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ABSTRACT 

A series of experiments were devised in order to examine aspects of human visual 

performance during simulated self-motion. The experimental stimuli were computer 

simulations of observer translational motion through a 3-D random dot cloud. Experiments 

were specifically designed to obtain data regarding the problem of bias in judgments of 

heading, and to determine the influence of various experimental factors upon the bias. A 

secondary aim was to use these results to develop a workable computer model to predict 

such bias in heading estimation. 

II 

Heading bias has been known for many years, but it is generally assumed only to be 

a problem for complex observer motion. However, the current work involved simple 

observer translation, and found a significant amount of heading bias. A wide variety of 

experimental factors were examined, and it was found that scene depth and speed had the 

greatest effect upon the accuracy of heading estimates, with a faster speed or smaller depth 

reducing bias. 

It was proposed that yaw eye movements, driven by the rotational component of 

radial flow, were responsible for the bias. An adaptation of the Perrone (1992) model of 

heading was used to model this, and a highly significant correlation was obtained between 

the experimental data and the predictions of the model. 
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SECTION A 

AN EXAMINATION OF THE CAUSES OF BIAS IN 

HEADING ESTIMATION 



CHAPTER I 

Overview 

In order to move about in the world with any amount of accuracy, the human visual 

system must solve a variety of problems regarding the layout of the environment and the 

observer's own motion. One such problem of importance in human navigation is that of 

estimating the current direction of motion, or heading. 

2 

The various cues and methods that the visual system may use to extract heading 

direction have been topics for research and speculation for many years. In the mid 20th 

century, Gibson (Gibson, 1950; Gibson, 1966; Gibson, Olum, & Rosenblatt, 1955) created 

the basis for modem studies of heading perception when he described the visual input for 

heading as being composed of more than a just a succession of static images. Whenever a 

person moves through the world, or when objects in the world move relative to the 

observer, a temporal change in the structure of the optic array, or layout of objects in the 

visual environment, will occur. Gibson named this temporal change optic flow, and 

demonstrated that it could potentially be used to guide estimates of heading as follows. 

Simple translation (moving in a straight line without head or eye movements) of an 

observer through a stationary environment generates a radial pattern of optical flow on the 

retina, in which 2-D image motion radiates outwards from the focus of outflow, also known 

as the focus of expansion (FOE). This singularity in the visual field corresponds to the 

direction of heading, and is specified by the radial directions of all elements throughout the 

visual field. This effect is best demonstrated by considering the view through the front 

windscreen of a car travelling along a long straight road. The images of objects in the 

scene will appear to expand away from direction of motion, or FOE. 
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Since that time, a large quantity of empirical research has been carried out, mostly 

using computer-based displays consisting of moving dots showing optic flow, which has 

supported the idea that heading can be solved using just visual motion information ( e.g. 

Cutting, 1986; Rieger & Toet, 1985; Stone & Perrone, 1997; W.H. Warren & Hannon, 

1990). However, one problem with reliance upon using optic flow for heading estimation 

is that the FOE is only present when the motion is purely translational. This is rarely the 

case in the real world, and observer rotations shift or eliminate the focus of expansion, 

meaning that this source of information can no longer be directly used for heading 

estimation ( e.g. Regan & Beverley, 1982; van den Berg, 1992; Royden, 1994; W.H. Warren 

& Hannon, 1988, 1990). This situation is known as the rotation problem ( e.g. Regan & 

Beverly, 1982; van den Berg, 1999) and it is a major challenge for all computational 

models of heading. Because rotational motion is such a problem, most of the empirical 

research in this field has used combinations of translation and rotation in an effort to 

understand the mechanisms controlling heading estimation. 

An underlying assumption of such work has been that, in situations where there is 

no rotation (pure translation), heading estimation is done with a high degree of accuracy. 

Despite this belief, however, it is not entirely clear that human observers can judge heading 

accurately, even in the case of pure translation. In fact, it has been repeatedly observed that 

the perceived heading is biased towards the centre of the display screen (e.g. Gibson, 1947; 

Johnston, White and Cumming, 1973; Llewellyn, 1971; W.H. Warren & Saunders, 1995a). 

This phenomenon could provide a vital clue to the processes behind the neural extraction of 

heading in the same way that visual illusions such as motion aftereffects provide insights 

into the workings of the visual system. However insufficient research has been carried out 

to allow us to decide whether this is a simple response bias or if it is a genuine perceptual 

effect. 
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A problem with the existing research emphasis upon the rotation problem in the 

self-motion perception field is that it adds a much greater level of complexity to the 

interpretation of the results. It makes sense to believe that whatever extraction methods are 

at work in the case of pure translation will also underlie the processes controlling 

estimation with rotation. Therefore we should first aim to develop a good understanding of 

the mechanisms controlling heading estimation in this, the simplest condition, prior to 

concentrating upon the more complex system. 

This thesis aims to address the gaps in the current level of understanding of heading 

estimation, by examining the heading bias evoked by pure translational motion, and the 

factors that help to control this bias. The data so gained will then be used in an attempt to 

understand and model the neural mechanisms controlling this bias. 

The following sections of this introduction will examine the current level of 

understanding regarding the estimation of heading, and will be broadly divided into two 

sections. The first of these is an overview of the current state of heading research theory, in 

which the mathematical analysis of the optic flow field and the main classes of 

computational model will be introduced. The second section covers some empirical aspects 

of heading perception first by examining the brain physiology that is believed to underlie 

such judgments, and then by looking at some empirical studies of heading bias. 
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Theoretical Aspects 

Current theorizing regarding the calculation of heading is based upon the concept of 

optic flow, as already discussed. Mathematical analyses have been developed to formally 

define the geometrical relationships among objects in the visual field, and these have in 

tum been used as the basis for various models of heading perception. In order to properly 

understand the implications of the various empirical findings on heading estimation, it is 

important to have a reasonable level of understanding of these theoretical aspects. 

