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ABSTRACT

The Two-level model is a popular account of how humans use visual information to
successfully control steering within road edges. A guidance component uses
information from far regions to preview upcoming steering requirements, and a
compensatory component uses information from near regions to stabilise position-in-
lane. Researchers who have considered the case of driving often treat road edges as the
sole informational input for controlling steering, but this approach is not consistent
with the notion that the human visual system adaptively uses multiple inputs to
maintain robust control of steering. A rich source of information which may also be
useful for steering control is optic flow. Chapter 2 demonstrates that optic flow speed
is used to control steering even with road edges present. Chapters 3-5 develop a
framework to examine how use of flow speed changes depending on the availability of
guidance or compensatory road edge information, and demonstrate that use of flow
speed increases only when guidance level information (far road edges) is present.
Chapters 6-7 go on to examine the contribution of flow direction to controlling
steering within road edges, and demonstrate that the use of flow direction appears to
be yoked to the presence of compensatory information (near road edges). Together,
these experiments demonstrate that the contribution of flow information to
controlling steering within road edges can be understood within the context of two-
level steering, and show that an approach which emphasise robust control through
combining multiple informational inputs is vital if we are to fully understand how the

visual-motor system solves the problem of steering along constrained paths.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

A hunting hawk, a swimming salmon, a migrating moth: for all these animals, survival
rests on their ability to control self-motion through their environment. Locomotion -
the controlled movement of an organism through their environment — has been
recognised as the most important behaviour in determining the morphology and
physiology of animals (Dickinson et al., 2000). However, solving the problem of
locomotor control is not simple. Successful locomotion relies on generating a
collision-free course through the environment to a goal, exerting mechanical forces to
propel the organism down the chosen route, and using sensory feedback to
dynamically respond to any errors or disturbances which may occur. Humans
routinely achieve this task with apparent ease and little conscious thought, and across
a variety of modes of transport — from cycling to wingsuit proximity flying - propelling
humans at speeds beyond that experienced during the time-course of recent
evolutionary pressures. Vehicular locomotion requires the learning of novel
sensorimotor mappings and dynamic forces peculiar to each device (e.g. the rate of
change controller that is a steering wheel), but it is sensible to assume that much of the
underlying neural circuitry supporting locomotor tasks generalises from walking, to
running, to cycling, or driving a car. Driving is now commonplace, with 36.3 million
license vehicles (30 million cars) in the UK at the end of June 2015 (Department for
Transport, 2015b), and whilst on average 175.4 million miles were travelled without a
fatality, there were still 1,775 reported deaths on UK roads in 2014 (Department for

Transport, 2015a) demonstrating that there are important safety implications for



improving our understanding of how humans steer successfully. Understanding how
humans successfully steer is therefore not only of fundamental scientific interest, but

also has direct implications for safety in the modern world.

The problem of controlling locomotion can be understood through a control-theoretic
approach. This approach attempts to uncover the sensory inputs for locomotor tasks,
and the control strategies that govern them. A control strategy is a set of principles or
mathematical rules that allow goal directed behaviour given variation in the quality or
nature of sensory inputs. For locomotor tasks, human control is predominantly driven
by visual inputs (Gibson, 1958). Gibson (1958) proposed some general laws of control
that could underpin biological locomotion which has inspired many attempts to
capture complex locomotor behaviour with simple laws of control (e.g. Fajen &
Warren, 2003; Kim & Turvey, 1999; Land & Lee, 1994; Lee & Lishman, 1977; Salvucci
& Gray, 2004; Wann & Swapp, 2000; Warren, Kay, Zosh, Duchon, & Sahuc, 2001;
Wilkie & Wann, 2003). The primary thrust of this thesis is to build on these models
to better describe the visual inputs needed for successful locomotion and the control
strategies which govern their use. This introduction will first discuss the information
sources that are available to a locomoting agent throughout any environment, before
turning attention towards the specific control problems presented by having to

generate trajectories that are constrained by defined road edges.

