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Introduction

Figure 1 - City life, a crowd of people walking in multiple directions and completing
several forms of interaction.

While locomotion can be considered an elementary task that is completed seamlessly

without conscious thought, the processing within the central nervous system is far from

at rest. Navigation through any given environment can involve the stepping over, on,

around obstacles, or a combination of all, with the purpose of transporting the body,

safely, towards a goal [Winter1991]. Successful navigation is then the ability to orientate

the body and interact with the environment, either avoiding or intercepting mobile or

fixed obstacles, or avoiding an obstacle to intercept another (i.e., circumventing an

individual to meet a friend behind them, or navigating any cluttered environment to
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arrive to a goal). Therefore, the study of human locomotion has a vast and enduring

area of interest, covering disciplines such as neuroscience, psychology, sports science,

medicine and computer science.

The task of interception can be thought of as a thesis or scientific publication, the

well-referred bottleneck deduction, the initial stages are broad and numerous while

approaching an end-goal and a focus point. For example, natures predator and prey,

the initial interaction is in a changing environment of multiple possibilities with the prey

increasing the possibilities through evasive tactics, the end-goal for the predator will be

the capture of the prey. Avoidance is then the inverse of such, the initial stages of the

task are predefined, and each behavioural adaptation broadens the scope of possibilities.

In terms of locomotion, while walking down a busy street (Figure 1), a task can be to not

collide with others, the behavioural responses for such may include: to stop completely,

change direction, or adjust your current speed. In each task, perception is required for

information gathering (where is the body in reference to the current environment), and

action is required (neuromuscular coordination and organisation of the body). Forming

a perception-action coupled loop of a perceiver and their environment [Warren2006],

one must perceive in order to act and act in order to perceive [Gibson1979].

Interactions such as collision avoidance constitute the basic synergies of daily living,

coordinating one’s movement with another. Given this, human movement is thus not

only aimless displacement within an environment. Instead, it is dense with perceivable

information for action. Navigating stairwells [Warren1984], passing through doorways

[Cinelli2008b], and going around other walkers and obstacles alike [Olivier2012]. The

identification of underlying mechanisms, which is the perceptual cues required for cor-

rect movement perception, would allow for significant progress to be made in human

social behaviour. Consider, for example, a simple interaction with another walker or

a more dynamic and complex sporting task; the visual system is particularly sensitive

in extracting cues from human movement (Figure 2). For example, emotional states,

intent, gender and deceptive motion [Montepare1987, Runeson1983a], of which, these

| 2



cues can be extracted from abstract information representations such as point light

displays [Troje2002]. Local cues such as gaze can transfer information, where gaze has

been characterised as a factor of social interaction [Kleinke1986] and considered a form

of nonverbal communication, through emotional arousal from previous experiences or

communicative intention [Senju2009]. By perceiving another walker, a human is able to

determine future outcomes, interpreting the intentions and anticipate the forthcoming

event with possible adaptions to their current state.

Figure 2 - Two example environments of perception-action coupling. Left) natural city

scene with four possible forms of interaction, anti-clockwise from top-left: following,

accompanied walking, intercepting (meeting), and collision avoidance. Right) An ex-

ample of successful interception (player being tackled) and a teammate following in

support.

To this end, this thesis aims at answering the following questions: what are the visual

cues an individual perceives from the movement of others? What are the models for

determining future predicted crossing distances? What are the interpretation mechan-

isms involved? In working towards answering these questions, the thesis consisted of

three studies. The first study focused on the visual cues, namely the nature of visual

information, whether the information is extracted from a global representation of mo-

tion or local cues within the global representation. The second study then focused on

the path of the virtual walker, whether future outcomes are extrapolated rectilinearly or

curvilinearly. Finally, the third study worked towards the mechanisms of interpretation,

| 3



investigating perceived agency through gazing behaviour of virtual humans. In summary,

the combined three studies investigated the influence of visual cues on collision avoid-

ance behaviour. In order to develop the understanding and answer these questions, a

simple introductory one-on-one paradigm of orthogonal collision avoidance was studied.

To address these questions and maintain control of the environment the works herein

were performed using virtual reality. The use of virtual reality is a validated tool for

applied psychology as it allows us to manipulate finite details of a given environment and

withdraw conclusions of effect from those manipulations. For example, psychophysics,

a catching task of a ball in flight under various gravitational forces [Bosco2012] and

angular accelerations [Bennett2016].

The thesis is structured in the following manner: Chapter 1 reviews the current lit-

erature, specifically, focusing on theoretical foundations, perceiving the environment,

interacting with the environment and the coupling of computer science technologies for

perception-action investigations. Thereafter, the objectives are summarised in more de-

tail before presenting the three chapters that refer to the studies involved in the thesis.