Mathematical Analyses 

The question of how humans estimate their direction of self-motion has been the 

subject of many mathematical analyses (Cutting, 1986; Hanada & Ejima, 2000a; Heeger & 

Jepson, 1992; Hildreth, 1992; Koenderink & van Doom, 1975; Lee, 1980; Longuet-Higgins 

& Prazdny, 1980; Nakayama & Loomis, 1974; Rieger & Lawton, 1985; Royden, 1997; 

Tsai & Huang, 1981; Zacharias, Caglayan, & Sinacori, 1985). All of these analyses, 

regardless of their wider aim, rely upon the fact, first described by Gibson (Gibson, 1950; 

Gibson, 1966; Gibson, Olum, & Rosenblatt, 1955), that the 3-D motion of points in the 

environment can be reduced to a 2-D vector flow field on a surface, such as the retina. 

First it is important to understand the simple 3-D coordinate system for specifying 

the principal planes and axes of the human body. For this system three coordinate axes are 

fixed relative to the observer in 3-D space; X gives the horizontal component, Y the vertical 

component and Z the depth component of motion. In the discussion that follows, the 

standard convention of referring to angles in the XZ plane as degrees of azimuth and angles 

in the YZ (vertical) dimension as degrees of elevation will be used. Any movement of the 

observer in the world can thus be expressed in terms of translation components along the 



three (X, Y, Z) axes, and these are denoted by the vector term T= (Tx, Ty ,T2?· Rotation 

can likewise be expressed in terms of rotation around each of these axes, denoted by the 

vector R= (Rx, Ry, R2) T. That is, any motion of a person through a 3-D environment may be 

expressed in terms of a combination of translations and rotations around the three 

coordinate axes. 
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Figure 1.1. (a) Two-dimensional information on an image plane is used to extract the observer's 
heading direction. Rotation about the three coordinate axes and relative distances between objects 
can also be derived from the image motion. (b) The 2-D velocity vector field for 800 ms of 
translational motion at 2 m.s-1 through a 3-D cloud of points with a depth of 100 m and a heading 
direction of 15° to the right. 

Although this 3-D description of observer motion is useful for characterizing the 

observer motion, a transformation of the 3-D motion field to a 2-D vector flow field, as on 

the retina, is required for understanding the computation of heading because this is the 

input used by the visual system of humans and many animal species. This requires the 

position and motion of each point in the world to be represented on a flat surface, and is 

illustrated in Figure 1.1. 
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This 3-D to 2-D transformation permits the use of simple geometric relationships to 

describe the motion of the objects in the world relative to the 2-D retinal coordinate system 

of the observer. This transformation is described below, and is based on the work of 

Hildreth (1992). 

Where: 

Translation is T = (Tx, Ty, Tz)T in m.s- 1 ...................................................................... (1) 

Rotation is R = (Rx, Ry, Rz) Tin rad.s-1 ........................................................................ (2) 

If the position of a point in 3-D space is given by the coordinate vector 

P = (X, Y, Z)T , then the 3-D velocity of Pin the observer's coordinate frame is given by 

( )
T . . . 

V = X, Y, Z = -T - Rx P 
... "" ................................................................................ (3) 

Where: 

X= -T -RZ+R Y 
X y Z " .... ' .................... , ................................... , ........... , .................... , .. ( 4) 

. 
Y= -T -RZ+R Y 

y Z X , , ......... , .......... , , , •• , , ... , ................ , .. ,,, .. , ,., , , , .. , .. , , .. ,., , , , .. , , , , , .. , .. , ........ ( 5) 

. 
Z= -T -RZ+RyY 

Z X .......... , , , , , , .. "",, ....... ,,,, .. "",,, .. , .. ,,,, .. ,,, ........ , , , , .. , ... , , , ... , , , , , , , .. , .. ,,, , , .( 6) 

Assuming a perspective projection of velocity V onto the 2-D surface, with a focal length 

of 1.0, the projection of Ponto the image (x, y) will be given by x = X/Z and y = Y/Z. The 

2-D projected velocities of P along the x and y coordinates in the 2-D surface (vx, vy) are 

then given by Equations 7 and 8: 

Vx = (-Tx + XTz) /Z + RxXY- Ry (x2 + 1) + RzY ............................................................. (7) 

Vy= (-Ty+ yTz) /Z + Rx (y2 + 1) + RzXY- RzX .............................................................. (8) 
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Figure 15.4. Mean Experimental Heading Estimates for speed with a depth of 100 m. Veridical 
performance is shown by the 45° line. 
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Figure 15.5. Predicted mean heading estimates for speed with a depth of 100 m. Veridical 
performance is shown by the 45° line. 

184 



185 

Discussion 

The work presented here is concerned with discovering the effect of rotation signals 

upon the accuracy of heading estimation, and the neural mechanisms that underlie this 

process. 

In order to achieve this, the Perrone ( 1992) heading model was modified in such a 

way that rotation detectors were used to drive physical eye-movement behaviour in 

response to lamellar flow. When an observer fixates the centre of a screen showing 

simulated heading, any self-motion information shown on the screen is transformed into a 

2-D retinal image showing full-field motion. The modified Perrone model incorporates that 

assumption that the lamellar component of the flow is detected by rotation detectors in the 

models, and the detectors produce a level of activity which drives an eye movement in the 

same direction as the dominant component of the lamellar flow. This eye movement 

modifies the flow field, and the heading detectors determine heading based on this altered 

flow, thereby biasing the perceived heading direction in the direction of the eye rotation. 

Thus the bias observed in these experiments is largely derived from the capacity for the 

visual system to confuse the lamellar component ofradial flow with a full field rotation. 

Using this model it was found to be possible to reproduce the pattern of central bias 

observed in human estimation of heading with a correlation of 0.96 being obtained between 

the predictions of the model and the experimental results found in Experiment 10. There 

are a few exceptions to the accuracy of prediction. For both the 25 m and 100 m depths, 

the predicted estimates for the 1 m.s-1and 2 m.s-1conditions were somewhat more accurate 

than those actually observed in the experimental data. However the difference is slight and 

mostly occurs with headings of 5° and 10°. For the 100 m depth there is also a reversal in 

accuracy between the 3 and 4 m.s-1 conditions at the 15° mark, which is not observed in the 
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experimental data. However these differences are minor when the overall trend of the data 

is considered. 