1.2 Optic Flow (on straight paths)

It is useful to start with a description of the visual world presented to a moving
observer. Light propagates rectilinearly and reflects off surfaces. This means that at
any point of observation in an illuminated environment the eye receives a unique
distribution of light rays. The nature of this distribution can give the viewer
information about the layout of their environment. If the observer moves forward they
will be faced with a different distribution of light rays, and surfaces will appear to

translate towards the observer at a rate proportional to the observer’s movement, and



inversely proportional to their distance from the observer (Gibson, Olum, &
Rosenblatt, 1955). This continuous transformation of texture elements due to self-
motion is called optic flow, and was first introduced by Gibson (Gibson et al., 1955;
Gibson, 1950, 1958) as a potential means of controlling locomotion. If one was to
follow a single texture element (imagine, for example, a white dot in an otherwise black
room) over successive transformations (i.e. over time), the resultant vector’s
directional displacement could give information about observer’s direction of travel.
If the texture element was displaced leftwards the observer would be heading to the
right of the target (and vice versa), with a magnitude proportional to heading offset. If
the observer was heading on a collision course with the texture element, it would not
be displaced leftwards or rightwards. With multiple texture elements, their relative
displacement can also give depth information (farther away elements will displace
less). Remarkably, these properties mean that they will appear to radiate from a single
point that coincides with instantaneous direction of travel (heading; Figure 1.1). This
point has been named focus of expansion (FoE) — a possible control solution for
locomoting towards a goal would be to align the FoE with the desired object or

direction (Gibson, 1958).
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Figure 1.1 Simulation of a linear trajectory across a textured ground plane

generating a straight line flow pattern, with the focus of expansion (FoE) at horizon.

The case considered in Figure 1.1 is oversimplified since it requires the eye to be in a
fixed direction whilst travelling forward on a linear path. In reality humans do not
always fixate straight ahead. Like many other animals humans have evolved mobile
eyes that allow adaptive sampling of a visual scene, and although we tend to look where
we are going (Hollands, Patla, & Vickers, 2002) we routinely use eye-movements to
look at objects within the scene. Furthermore, humans do not always move in straight
lines. When travelling at slow speeds (i.e. walking) it is hypothetically possible to stop
and pivot to face one’s destination then approach directly. At higher speeds (e.g.
running, cycling), momentum precludes this strategy and curved trajectories are
necessary — additionally many vehicles have a wheelbase which introduces a turning
arc. At a more fundamental level, humans have developed locomotor control systems
through evolutionary pressure to successfully navigate complex natural terrains,
where straight paths (e.g. man-made motorways) are rare. A general theory of
locomotive control therefore must account for travelling along curved paths, as Wilkie

& Wann (2006, p. 91) surmise:



“The general task of locomotion is maintaining a (curved) trajectory
and predicting future path, of which a straight trajectory is the limit

»
case of zero curvature”.

Movement of the eyes, head, or body all change the optic flow field stimulus available
to the retina (what will from hereon in be referred to as retinal flow). Eye movements
add a global rotation to the texture elements in the visual field, which can obfuscate
the FoE (Regan & Beverley, 1982). Research evidence suggests that when travelling
along linear paths, heading perception remains reliable if the extra-retinal signals (e.g.
from the muscles controlling the eye) are known (Royden, Banks, & Crowell, 1992;
Royden, Crowell, & Banks, 1994), presumably because the rotation component can be
partialled out using the eye-movement signal. Curving trajectories add rotations that
are not easily distinguishable from eye movements, creating potentially ambiguous
flow fields whereby a single retinal flow snapshot containing translation and rotation
elements could potentially represent a number of trajectories ranging from a linear
trajectory with eye, head or body rotations through to a curved path without gaze
rotations. Given the complexity of computationally resolving this ambiguity
(Longuet-Higgins & Prazdny, 1980) there has been much debate over the extent to
which flow uniquely provides sufficient information to control steering along complex

trajectories — the next section will review this literature.