Chapter 3 is the first work completed in relation to the thesis, focusing on the nature of

visual information, specifically, investigating whether the information is extracted from

global displacement or local motion cues. Chapter 4 being the second work of the

thesis and focused on the path constraints of the virtual walker, with the virtual walker

maintaining a constant tangential velocity and following a curvilinear or rectilinear path.

Chapter 5 is the final study of the thesis, focusing on the social aspects of the inter-

action, namely, gaze behaviour of the virtual walker. Finally, a general conclusion of

the three studies and future perspectives. An additional study on the nature of visual

information in a more dynamic setting of a rugby attacker-defender dyad is available in

annexe A, which presents a possible field of application from chapter 3.

| 4



Chapter 1

Background

"The environment of animals and men is what they perceive. The environ-

ment is not the same as the physical world, if one means by that the world

described by physics."

— Gibson, James J.. The Ecological Approach to Visual Perception
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Chapter 1 Background

1.1 Visual control of locomotion

All living organisms must adapt to their environment in order to survive and reproduce,

evolution being a by-product of fine-tuning for such goals. The body is adapted to and

by its environment; the presentation of nutrition by the environment and the mechanics

to move towards the source of nutrition by the organism. Even within this example,

movement requires regulation, the ability to detect the environment and to interact with

it, that is, perceive and act to find food [Bruce2003]. It is therefore that perception and

action are coupled, in that movement is required to perceive, and perception is required

for movement.

Perception is the psychological phenomenon connecting us to the sensitive world through

our senses. It involves the use of our five senses: hearing, sight, smell, touch and taste,

each of which is expressed in a perceptive way; auditory, visual, olfactory, tactile and

gustatory perception. Each sense is used for detecting and interpreting the various

forms of energy and its changes from the environment, such as light, sound and neural

activation [Bruce2003]. However, it is not only the interpretation of these systems, but

the anticipation of the consequences of the simulated actions also constrain perception

[Berthoz1997].

Any living organism navigating their respective environment must perceive the environ-

ment as well as be aware of its current state, answering the fundamental questions of

where one is, how one is orientated, where are objects in relation to one, where are

objects in relation to each another, are these affordable for action, and what action

is necessary [Marshall2001]. The visual system, while not the sole source of informa-

tion is a privileged channel that animals (birds, reptiles, fish etc.) use to explore and

interact with their environment [Prevost2002, Patla2004, Silva2018], providing several

sources of important information, including the identification and localisation of ob-

jects [Schneider1969, Mishkin1982], focus for fine motor skills or ambience for whole
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body movements [Trevarthen1968], and far and near space vision [Previc1990]. With

the vast information and the efficient processing rate, vision can support several major

roles during locomotion, answering the fundamental questions of Marshall [2001]: the

detection of hazards, the selection of required manoeuvres, the preparation and execu-

tion of chosen manoeuvres, and further adjustments, if necessary, through anticipation

[Tresilian2012].

The eyes, the peripheral organs of vision and a primary sensory outpost of the brain,

function in a complementary and conjugate manner, detecting light that is refracted

from objects in the environment of the optic array [Williams1999]. With light rays

passing through a transparent lens, replicating an inverted form of the environment to

the light-sensitive retina, which in turn translates light rays into nerve signals via recept-

ors, horizontal cells, bipolar cells, amacrine cells and ganglion cells [Williams1999]. The

fovea is then a smaller area of the retina that allows the maximal resolution of the envir-

onment through fixation [Zeki1993]; therefore the human oculomotor system updates

points of interest through fixations and the dense concentration of neural receptors

(Figure 1.1). The visual system is then principally for visual perception, transforming,

organising and interpreting light to the brain. Where information is obtained through

fixations, saccades and pursuit movements of the eyes.

Figure 1.1 - Cross-sectional view displaying the anatomy of the eye.
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1.1.1 Perception theories

The modelling and interpretation of visual information require a theoretical framework to

explain the relation between perception and action. The theory of mind is a theoretical

framework, which considers the ability to attribute mental states and intents of oneself

and the intentions of others, essential components of social interactions. The theories

of the mind date back as early as the 18th century from the works of Kant and Wundt

where Kant’s philosophy was a significant influence on the phenomenology and the

works of Husserl, Heidegger, Sartre, and Merleau-Ponty, and Wundt founding the first

experimental psychology lab in 1879 [Kaufer2015]. A brief taxonomy of the development

of the theories of the mind is given in Figure 1.2. One of the earlier distinctions could be

the functionalists or eliminativists as one branch and structuralists or representationalists

of psychology as a second branch from the theory of mind [Chemero2011, Fodor1988].

Structuralists suggest a state of representation, intention or semantics as essential for

cognitive sciences, whereas functionalists dispute semantic notions for representation.