The close correspondence between experimental and modelled results adds support 

to the hypothesis that a large component of heading errors observed in the Motion 

conditions are due to the misperception of rotation in the presence oflamellar flow. The 

agreement between experiment and model does not constitute definitive proof of this, but it 

does strengthen the case substantially. 

The eye movements elicited by the lamellar flow are presumed to be similar to those 

of an OKN movement. Although OKN is inhibited in the presence of a stationary fixation 

object (Howard, 1982), this inhibition is not complete, and a small amount of eye 

movement still occurs, especially in response to the first few milliseconds of a display 

(May, Flanagan, & Dobie, 2001). In the present work the amount of yaw required to cause 

the observed bias is extremely slow, in all cases less than 1 °s-1• Therefore we can be 

reasonably confident that such eye-movements could occur. Unfortunately, the small size 

of the eye-movements concerned means that they are unable to be quantified with the 

measurement tools currently available to me. 

One possible area of dispute relating to this model concerns the use of an extra­

retinal signal to perturb the flow field. Corollary discharge theory proposes that 

information about the observer's eye movements is provided by signals generated 

whenever the observer moves his or her eyes (Teuber, 1960, cited in Goldstein, 1989). 

These signals are of two forms, retinal (visual) and extra-retinal. According to this model, 

we will not see movement when both a retinal and extra-retinal signal reach the 

'comparator' together, but we will if only one reaches the comparator such as is the case 

when the eyeball is physically moved with a finger (visual alone) or when an afterimage is 

pursed in the dark ( extra-retinal alone). 
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It is generally believed that when a physical eye movement is made, the visual 

system is able to fully account for this motion, either by visual means or through an 

oculomotor efference copy, and to discount it from the resulting visual flow, meaning that, 

in the current case, the inferred FOE would once again accurately specify the direction of 

heading (Royden Crowell & Banks, 1994; W.H. Warren & Hannon, 1990). This creates a 

problem for the model outlined here. However there is reason to believe that extra-retinal 

motion is not encoded veridically, as experiments examining the Filehne illusion have 

consistently found a gain ratio less than 1 for extra-retinal motion (Freeman, 1999; Freeman 

& Banks, 1998; Freeman, Banks, & Crowell, 2000). 

Although it is likely that a physical eye movement is made in response to the 

rotation detector activity, it is still possible that an eye movement is not made but that the 

visual motion changes the expansion flow field motion in some way. Duffy and Wurtz 

( 1993) have suggested that one possible explanation is that the visual system interprets 

lamellar flow as a reafferent eye movement signal resulting from a horizontal eye rotation. 

Applied to this work, the implication is that this eye movement signal is then subtracted 

from the radial motion in order to compensate for the apparent eye rotation, thereby 

creating an error in heading estimation. The perceptual shift is different from that predicted 

by vector summation, which would predict a shift in the opposite direction to the lamellar 

flow. Similarly, Post and colleagues (e.g. Post, Shupert, & Leibowitz, 1984) have 

suggested that observation of a translating pattern in combination with stable fixation 

would evoke mis-registration of an eye movement in the opposite direction to the flow due 

to a suppression of optokinetic nystagmus, which could potentially be induced if there were 

no fixation. This proposition is supported by the studies using simulated and actual eye­

movements in heading estimation. When physical eye movement information was not 

available, the perceived direction of heading was biased in the direction of the simulated 



188 

eye movement (Regan & Beverley, 1982). In the absence of any firm evidence for a 

physical eye movement having occurred in response to the experimental stimuli in the 

current work, the possibility of such a process being at work has to be considered. 

Another possibility, suggested by Perrone ( 1992), is that preferred directions of the 

heading detectors may be modified in response to the lamellar flow. There is some 

evidence for the modification of MT neurons based on full-field stimulation of the field 

(Allman, Miezin, & McGuinness, 1985), however, it is not entirely clear how such a system 

may work physiologically. 

Although the ratio of eye-movement speed to neural activity in the new model was 

chosen to give us the closest match to the average data for the group of observers, 

individual performance differs in heading estimation, and the model is also able to account 

for this. It is likely that people have different gain mechanisms at work. For example a 

larger net output for the rotation detectors would give a larger yaw eye movement, which 

would in tum bias the perceived heading further away from the true direction. This 

response would explain the results found in earlier experiments for those individuals whose 

responses were inverted relative to the true heading direction. It would be interesting to 

expose such a group of individuals to various OKN inducing stimuli in order to quantify 

their responses to various speeds of motion when compared to a 'normal' population. A 

smaller eye movement response would give an increased level of accuracy relative to the 

mean. Such individuals would be better able to stabilise their eye against these small 

movements. Given the difference that the present work found between those with 

considerable computer experience and those without, it is likely that such stabilisation 

techniques can be learned over time. 
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CHAPTER 16 

Final Discussion and Conclusions 

Overview 

A number of experiments have been carried out in the field of self-motion 

perception to examine heading estimation, including those in section A of this thesis (see 

summary chapter 13, 150). Although the computer-based experimental paradigm used in 

this research has become very pervasive and is still being used extensively, the type of 

visual optical flow used in these displays is relatively uncommon, as humans do not 

generally fixate in a forward direction whilst moving off to the side in everyday navigation. 

In such a situation when the eye is fixated on the centre of the screen, various amounts of 

lamellar flow move across the foveal region, and rotational signals would grow 

increasingly strong with heading eccentricity. It is proposed therefore, that a significant 

component of the heading bias observed in this and previous work in this area is largely a 

result of the particular experimental stimuli being used to test heading perception. 