1.3 Optic Flow travelling along Curved Paths

It is straightforward to observe how heading may be used to control steering on
straight paths. If instantaneous heading aligns with the goal, then the observer is on
the desired path (Gibson, 1958). However, it is less clear how instantaneous heading
may be used to control steering along a curved trajectory. On a curved trajectory,
instantaneous heading corresponds with the tangent of the curve (straight ahead)
instead of future direction of travel (in the literature, this is usually referred to as future

path; see Figure 1.2). Steering towards a goal whilst avoiding obstacles requires



anticipatory control (Higuchi, 2013), which is provided by future path, not heading. It
is generally agreed that path information is essential for locomotor control, and that
path can be reliably estimated (Cheng & Li, 2011; Kim & Turvey, 1998; Warren,
Mestre, Blackwell, & Morris, 1991; Wilkie & Wann, 2006)". The key question (as
identified by Lappe, Bremmer, & van den Berg, 1999), remains “how is path
information obtained from retinal flow and extra retinal signals and how is the path

predicted” (p. 335).

Path
Trajectory

Heading

Figure 1.2 An illustration of the difference between heading and path whilst steering

a curve.

Some have suggested that path can be perceived by decomposing the retinal flow to
retrieve heading information in order to estimate path (Cheng & Li, 2011). Cheng &
Li (2011) asked participants to estimate future path trajectory 10m ahead using a post-
trial probe, where a trial consisted of viewing a circular path (duration of 1s) over a
ground-plane that was either textured, dotted, or populated with life-limited dots. In
principle, perceiving future path trajectory requires integrating velocity vectors over
time therefore it should not be detectable from life-limited dots, whereas heading

perception should be available from all these displays (Cheng & Li, 2011). Cheng & Li

" Confusingly, both Warren et al. (1991) and Kim & Turvey (1998) use the term heading, but ‘heading’
was calculated by forced-choice judgements of future path relative to a reference object, not tangential
heading. Warren et al. (1991) do propose a method using vector normals, which can be calculated by
two elements over two frames, thereby providing an instantaneous method of judging path. This is
evidenced by accurate circular heading perception when only two elements were in the scene. However,
Warren et al. (1991) has been criticised for using low radii bends (Wilkie & Wann, 2006) and an
ecologically low threshold for their heading judgments (this latter criticism also applies to Kim &
Turvey, 1998; Wann & Land, 2000). On a heading task using tighter bends with a higher heading
threshold, circular heading perception may not be as robust (Warren et al., 1991, themselves found that
performance dropped off sharply for small radii).



(2011) found that participants were able to estimate future path trajectory just as
accurately for life-limited dot displays as for textured- or dot-flow. Similarly, Li, Sweet,
& Stone, (2006) and Li, Chen, & Peng, (2009) claim to show accurate heading
perception (estimated by aligning virtual line of sight with perceived heading) of
curvilinear self-motion on life-limited displays. However, participants determined
their own trial length because judgements were only submitted when they were
certain. Longer viewing times may have allowed the observer to combine successive
estimates of heading therefore produce a more accurate estimate than would have been
manageable under short viewing times. Furthermore, both studies (Li et al., 2009,
2006) use a 3D cloud display which could be considered artificially rich compared to

the usual viewing conditions during terrestrial locomotion.

Interestingly, Cheng & Li (2011) also found that path perception was most accurate
when gaze was fixed along the heading direction, rather than at a point along the future
path. This prompted the authors to conclude that one should “look where you are
going but not where you want to go” (p. 13). In a recent attempt to provide a
neurophysiological basis combined heading and path perception, Layton & Browning
(2014) simulated Cheng & Li’s (2011) experiment using a computational neuronal
model which simultaneously codes heading and path. They find that the results are
comparable; suggesting that Cheng & Li’s (2011) hypothesis of heading-dependent-
path might be computationally viable. In support of their findings, Layton & Browning
(2014) claim that “directing gaze in the direction of heading naturally occurs in many
activities, such as locomotion and driving” (p. 18). This is certainly not the consensus
view, however, with evidence suggesting that this gaze behaviour is not typical of
natural locomotion. When asked to saccade to path or heading, observers saccade
more accurately to future path (Wilkie & Wann, 2006). Furthermore, it has been
consistently shown that drivers prefer to fixate their future path when steering bends
(Itkonen, Pekkanen, & Lappi, 2015; Lappi, Pekkanen, & Itkonen, 2013; Lappi &

