
In this thesis a number of interactions between signals of self-motion are investigated.

Each of these signals is only one of the possible signals of self-motion used by the

human brain and therefore would normally act in concert with the other signals as

shown in chapter 4. The first two chapters described experiments using postural sway as

a measure of the combined self-motion signal after manipulation of its visual or

proprioceptive components. The next three chapters described investigations on how

efference copy and proprioceptive signals influence visual motion processing,

presumably by acting as signals of self-motion.

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. In

Chapter 2, the reorientation of visual signals of self-motion during rotations of the head

and eyes in relation to the trunk was investigated. Previous experiments (Wolsley et al.

1996) had shown an accurate reorientation of this self-motion signal during head and/or

eye rotations in a visible, well-structured environment. However, whether this

reorientation could still occur without the cognitive cues afforded by a visible

background, i.e. whether proprioceptive and efference copy signals of neck position

were sufficient for this reorientation was unknown. This was tested using visually

evoked postural sway as a tool to determine the direction of the resultant signal of self-

motion for various directions of the visual motion signal. Cognitive cues were reduced

or removed by performing the experiment in the dark and using an unexpected sequence

of visual motion directions. The results showed that the visually evoked postural

response and, therefore, the self-motion signal, were always aligned with the physical

direction of the visual motion, regardless of the position of the eyes with respect to the

trunk. Therefore, the hypothesis that proprioceptive and efference copy (signals of

muscle commands, i.e. of the intended motion) signals of neck position are sufficient to

reorient visual signals of self-motion used in the control of posture is supported.

Though proprioceptive and efference copy signals are sufficient to effect this

reorientation of visual self-motion signals, conscious, cognitive influences may still

have their part to play. In chapter 3, the accuracy of this reorientation was compared

during conscious sensation of self-motion (vection) and conscious sensation of self-
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stationarity (object-motion perception). The accuracy and magnitude of the direction of

sway, and hence of the self-motion signal, were greater during vection than object-

motion perception, suggesting that conscious perception of self-motion may improve

processing of the visual signal. As conscious perception is thought to arise at cortical

levels, these findings suggest that the cortex is one of the places where retinal motion

signals are reoriented by gaze direction.

Together the results presented in chapters 2 and 3 suggest that cognitive processes,

though helpful, are not required for reorientation of retinal motion signals and as such

form an important modulating influence on other pathways in the network presented in

chapter 4. The improvements found with conscious self-motion perception would also

seem to support the hypothesis that the postural response to large-field visual motion is

a 'corrective' response to the 'detected' self-motion.

As vision is a predominantly exteroceptive sense, self-motion, or more accurately

motion of the retinae, alters the retinal signal from what it would be without concurrent

retinal motion. This alteration to 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). However, for tasks

requiring a signal of an object's position or motion in space this alteration to the retinal

signal must be removed. The structure of the environment and the motion of the eyes

through this environment exactly determine the properties of this alteration. A number

of non-visual signals may be used to determine eye- and self-motion, as presented in

chapter 4, and in conjunction with knowledge of environmental structure, itself gained

from vision, may be used to discount the visual alterations resulting from self- and eye-

motion. In the second half of the thesis, three studies were presented investigating the

use of efference copy and proprioceptive signals of self-motion from the legs to remove

these visual alterations.

In Chapter 4, a comparison was made between visual motion perception when standing

still and when walking on an exercise treadmill. Under these (walking) conditions,

efference copy and proprioceptive signals of locomotion were dissociated from their

visual consequences. By observing changes in motion perception of a constant visual

stimulus during walking, the properties of the normal compensatory mechanisms may

be inferred. The hypothesised compensatory mechanism involves discounting those

components of visual motion that would normally be due to self-motion (walking) in
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order to reveal motion of visual objects in space. These compensatory mechanisms were

shown to behave as would be expected from the use of locomotor signals in the

determination of eye-motion and therefore would be compatible with an extension to the

concept of a reference signal of eye movement (Wertheim, 1994). In chapter 5 this

influence of signals of walking was compared to signals from other motor activities less

strongly linked to self-motion, e.g. finger tapping should not indicate self-motion at all.

There was shown to be a tuning of the mechanism responsible for motor activities

indicating self-motion i.e. in the conditions tested, for the similarity between the motor

activity and walking. This agrees with predictions that the effect would be weaker for

those activities that are less correlated with and consequently would be less reliable as

indicators of self-motion. Likewise, using combinations of different patterns of optic-

flow and walking directions, it was shown in chapter 6 that as the visual motion

becomes less consistent, either in structure or direction, with the self-motion indicated

by the current efference copy and proprioceptive signals, the influence of these signals

on visual perception decreases.