In order to avoid having rotational flow moving across the static eye, the visual 

system probably incorporates a mechanism whereby the viewer's eyes actively pursue 

some point in the world, or continually re-fixate their gaze upon the current direction of 

heading (Cutting et al., 1992; Land & Lee, 1994; Solomon and Cohen, 1992a, 1992b; 

Wagner, Baird, & Barbaresi, 1981 ). The exact method of gaze stabilization will depend 

upon the type of observer motion being undertaken. 
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Modelling Results 

Using a model developed from that of Perrone ( 1992), in which rotation detectors 

were used to process the lamellar component of the flow, it was possible to accurately 

reproduce the pattern of central bias observed in human estimation of heading, with a 

correlation of 0.96 (p<.0001) being obtained between the predictions of the model and the 

experimental results found in Experiment 10. The heading bias found in each of a critical 

set of experimental conditions can be accounted for by hypothesising that a particular rate 

of eye-movement occurs during the heading trial. By further hypothesising that the rotation 

detectors drive an eye-movement at a yaw rate proportional to their output, it was possible 

to account for the heading bias that occurred under the different experimental conditions. 

The net activity of the maximum responding rotation detector ( determined by its optimal 

speed tuning and rate of firing) was proportional to the size of the eye-movement yaw rates 

associated with the heading bias. 

Although it is suggested that the rotation detectors in this model generate actual 

physical eye movements, it is possible that retinal rotation signals could also be generated 

by the rotation detectors, and that these may operate alone or in conjunction with the eye 

movements. 

Applying the Model to other Experimental Results 

Although the model was tested using the yaw values required for the mean heading 

estimates of Experiment 10, the results of the other experiments in section A are also able 

to be explained by the model. Overall, eye movements being induced by the lamellar flow 

component of observer translation can explain the central bias seen in these experiments. 

Lamellar flow increases with heading eccentricity, and thus an increasingly large eye 
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movement will be seen as the heading direction becomes more distant from fixation. The 

lack of effect found for different object shape and size (Experiment 4), dots remaining or 

not (Experiment 5), having the head on an angle or not (Experiment 7) the number of dots 

(Experiment 8) and Time (Experiment 11) can be explained by these factors not impacting 

upon the size of the lamellar flow and therefore the eye movements. The results of other 

experiments have implications for the heading model, and these will be discussed in tum. 

In Experiment 2, I crossed black and grey response screens with motion and static 

dot displays, and found that motion displays led to far more bias than did static. This 

initially appears counterintuitive, as motion displays contain both motion and static 

components. However, this result makes sense in light of the model as the motion displays 

contained a lamellar flow component, which would have caused a yaw eye movement to 

occur, with heading bias being the result. Very little or no eye movement would have 

occurred with the static display. 

Experiment 3 provides more of a challenge for the model, as the participants were 

asked to find the location of a yellow spot placed at the 'FOE' of static and motion 

displays. They were able to do so with a high degree of accuracy, and in this case motion 

and static estimates were made with equal accuracy. The question that arises is why the 

eye movement did not occur with this experiment if it had in Experiment 2, which was 

otherwise identical. One possible explanation of this difference is that the participants were 

able to disregard the activity of the heading detectors due to the yellow spot being fixed in 

position and somehow anchoring the eyes. Another possible explanation involves 

attentional factors, as participants may be able to selectively attend to various components 

of the flow field (e.g. concentrating on the yellow spot and ignoring the flow). 

Experiment 5 examined the role of fixation direction upon heading estimation and 

found that the perceived direction of heading was towards the centre of the screen rather 
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than towards fixation, although estimates were somewhat more accurate when the true 

direction of heading lay close to the fixation direction. Two aspects of this experiment are 

worth noting as they demonstrate the ability of the model to explain previously challenging 

results. The first involves the situation when the observer is looking at an eccentric fixation 

point, and the actual heading direction lies to the outside of this. In this case, the estimated 

heading direction lay to the inside of fixation. This was unexpected, because the actual 

heading direction lay close to fixation and a high level of accuracy would be expected. 

However this result is easily explained by the model as the direction of flow would have 

generated a yaw eye movement, biasing the perceived FOE towards the centre of the 

screen. 

The second aspect is, on the surface, harder to explain, and involves the case when 

the observer is looking at an eccentric fixation point, and the actual direction of heading lies 

between the screen centre and the fixation point. In this case the flow across the fovea 

should be towards the outside of the screen, and should in theory lead to an overestimation 

of heading with the perceived FOE being moved outwards. However this is true only in the 

foveal region, and when the overall flow in the visual field is taken into account, the global 

pattern of flow will be in the opposite direction and bias will be towards the centre of the 

screen as before. 

Depth was found to be an important factor for improving the accuracy of estimates, 

with less depth leading to less heading bias. In terms of the rotation model, although 

decreasing depth does increase the size of the lamellar component of flow (i.e., makes it 

more uniform in speed), and thus the size of the yaw eye movement, it also increases the 

size of the radial flow components indicating the FOE, and therefore makes the direction of 

heading more robust against any yaw eye movement. That is, although the eye movement is 

made, it does not affect the accuracy of heading estimates to such an extent as when depth 
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is large. The impact of the eye movement will depend both on the size of the eye movement 

and the strength of the heading signal. 

An important aspect of the predictions of the model is the way in which it can 

explain the increase in heading error found with approaches to fronto-parallel planes ( e.g. 

Rieger & Toet, 1985; W.H. Warren, 1986; W.H. Warren & Hannon, 1988, 1990). In theory, 

the FOE should be easily discernable in these conditions, and so the heading direction 

should be accurately estimated. However, people have been found to make more heading 

errors in this case than with displays depicting a variety of object depths. In the past, this 

result has been used as support for differential motion models ( e.g. Crowell, Banks and 

Royden 1989; Hildreth, 1992; Longuet-Higgins & Pradzny, 1980; Reiger & Lawton, 1985; 

Royden, Banks, & Crowell, 1992; Royden, 1997) because a fronto-parallel plane lacks 

differential motion and hence heading performance should be poor. However the rotation 

model can also explain this counterintuitive result. When an approach is made to a fronto­

parallel plane, a large amount of lamellar flow will be seen as a consequence of the lack of 

depth. This flow will have a small range of image speeds and will appear more uniform in 

its speed distribution. Because the model incorporates an inhibitory component that is 

determined by the range of image speeds present in the flow, the fronto-parallel plane 

situation will generate less inhibition in the rotation detectors. This will in turn drive a eye 

movement in the direction of the lamellar flow causing more heading error. 