Pekkanen, 2013; Lehtonen, Lappi, Kotkanen, & Summala, 2013; Robertshaw & Wilkie,



2008; Wilkie, Kountouriotis, Merat, & Wann, 2010), and fixating elsewhere for
extended periods can actually bias steering trajectories in the direction of fixation

(Kountouriotis, Floyd, Gardner, Merat, & Wilkie, 2012).

Studies that monitor eye-movements during active steering control (e.g. Lappi &
Pekkanen, 2013; Robertshaw & Wilkie, 2008) demonstrate that gaze behaviours which
enhance heading perception (i.e. looking tangential to the curve; Cheng & Li, 2011;
Layton & Browning, 2014) are generally not observed in active control of steering,
which questions whether the mechanisms involved in perceptual judgments of
heading transfer to steering tasks. Unfortunately, none of the psychophysical studies
that imply heading perception helps path perception (Li et al., 2009, 2006; Li & Cheng,
2011) assess active control of steering so it is unclear whether display conditions which
support accurate heading perception also support accurate steering control.
Kountouriotis & Wilkie (2013) attempted to address this issue by directly comparing
steering and heading accuracy, and found performance to be comparable with dense
flow displays or displays with a textured ground-plane, but degrading the flow
information caused steering accuracy to decrease whilst heading judgements
remained fairly accurate (although dropped off at lower levels, see Figure 1.3). They
conclude that “control of steering curved paths may not solely rely on heading

perception” (p. 344). As highlighted by Wann & Land (2000), it may be the case that:

“heading may be a post-hoc percept: one that can be recovered by
observers if they are required to do so, but that is not actually used in

active naturalistic tasks”. (p. 324).
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Figure 1.3. A) Heading errors for the different levels of flow visibility (open
symbols=°‘faded’; filled symbols=‘visible’) and different numbers of dots on the
ground. For a comparison, the error for the texture and ground condition is shown
by the dotted line * standard error of the mean (grey rectangle). B) matches A) but
depicts steering error. Figure and caption adapted from Kountouriotis and Wilkie

(2013).

Alternatively, direct path perception theories circumvent the need to decompose flow
to retrieve heading. Wann & Swapp (2000) and Kim & Turvey (1999; see also Wann
& Land, 2000) both present an elegant solution to the heading problem through a
control law using curvature properties of retinal flow. If one was to fixate on or near
the target, the shape of curvature can inform the driver of their course relative to the
target (Figure 1.4). If the observer was on course to intercept the target (in a path of
constant bearing, be it linear or curved), flow vectors would have minimal curvature
(Figure 1.4), and a remarkable property of retinal flow is that all vectors aligned with

the course of travel will be straight (Figure 1.4A). Understeering will cause flow vectors
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to curve in the direction of oversteering (Figure 1.4B), proportional to the magnitude
of the error, and oversteering will cause flow vectors to curve in the opposite direction

(Figure 1.4C).

Figure 1.4 Retinal flow patterns during steering whilst fixating between the target
poles. The red vertical line indicates initial heading, and the horizontal red line
indicates change of heading. A) If the observer is steering appropriately, flow lines
on course to the target will remain straight. B) If the observer is understeering, the
flow pattern will be centred around the fixation point, but flow lines curve in a
direction opposite to the steering error. C) If the observer is oversteering, the curve

of flow lines is opposite to B). Figure adapted from Wann & Swapp (2000).