In conclusion, there is a network of signals of self-motion, each with advantages and

disadvantages that are combined dynamically so as to produce a single model of motion

of the body and its parts. This model may be used to control that self-motion as in

chapters 2 and 3 or to compensate for the effects of that motion on other sensory

processes as in chapters 4 - 6 and as such must be considered when investigating any of

its individual components.
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Appendix 1

The effect of stereoscopically and parallax defined scale on the

strength of the arthrovisual effect

Introduction

During self-motion, for any given environment structure there is an equivalence

between the optic-flow pattern observed and the properties (speed, direction and

rotation) of the self-motion (Gibson, 1950, 1954, 1966). Gibson suggested that this

equivalence could be used to extract a signal of eye motion in space that could be used

for further visual processing. However, the reverse is also true and if the properties of

the self-motion are known then they may be used to remove its influence on the visual

signal. The reduction in perceived optic-flow speed during locomotion (chapters 4, 5

and 6) was shown to be consistent with such a mechanism to maintain perceptual

constancy during self-motion. If this mechanism does act to maintain perceptual

constancy during walking then it will reduce the perceived optic-flow speed by an

amount equal to the walking speed. However, previously the optic-flow stimulus has

been lacking a 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 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

Subjects stood or walked upon an exercise treadmill placed directly in front of a CRT

monitor (see Figure 1). The treadmill (Woodway Exo 43) was powered by the subjects
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themselves pushing against the handrails with their arms, an action similar to pushing a

trolley. The walking speeds of the subjects were obtained from a sensor attached to the

treadmill axis, which was electronically low pass filtered and digitally sampled at 30Hz.

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.

Figure 1 a) The experimental set-up, subjects wore stereoscopic occluding goggles 
and the head tracking receiver at all times. b) Reconstructed screen-shot of the tunnel.

A B

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 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
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during previous experiments (chapters 2, 3 and 4) 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 4.0os-1, marginally faster

than in the main experiments in chapters 4, 5 and 6.

Subjects were required to perform a matching task between the perceived velocity of a

number of 'target' and 'test' tunnels along the visual axis. These matches were made as a

series of trials: 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 test presentations of 10s each during which no walking occurred. This

order corresponds to those of the type 1 trials in chapter 4. Instructions ('target' or 'test'

and walking speed) were given visually with a fixation point during the 5s gap between

each tunnel presentation. For the test presentations, the subjects used a rotating knob to

control the velocity of the tunnel, this was attached to the right handrail of the treadmill

such that subjects could rest their hands at all times while making an adjustment. At the

beginning of each matching presentation this was reset to a negative (contracting) tunnel

velocity and a small random offset was also added for each presentation to prevent

subjects using the initial position as a cue. The output of the knob was digitally sampled

at 30Hz. Subjects were instructed before each experiment to be at the required walking

speed before the tunnel became visible and to adjust the test tunnel as quickly and

accurately as possible to match only the most recently presented target speed.

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)
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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.

Data analysis occurred off-line with the mean walking speed and visual speed over the

final 5s and 1s of target and test tunnel presentation calculated respectively. A measure

of setting accuracy was calculated as the standard deviation of the optic flow velocity

and used to remove erroneous points by eye. Conditions were randomly ordered in all

experiments. Subjects were given practice with treadmill walking at the various

instructed speeds and matching the tunnel speeds, their stereopsis was also tested

beforehand.

Results

0.1

0.0

-0.1

-0.2
Stereo
only

Parallax
only

BothNeither

Figure 2 Effect strengths as measured by the slope of the line of best fit between perceived 
tunnel speed plotted against walking speed for each subject. All subjects were tested in the 
control and full 3D conditions, with subjects AP, AT, BW and JN  also tested in the stereo only 
condition and subject CJ tested with parallax only.

AP
AT
BW
JN
CJ

All five subjects tested were known to have a strong, reliable reduction in perceived

tunnel expansion speed during walking (see chapter 6). However, whilst one subject

(AP) maintained a strong influence of walking speed on perceived tunnel speed across
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the new conditions, for the remainder there seemed to be no consistent effect and a large

variability between conditions (see Figure 2).

Discussion

Contrary to their previous performances (see chapter 6) 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

chapters 4, 5 and 6). Subject CJ displayed a lack of 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. Possible reasons for the lack of an effect

could be the strain 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 (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 speed as are signals of motion then the lack of an

effect here could be explained. 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.