Section A led to two other findings that can be explained by the rotation model. 

One group of participants is particularly interesting in relation to the predictions of the 

model: these are the people who consistently inverted their estimates of heading. These 

inversions represent a serious performance deficit in that an actual heading of 10° to the 

right was perceived as being some 5-10° to the left, and so on. Such a strong heading error 

can be simulated by adding a relatively large amount of yaw eye-rotation to the heading 
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stimuli. The model could help to explain these results if we consider the idea that in these 

individuals, the 'gain' controlling the amount of eye-movement generated by a particular 

rotation detector output may be higher than in the average observer. The size of the eye­

movements driven by the lamellar flow in the heading stimuli could be higher than normal, 

and so their perceived heading direction is biased more strongly away from the true 

position. For example, for a heading of+ 10, a yaw rate of 0.55 would explain the results of 

the inverse responders, while, for the normal population, a yaw rate of0.13 is needed (note 

that both of these rates are very small). This suggests that a range of rotation gain levels 

could exist within a normal population, with some people being more or less sensitive to 

lamellar flow. 

Another group of participants of interest are those who were able to estimate their 

direction of heading with little or no bias under a wide range of conditions. These people 

were normally highly experienced computer users, and had presumably learned to control 

their eye movements. This suggests that the rotation gain level may be modified through 

exposure to various stimuli. 

Recommendations for Future Research 

The results of the experimental and modelling sections of this thesis have suggested 

some interesting possibilities regarding future research directions. These recommendations 

will be discussed in the following section. 

• The most essential research involves investigating the existence and size of eye 

movements generated by lamellar flow stimuli. This should be carried out in two 

ways, firstly using purely lamellar flow to determine the nature of the relationship 

between the stimulus and the induced eye movements. Secondly, a series of 
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experiments similar to those carried out in this thesis should be run to determine the 

size of eye movements induced by the various experimental stimuli. Note however 

that because the size and rate of the eye-movements tend to be very small (see Table 

15 .1 ), this would require a fairly high resolution eye-movement measuring system. 

Such a system of experimentation would allow a systematic examination of the 

nature of the eye movements and allow a much more accurate prediction of human 

heading estimation performance. 

• It would be of interest to run experiments involving different amounts of combined 

observer translation and rotation (e.g. motion along curvilinear paths). The model 

needs to be further developed to allow for these more complex inputs. 

• In this work I assumed a physical eye movement was elicited by the lamellar flow, 

but it is also possible that the visual system perceived an eye movement to have 

occurred on the basis of visual information. It would be extremely valuable if these 

two possibilities could be isolated from one another, and the relationship between 

them explored. This would permit a greater understanding of the nature of the 

processing of rotational flow in the brain. 

• The rotation model could also be applied to results of research in aviation research. 

For example, Kim, (2000) examined estimations of aim-point during simulated 

aircraft landings. The aim-point was consistently underestimated (i.e. made closer 

to the near end of the runway than was the actual heading direction), and the 

underestimation increased as the aim-point got further from the threshold. The 

scenario in aircraft landings is basically an oblique approach to a fronto-parallel 

plane, with estimates being made in an elevational direction rather than azimuthal 

(as in the majority of experiments reported in this thesis), and therefore does not 
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directly correspond to the 3-D cloud display used in this work. However when the 

aim-point was further down the runway than the fixation point, the downwards flow 

would induce a vertical pitching eye movement increasing in size as the aim-point 

got further from the fixation point. Such horizontal pitch movements are known to 

occur in response to moving stimuli (Howard, 1982). Again, as in Experiment 6 

(Fixation), although the direction of flow in the foveal region may be against the 

observed bias, the overall direction of flow across the visual field leads to a pitch 

eye movement in the predicted direction. Research in this area should focus upon 

the relationship between the stimuli and eye movement behaviours, and the aim­

point estimations made. It would also be valuable to investigate the way in which 

pilots could train to overcome such problems when landing aircraft. In this way 

specific recommendations could be developed (e.g. regarding fixation strategies) 

which would assist in reducing the risk of major accidents, especially in small 

aircraft that do not have instrument landing capabilities. 

• The model also has implications in automobile driving, in that it suggests that errors 

in heading will be created when a driver is faced with flow containing large 

amounts of lamellar components. One possible example of such a situation is when 

a car drives around a tight comer on a mountain road, during which a large vertical 

surface may fall along the line of sight. While the observer is likely to move the 

eyes to track a point or to focus upon the direction of heading itself, the potential 

remains for errors in heading estimation to be made in response to such stimuli, and 

these could have disastrous consequences. Research should concentrate upon 

understanding drivers' responses to such stimuli, and in developing strategies to 



overcome any problems (for a discussion of the use of optic flow in cornering 

behaviour see Wann & Land, 2000). 

Conclusion 

197 

Section A of this thesis involved a systematic examination of the possible factors 

involved in heading bias observed using classic experimental approaches. A significant 

amount of heading bias was found, and this lay towards the centre of the screen, with the 

amount of bias increasing as the eccentricity of heading direction increased. The main 

experimental factors influencing heading were found to be observer speed and scene depth, 

with more speed and less depth leading to more accurate estimates of heading, although 

some bias was found to occur even with optimal levels of each. Viewing time and the 

number of dots had some effect, however these were minor factors, and provided sufficient 

viewing time(> 400 ms) and dots ( ::'AOO dots) were given, bias did not increase. 

As a result of Section A, it was proposed that the bias arose because of an eye 

movement driven by the lamellar component of the flow field. Section B involved the 

development of a rotation model based on the Perrone (1992) model of heading, in which 

eye movements were driven by the output of rotation detectors. A correlation of 0.96 

(p<.0001) was found between the predictions of the model and the results of Experiment 

10. Many of the results from other experiments in the thesis could also be accounted for 

using the mechanisms outlined in the model. The model needs further refining but, even in 

its current state it is able to account for many of the deficits in performance of human 

participants in heading experiments involving pure translation. 
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Appendix A 

Participant information provided on departmental notice board. 