A locomotor strategy involving looking where one wants to go has advantages other
than being able to harness ‘raw’ retinal flow, notwithstanding the obvious advantage
of being able to see oncoming obstacles. Fixating a future point on the path gives the
driver the egocentric direction (see section 1.4) of the target with respect to the
locomotor axis. On a path of constant curvature, keeping the rate of change of
egocentric direction to zero means one has matched the curvature of the bend. Wann
& Land (2000) proposed that robust locomotor steering around a bend of variable
curvature can be achieved through splining together various sections of constant
curvature, fixating a future point, and using vertical vectors in retinal flow or

egocentric direction, or a combination of the two, as a control input.

The support for this model comes indirectly through a large body of gaze behaviour
literature, showing that gaze is generally directed towards the future path during

locomotive tasks (Itkonen et al., 2015; Lappi et al., 2013; Lappi & Pekkanen, 2013;
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Robertshaw & Wilkie, 2008; Wilkie et al., 2010). Although it is debatable whether
retinal flow is actually used in this manner (for a critical view see Saunders & Ma, 2011,
and Li & Cheng, 2011), the importance of this framework is that it emphasises that
mobile gaze should not be treated as a problem but instead that it can be used directly

as a control signal and indirectly to process and alter retinal flow in a useful way.

1.4 Steering without flow

Flow information is often treated as a ubiquitous source of information, but there are
many locomotor scenarios where flow is unreliable or unavailable. For example, when
driving through rain or snow in the presence of wind, flow may be subject to
transformations that are independent of eye, head, or body motion, potentially
rendering flow unreliable. Additionally, when in fog, or at night, flow information will
be degraded. In conditions of complete darkness (where no flow is available) humans
can steer successfully to a target (Wilkie & Wann, 2002). This shows human
locomotion may use other information sources of information apart from flow to steer

effectively.

The participants in Wilkie & Wann’s (2002) study exhibited accurate steering because
they were able to perceive the direction of the target relative to their body. This percept
can be specified both retinally and non-retinally. Often terminology is confusing, for
example, the term visual direction has been used to refer both to the general percept of
target direction (e.g. Harris & Rodgers, 1999; Harris, 2001; Wann & Wilkie, 2004;
Wood, Harvey, & Young, 2000) and specifically the retinal counterpart (e.g. Wilkie &
Wann, 2003). Throughout this thesis the general percept of the direction of target
relative to the observer’s body will be referred to as egocentric direction (ED; Howard,
1982; Rushton & Salvucci, 2001), the retinal information will be retinal direction (RD),

and the extra-retinal information will be extra-retinal direction (ERD).
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Both RD and ERD can be recovered without reliance on vector patterns, therefore are
relatively independent of flow. RD can be specified with respect to a visible marker
attached to the locomotor axis’. Such visual markers are often very clear in vehicular
locomotion. A car often has a windscreen frame, or a bonnet, which can provide visual
references for steering. The same can be said for one’s arms and handlebars when
cycling, or for skis when skiing. A simple strategy to orient to a goal would be to move
the target so the angle between visual marker and the target was zero*. Although RD
is a powerful source when available, it can be argued that its availability is limited.
When running or walking, visual markers are less obvious, although it is possible that
peripheral information of nose, orbital ridges, feet and torso may be used (Howard,

1982)°.

ERD can be specified by eye-in-head and head-on-body orientation information. Eye-
in-head orientation is predominantly specified through efferent copies of signals sent
to extra-ocular muscles, but also through proprioceptive feedback from those muscles
(Bridgeman & Stark, 1991; Howard, 1982). Head-on-body orientation can be specified
through proprioceptive feedback from the neck muscles, but also through efference
copies and indirectly from vestibular semi-circular canals (although the vestibular
system has been shown to contribute little to steering control, Wilkie & Wann, 2005).
Whilst RD is only available if there is a suitable visual marker, ERD is always available
and can offer valuable information about the eccentricity of a target relative to one’s

body. The accuracy of ERD alone is hard to assess (attempts are generally confounded

T There is also the preceding issue of spatially resolving the point of interest from a retinal image
(Howard, 1982).This is only an issue when points are in the peripheral field, where acuity is less, and
since humans generally foveate the object or point they wish to locomote to the possible error in
spatially resolving the image will not be discussed (and is generally taken for granted in the literature).
¥ Relationships between visual markers and desired angles can be learnt. There is no need for a visual
marker to match with the body’s midline, this is simply the extreme case (see Wilkie & Wann, 2002).
The marker merely needs to be the same orientation as the body so the RD which specifies straight
ahead can be learnt. It is possible that multiple estimates of RD can be corroborated to provide a better
estimate of target direction (as in with a windscreen frame).