Participants Wanted 

I am running experiments to find out how well people can tell their direction of motion 

from the movement of dots on a computer screen. The results of these experiments are 

very important in the design of safety features for planes and cars, and they also help us 

to understand how the brain deals with visual information. 

To do these experiments, you just need to sit in front of a computer screen and use a 

computer mouse. You will see a lot of dots moving towards you - just like the space 

screen savers. All of the dots will be coming from a certain direction (this is different 

for each trial). You just move the mouse to show the direction that the dots were coming 

from. This is the same thing, visually, as your direction of motion. 

The experiment will take under 1 hour 10 minutes (normally about 40 minutes) and 2% 

course credit will be given. Sign up on the board for a time that suits you. 

Any questions? Come and see Ruth in Kl .06, or Dr. Perrone in Kl .08. 
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Procedure for Experiments as Read to Participants 

About the Experiments 

These experiments use computer displays to examine the question of how 

well people can tell the direction they are moving in. This is known as the problem 

of 'heading estimation'. From previous research we know that people are usually 

fairly accurate at heading estimation. However, it is not properly understood 

exactly how heading estimates are made, and how errors can occur. I aim to 

examine these issues in more detail. 

These experiments are computer based, and will require you to sit in front 

of a computer screen with your head supported by a chin rest. An eye patch will 

cover your left eye, because we want to keep the experiment as straight forward as 

possible, and binocular vision is believed to affect estimates of heading. The room 

will be darkened during the experimental session, which will take under an hour to 

complete. 

In the centre of the screen you will see a red cross. This will remain on­

screen at all times. It is very important that you fixate on this cross during the 

trials and while responding, because any movement of your eye will interfere with 

your ability to do the task properly. 

Each trial will show motion in a straight line through a cloud of small 

white dots (like the space screen-savers you may have seen). The motion will last 

for a brief time, after which the dots will disappear and a white response cross will 

appear in the centre of the screen. Move the white cross across the screen, using 

the computer mouse, until it is located in the direction you felt yourself to be 

moving. Once you are satisfied, a left click of the mouse will start the next trial. 

There will be a small practice session of 10 trials before the experiment 

begins so that you can become familiar with the requirements of this experiment. 



Consent form signed by each participant 

University of Waikato 
Psychology Department 

CONSENT FORM 

PARTICIPANT'S COPY 
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Research Project: _________________________ _ 

Name of Researcher: ------------------------

Name of Supervisor (if applicable): -------------------

I have received an information sheet about this research project or the researcher has 
explained the study to me. I have had the chance to ask any questions and discuss my 
participation with other people. Any questions have been answered to my satisfaction. 

I agree to participate in this research projects and I understand that I may withdraw at any 
time. If I have any concerns about this project, I may contact the convenor of the Research 
and Ethics Committee, 

Participant's Name: Signature: Date: 

~========================================== 

RESEARCHER'S COPY 

Research Project: --------------------------

Name of Researcher: ------------------------

Name of Supervisor (if applicable): __________________ _ 

I have received an information sheet about this research project or the researcher has 
explained the study to me. I have had the chance to ask any questions and discuss my 
participation with other people. Any questions have been answered to my satisfaction. 

I agree to participate in this research projects and I understand that I may withdraw at any 
time. If I have any concerns about this project, I may contact the convenor of the Research 
and Ethics Committee, 
Participant's Name: Signature: Date: __ _ 



Appendix B 

Mean Azimuthal and Elemental Components of Heading 

Estimates 

Table B.l 

Mean azimuthal and elevational components of heading estimates for the 
Black-motion condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.02 -2.23 
-10 -5 -2.23 -1.21 
-10 0 -3.40 -0.21 
-10 5 -2.97 0.55 
-10 10 -3.20 2.19 
-5 -10 -1.57 -2.43 
-5 -5 -2.27 -1.56 
-5 0 -1.63 -0.87 
-5 5 -1.57 0.57 
-5 10 -2.01 3.077 
0 -10 0.16 -2.35 
0 -5 -0.23 -1.12 
0 0 0.26 0.01 
0 5 0.34 0.14 
0 10 0.07 2.84 
5 -10 1.18 -1.80 
5 -5 1.21 -1.17 
5 0 1.82 -0.56 
5 5 2.13 1.12 
5 10 1.85 3.52 
10 -10 3.19 -3.1 
10 -5 3.06 -1.5 
10 0 2.92 -0.15 
10 5 3.13 0.49 
10 10 4.01 2.65 
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Table B.2 

Mean azimuthal and elevational components of heading estimates for the 
black-line condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -6.47 -5.74 
-10 -5 -6.47 -3.91 
-10 0 -6.53 -0.43 
-10 5 -6.38 2.87 
-10 10 -5.63 4.82 
-5 -10 -4.28 -6.14 
-5 -5 -4.29 -3.57 
-5 0 -4.45 0.10 
-5 5 -4.45 3.42 
-5 10 -3.48 4.47 
0 -10 -0.32 -6.00 
0 -5 0.31 -4.28 
0 0 0.32 0.10 
0 5 0.19 2.82 
0 10 0.48 5.47 
5 -10 3.67 -5.85 
5 -5 3.35 -3.49 
5 0 4.81 -1.00 
5 5 4.92 4.11 
5 10 4.64 6.67 
10 -10 5.80 -5.55 
10 -5 6.46 -3.09 
10 0 6.91 -0.58 
10 5 7.16 3.02 
10 10 6.02 5.34 
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Table B.3 