® Judgements of straight ahead have been shown to be improved by adding an external visual marker
attached to locomotor axis, suggesting the eccentricity of peripheral body parts alone might be too large
for use in specifying RD (Howard, 1982).
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by having to hold a previous eye position in memory, e.g. Blouin, Gauthier, & Vercher,
1995), since it is very rare to have ERD without some retinal information, for example,
in Wilkie & Wann’s (2002) study where drivers steer to a target in darkness, ERD is
accompanied by retinal drift of the target. Whilst there are cases where ERD can be
biased, such as after a prolonged eccentric fixation, or during a prolonged fixation
without any additional visual information (the autokinetic effect), it is generally
accepted that ERD is accurate and precise enough to strongly contribute to ED
(Howard, 1982). Grasso, Prévost, Ivanenko, & Berthoz (1998) showed that visual look-
ahead was displayed even when turning corners without visual information (eyes
closed), a finding Bernardin et al. (2012) replicated with participants mentally
simulating complex trajectories. Both these studies strongly suggest the utility of ERD

information in specifying egocentric direction.

Both RD and ERD give rise to the percept of ED. Some control strategies for
locomoting using ED are relatively straightforward. If there were no turning
constraints (e.g. momentum or wheelbase) an animal could simply pivot so the angle
between the locomotor axis and the target was nulled, then move forward. A strategy
such as this can be observed in the jumping spider (salticidae), where it turns to face a
target before jumping towards it (Land, 1971). When an animal is not moving, there
is no flow. In principle, flow may be used during the pivoting movement of the spider,
but it has been shown that the pivot of this creature is an open-loop mechanism (Land,
1971). Therefore, the jumping spider is an example of an animal that relies little on
flow information, and navigates through ED (specifically, RD). In situations where
there are turning constraints, the egocentric direction angle could be nulled over time
with the rate of change of angle dependent on the turning constraints. This would

produce a curved path to a target.

In most natural locomotion settings it is hard to distinguish between steering using
ED and retinal flow information, since both can be used to independently explain

linear and curved trajectories. Rushton, Harris, Lloyd, & Wann (1998) report an
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innovative experimental design to disentangle the two sources of information using
prisms. Prisms can displace light sideways, so if an observer views the world through
a prism the entire visual scene will appear retinally displaced with respect to its
veridical position. This means that when viewing a target, the perceived ED of that
target will be offset. However, since all light coming into the eye is shifted by the same
amount, the properties of the flow field do not change. To illustrate this fact, consider
walking straight towards the real-world location of the target whilst wearing prisms.
Since the real-world direction of visible surfaces is still straight ahead (the prism
simply translates the entire flow field), the FOE would still be centred on the target, but
the target would be offset. If one proceeded to the target using ED they would walk
with a constant heading offset because they would orient themselves towards the
retinally displaced target position instead of the real-world target position: which
would result in a curved trajectory. However, if one was to walk by positioning the FoE
over the target, a straight line trajectory would be taken. Rushton et al. (1998) had
participants walk to a straight-ahead target while wearing prisms that displaced the
target by 16 degrees, and observed that participants generally took curved paths to the
target, with a constant heading error of approximately 85% of prismatic
displacement”. It was concluded that observers may rely little on flow, instead using

ED of objects and fixation points to navigate through the world.