Mean azimuthal and elevational components of heading estimates for the 
grey-motion condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -4.54 -3.77 
-10 -5 -3.69 -2.19 
-10 0 -4.49 -0.95 
-10 5 -4.31 1.20 
-10 10 -4.39 3.10 
-5 -10 -2.06 -3.54 
-5 -5 -2.19 -2.42 
-5 0 -1.55 -0.71 
-5 5 -3.00 0.66 
-5 10 -2.66 3.38 
0 -10 -0.11 -2.98 
0 -5 0.27 -1.75 
0 0 0.05 -0.17 
0 5 -0.29 0.70 
0 10 -0.39 3.19 
5 -10 1.84 -2.91 
5 -5 1.55 -1.84 
5 0 1.67 -0.74 
5 5 2.17 0.99 
5 10 1.74 3.20 
10 -10 3.91 -4.15 
10 -5 3.89 -2.08 
10 0 4.14 -0.38 
10 5 3.86 0.79 
10 10 4.46 2.99 
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Table B.4 

Mean azimuthal and elevational components of heading estimates for the 
grey-line condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -7.18 -6.55 
-10 -5 -7.64 -4.57 
-10 0 -7.94 -0.76 
-10 5 -7.74 3.36 
-10 10 -6.81 5.98 
-5 -10 -4.44 -6.67 
-5 -5 -4.62 -4.11 
-5 0 -4.56 0.12 
-5 5 -5.39 4.10 
-5 10 -4.22 5.68 
0 -10 -0.53 -6.87 
0 -5 0.13 -3.76 
0 0 0.23 -0.09 
0 5 0.37 2.95 
0 10 0.53 5.97 
5 -10 3.95 -6.84 
5 -5 3.78 -4.37 
5 0 4.78 -0.71 
5 5 4.85 3.88 
5 10 4.97 7.06 
10 -10 6.71 -6.30 
10 -5 7.62 -4.22 
10 0 7.37 -0.58 
10 5 7.57 3.645 
10 10 6.49 5.97 
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Appendix C 

Azimuthal and Elevational Components of Estimates 

Table C.1 

Mean azimuthal and elevational components of heading estimates for the 
dots of fixed size condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.35 -1.78 

-10 -5 -3.92 -1.94 

-10 0 -3.30 -0.42 

-10 5 -4.00 0.67 

-10 10 -3.98 1.39 

-5 -10 -2.25 -3.69 

-5 -5 -2.09 -2.01 

-5 0 -1.78 -0.66 

-5 5 -3.32 0.69 

-5 10 -2.80 1.08 

0 -10 0.12 -2.40 

0 -5 -0.12 -0.82 

0 0 -0.65 -0.10 

0 5 -0.45 0.47 

0 10 -0.41 2.50 

5 -10 2.29 -2.96 

5 -5 2.15 -2.20 

5 0 2.12 -0.50 

5 5 1.89 0.94 

5 10 2.47 2.54 

10 -10 3.15 -2.76 

10 -5 3.45 -1.67 

10 0 3.68 0.42 

10 5 3.99 1.44 

10 10 3.95 3.27 
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Table C.2 

Mean azimuthal and elevational components of heading estimates for the 
growing dots condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -4.19 -2.94 

-10 -5 -3.89 -1.84 

-10 0 -3.96 -0.15 

-10 5 -3.83 1.26 

-10 10 -3.76 1.75 
-5 -10 -1.59 -2.86 

-5 -5 -2.36 -1.46 
-5 0 -2.483 0.12 
-5 5 -2.63 1.54 
-5 10 -3.20 2.14 

0 -10 -0.02 -2.53 

0 -5 -1.18 -1.44 

0 0 -0.04 -1.17 

0 5 -0.23 1.04 

0 10 0.30 2.18 

5 -10 1.23 -3.39 

5 -5 2.22 -1.68 

5 0 1.36 -0.74 

5 5 1.81 1.49 

5 10 1.83 2.85 

10 -10 3.57 -2.67 

10 -5 3.73 -0.92 

10 0 3.79 -0.59 

10 5 3.83 1.06 

10 10 4.27 2.61 
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Table C.3 

Mean azimuthal and elevational components of heading estimates for the 
growing cubes condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.93 -2.79 
-10 -5 -2.93 -1.29 
-10 0 -4.16 -0.62 
-10 5 -3.59 0.84 
-10 10 -3.76 1.335 
-5 -10 -2.37 -3.60 
-5 -5 -2.57 -2.31 
-5 0 -2.21 0.22 
-5 5 -1.90 -0.07 
-5 10 -2.24 2.45 
0 -10 -0.16 -2.16 
0 -5 0.09 -1.35 
0 0 0.41 0.04 
0 5 -0.12 0.36 

0 10 -0.34 2.56 
5 -10 2.32 -2.27 

5 -5 1.68 -1.60 
5 0 2.11 -0.46 

5 5 2.52 1.02 

5 10 1.95 2.80 

10 -10 4.05 -3.34 

10 -5 3.40 -1.33 

10 0 3.57 -0.12 

10 5 4.06 1.58 

10 10 3.45 2.55 
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Appendix D 

Azimuthal and Elevation Components of Estimates 

Table D.l 

Mean azimuthal and elevational components of heading estimates for the 
dots not remaining condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.05 -3.28 
-10 -5 -3.49 -2.89 
-10 0 -3.71 -0.84 
-10 5 -3.50 1.06 
-10 10 -3.75 3.19 
-5 -10 -1.23 -2.94 
-5 -5 -1.93 -1.35 
-5 0 -0.96 -0.10 
-5 5 -1.88 1.86 
-5 10 -2.11 3.36 
0 -10 -0.07 -3.70 
0 -5 0.53 -1.45 
0 0 -0.28 -0.19 
0 5 -0.08 1.97 
0 10 0.50 4.09 
5 -10 1.50 -2.66 
5 -5 2.63 -2.33 
5 0 2.82 -0.58 
5 5 3.61 1.24 
5 10 2.77 3.06 
10 -10 3.78 -3.54 
10 -5 4.07 -2.01 
10 0 4.30 -0.18 
10 5 3.42 1.09 
10 10 4.34 3.08 
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Table D.2 

Mean azimuthal and elevational components of heading estimates for the 
dots remaining condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.95 -3.18 
-10 -5 -4.60 -3.04 
-10 -5 -4.49 -0.53 
-10 5 -4.21 1.67 
-10 10 -4.80 3.45 
-5 -10 -2.63 -3.46 
-5 -5 -3.49 -2.01 
-5 0 -2.48 -0.86 
-5 5 -3.09 1.66 
-5 10 -2.27 3.63 
0 -10 -0.49 -4.08 
0 -5 0.41 -1.62 
0 0 -0.67 -0.76 
0 5 -0.18 0.89 
0 10 0.54 3.61 
5 -10 2.15 -3.46 
5 -5 2.93 -2.88 
5 0 3.23 -0.87 
5 5 3.44 0.737 
5 10 3.83 3.62 
10 -10 3.90 -4.03 
io -5 4.13 -3.19 
10 0 4.31 -0.45 
10 5 4.41 1.09 
10 10 4.42 4.07 
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Appendix E 

Table E.1 

Mean azimuthal and elevational components of heading estimates for the 
left fixation condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -6.36 -5.39 
-10 -5 -6.37 -3.45 
-10 0 -6.07 -0.76 
-10 5 -6.46 1.81 
-10 10 -6.37 4.23 
-5 -10 -3.75 -4.39 
-5 -5 -2.31 -2.51 
-5 0 -3.14 -0.89 
-5 5 -4.37 1.86 
-5 10 -3.50 4.82 
0 -10 0.01 -4.02 
0 -5 -1.04 -2.64 
0 0 0.24 -0.96 
0 5 -0.46 1.49 
0 10 -0.41 4.28 
5 -10 2.18 -4.42 
5 -5 1.77 -2.19 
5 0 2.20 -0.39 
5 5 1.64 1.88 
5 10 1.67 4.12 
10 -10 4.26 -4.06 
10 -5 4.30 -2.48 
10 0 4.14 -1.01 
10 5 5.14 2.45 
10 10 4.55 4.68 
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Table E.2 

Mean azimuthal and elevationa/ components of heading estimates for the 
right fixation condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.48 -5.00 
-10 -5 -4.10 -3.88 
-10 0 -3.82 -0.87 
-10 5 -4.16 1.23 
-10 10 -3.95 4.61 
-5 -10 -2.43 -4.18 
-5 -5 -1.98 -3.19 
-5 0 -2.59 -1.38 
-5 5 -3.00 1.66 
-5 10 -2.14 4.99 
0 -10 0.16 -4.51 
0 -5 1.11 -1.73 
0 0 0.22 -0.54 
0 5 0.06 2.81 
0 10 0.53 4.11 
5 -10 3.21 -5.01 
5 -5 4.02 -2.90 
5 0 2.47 -0.38 
5 5 2.75 1.47 
5 10 2.69 3.80 
10 -10 6.15 -4.29 
10 -5 5.70 -2.16 
10 0 5.59 -1.50 
10 5 6.95 2.84 
10 10 6.93 4.31 
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Table E.3 

Mean azimuthal and elevational components of heading estimates for the 
upwards fixation condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -4.88 -3.00 
-10 -5 -4.40 -2.25 
-10 0 -4.11 0.93 
-10 5 -5.84 3.04 
-10 10 -5.19 5.70 
-5 -10 -2.36 -3.62 
-5 -5 -2.40 -1.77 
-5 0 -2.41 -0.02 
-5 5 -2.52 3.32 
-5 IO -2.97 6.12 
0 -10 0.42 -2.57 
0 -5 -0.28 -0.84 
0 0 0.37 0.31 
0 5 0.76 2.03 
0 10 -0.15 4.92 
5 -10 2.97 -2.28 
5 -5 2.35 -1.10 
5 0 2.41 1.13 
5 5 2.80 2.04 
5 10 2.66 4.74 
IO· -10 5.01 -3.39 
IO -5 5.49 -1.81 
10 0 4.74 0.59 
IO 5 6.01 3.45 
IO IO 5.91 5.44 



Table E.4 

Mean azimuthal and elevational components of heading estimates for the 
for downwards fixation condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -4.70 -7.02 
-10 -5 -6.09 -4.74 
-10 0 -5.56 -1.68 
-10 5 -4.97 1.19 
-10 10 -5.19 3.23 
-5 -10 -2.437 -6.40 
-5 -5 -2.65 -3.85 
-5 0 -2.87 -0.96 
-5 5 -3.46 0.99 
-5 10 -3.34 3.84 
0 -10 -0.22 -6.52 
0 -5 0.55 -3.84 
0 0 0.52 -0.48 
0 5 -0.35 2.26 
0 10 -0.13 3.12 
5 -10 3.52 -7.88 
5 -5 2.51 -5.14 
5 0 2.38 -0.73 
5 5 3.16 1.31 
5 10 2.67 3.38 
lO -10 5.04 -6.68 
10 -5 5.92 -4.82 
10 0 5.58 -1.52 
10 5 5.23 1.42 
10 10 4.87 3.06 
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Table E.5 

Mean azimuthal and elevational components of heading estimates for the 
for central fixation condition. 

Azimuth Elevation Mean Azimuth Mean Elevation 

-10 -10 -3.72 -2.69 
-10 -5 -3.14 -2.47 
-10 0 -3.16 -0.93 
-10 5 -3.75 0.85 
-10 10 -3.26 1.56 
-5 -10 -1.77 -3.40 
-5 -5 -1.61 -1.71 
-5 0 -1.25 -0.73 
-5 5 -1.24 1.13 
-5 10 -2.60 2.85 
0 -10 -0.55 -2.43 
0 -5 -0.16 -0.40 
0 0 -0.21 -0.59 
0 5 -0.09 1.08 
0 10 -0.11 2.82 
5 -10 1.48 -2.47 
5 -5 1.77 -1.61 
5 0 2.22 -0.39 
5 5 0.91 0.30 
5' 10 1.69 1.58 
10 -10 3.21 -2.96 
10 -5 2.40 -2.41 
10 0 3.50 -0.77 
10 5 3.39 0.70 
10 10 3.70 1.72 
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