This sparked a flurry of research and debate on whether humans predominantly use
flow (Fajen & Warren, 2000) or ED ( Harris & Bonas, 2002; Harris & Rodgers, 1999;
Harris, 2001; Rushton & Salvucci, 2001; Wann & Land, 2000). There is now strong
evidence that humans can utilise either cue. Both Wood et al. (2000) and Warren et al.
(2001) demonstrated that walking trajectories evident of an ED strategy are observed
when the quality of flow information is poor, but straighter trajectories (indicative of

walking using flow information) are taken if flow information is rich (these studies are

" A heading error of less than the prismatic displacement is consistent with an ‘immediate correction’
effect when wearing prisms (Rock, Goldberg, & Mack, 1966; Rushton & Salvucci, 2001). This found in
most prism studies, and is discussed further in Harris and Bonas (2002).
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reviewed in more detail in Chapter 6). The combinatorial approach to ED and flow
has been strongly supported by empirical data from Wilkie & Wann (2002, 2003)
suggesting humans combine ERD, RD and flow information weighted by their relative

strength.

1.5 Steering with Road Edges

The tasks considered so far have predominantly involved steering to (or being steered
to) a single target, or viewing simulated self-motion using an open-field display with
no visible target. However, it is routinely the case that locomotor trajectories are
constrained by a variety of obstacles and/or boundaries: be it forest trail, pavement,
country lane or motorway. Investigations of how humans drive when there are visible
road edges (REs) seem to have developed relatively independently of literature

investigating the more general case of steering to a goal.

Consider steering down a single track road. This task may be achieved by simple
feedback control. To start, the driver needs to merely move themselves forward. At the
next moment, the driver can perceive their current position using splay rate (e.g. Beall
& Loomis, 1996) or egocentric direction (Salvucci & Gray, 2004) relative to the near
road edges and compare that to their ideal position (e.g. centre of the road). The third
step requires the driver to produce a motor command that reduces the error signal to
zero. This could be a continuous loop, enabling the driver to correct for internal
disturbances (e.g. signalling noise, Faisal, Selen, & Wolpert, 2008) or external

disturbances (e.g. crosswind) in order to reduce trajectory error to acceptable limits.

A feedback control strategy requires the driver to continuously monitor the road. In
real world scenarios dedicated monitoring is unlikely, with the driver’s attention
distributed across the scene (e.g. to monitor road signs, passengers, pedestrians and
other cars) and the driver may look at the road only intermittently. There are also

inherent delays between perception and action with additional system delays due to
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second-order control™. At slow driving speeds errors develop only gradually, therefore
feedback mechanisms can be used at a low gain to smoothly correct for errors. As
driving speeds increase, however, there comes a point at which errors develop so
quickly that gradual correction is not possible. The driver now has to make large
corrections to compensate for the rapid error growth at each moment. Under these
conditions a feedback control strategy results in oscillatory trajectories and jerky
steering, so compensatory feedback based on lane position is no longer sufficient to

provide adequate control (Land & Horwood, 1995).

Fortunately, there are alternatives to pure compensatory control. Humans have a
mobile gaze system that allows distant information to be sampled in order to anticipate
future steering requirements. In principle such prospective information could be
sufficient to steer (without need for immediate error feedback), however, these
prospective signals tend to be less indicative of the immediate positional error.
Optimal motor control would therefore make use of both feedforward and feedback
control systems, with the feedforward component reducing delays and error thus

allowing feedback control to operate successfully (cf. Desmurget & Grafton, 2000).

A form of this two-stage framework has been applied to steering control. Donges
(1978) stipulated that steering consisted of both an anticipatory process and a
compensatory, error correction process. The anticipatory mechanism specifies future
steering requirements, and the compensatory mechanism monitors positional error

(Figure 1.5).

' Second order control, or acceleration control, means there are two integrations between the control
input and device output. Change in steering wheel angle corresponds to a change in lateral acceleration
(heading velocity), which integrates to specify lateral velocity (heading), which integrates to specify
position. Therefore, there is a delay inherent in the control system between input (change in steering
wheel angle) and device output (Jagacinski & Flach, 2003).



Figure 1 .
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