Alternatively, functionalists postulate neurological, behavioural or syntactic events that

formulate mental states. Continuing from the functionalist branch, the views that

are referred to as functionalist come from the American pragmatists or naturalists

[Fodor1990]: Charles Sanders Peirce, William James, and John Dewey [Dewey1896,

Heft2001, Rockwell2005, Chemero2011]. Thereafter, two further branches extended

from functionalists concerns the variety behaviourism, including the ecological approach

from the works of Gilbert Ryle, Richard Roty, Stephen Stich, Daniel Dewet, and James

Gibson. All those under the functionalist branch, antirepresentationalists, believe mental

acts are understandable through their functions (i.e., without appeal to thought or

feeling) as opposed to a mirror of nature (i.e., a state of representation).
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Figure 1.2 - Taxonomy of the theories of the mind, adapted from [Chemero2011].

In contrast, structuralists believe intention, semantics or representations are essential

for cognition with the traditional view that mental acts followed the structure of: first,

physical stimulation of receptors (e.g., visual stimulation), then, a linear series of mental

acts related to the stimulus before, finally, a behavioural response [Titchener1895]. Un-

der the structuralist branch are two sub-branches, computational and representational,

the later in accreditation to Jerry Fodor. The representational theory of the mind

[Fodor1981] commits to five hypotheses: 1) propositional attitude states (e.g., beliefs

and desires) are relational. 2) Amongst these relations are mental representations. 3)

mental representations have formal and semantic symbolisation. 4) mental representa-

tions have causal roles as a result of their formal properties. 5) propositional attitudes

inherit their semantic properties from those of the mental representations that function

as their objects [Fodor1981, Chemero2011]. Therefore, cognitive science theories that

semantically evaluate internal entities are a variety of the structuralists representational

theory of mind as they share these hypotheses in common. Then, a branch from the

structuralists theory of mind would be the computational theory of mind, computa-

tion (and cognition) being the rule-governed processing of information. Systems within

the computational branch and fit with the properties as mentioned above are often re-
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ferred as artificial intelligence [Haugeland1985]. In his book, surfing uncertainty, Clark

provides an excellent example when discussing Dennett’s SLICE machine. Clark relates

the machine as a representational model, further expressing the device in relation to

action and embodiment in his book of surfing uncertainty, where he discusses cognition

as predictive processing [Clark2015].

Finally, as expressed by the dashed connection of the ecological and embodied theories,

we can see the eventual emergence of pluralism (the acceptance that several contending

theories are necessary for explanation). Theoretical pluralism is then the theory that

allows several incompatible theories to guide each other for progression, each identi-

fying and resolving falsified aspects of each theory [Feyerabend1963, Feyerabend1965,

Chemero2011]. Such overlaps can be noted from the work of Dennett [Dennett1969],

and Stich [Stich1983]; arguing that cognition is the rule-governed manipulation in a

logical manner but with semantic interpretation, difficulties both argued cognition was

then a form of nonrepresentational mental gymnastics [Dennett1969, Stich1983]. It

is therefore that these have not been explicitly highlighted in the taxonomy as they

reside under both functionalism and computational categories. Another example in-

cludes the dynamical approach [Temprado2001, Newell1994], which considers muscu-

loskeletal, environmental and task constraints with the perception and action coupling

for organised coordination of action (Figure 1.3). These dynamical systems are then

situating an agent within an environment, where it has been argued that meaning or

cognition cannot be applied without accounting for agents being spatially located (i.e.,

situated) and have information from the localisation of themselves at a given instant

[Barwise1981, Perry1983]. The concept of being situated is also used in the defini-

tion of robotics and their interactions with the real world as opposed to the mental

gymnastics of representational theories [Brooks1991, Brooks1999]. Returning to the

example from Clark and his reference to Dennett’s SLICE [Clark2015]; the original

device was predetermined representations, Clark mentions that an adaptation which

allows action would then be a Robo-SLICE but the effective interaction of current en-
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vironments would require a Situated Robo-SLICE [Clark2015]. Developing from being

situated came embodiment and the embodied cognitive sciences, incorporating works

in robotics, simulated evolution, developmental psychology, perception, motor control,

cognitive artefacts and phenomenology [Chemero2011]. However, as per the works of

Dennett [Dennett1969] and Stich [Stich1983], situated and embodied systems while

representational or cognitive based have used the ecological approach to reduce the

cognition of representations, such as action-orientated [Clark1997]. Finally, the works

of Chemero, who focuses his book "radical embodied cognition" on changing the direct

pathway of embodiment from computational to ecological [Chemero2011]. In his book

he defines radical embodied cognitive science as the study of perception, cognition, and

action as embodied phenomenon, using an explanatory tool other than mental repres-

entations. These theories combine, in part, essences of their counterpart theories to

explain the other. Both Dennett and Stich founded in the functionalist string while

explaining specific meanings to be semantically organised. Most recent works have con-

sidered the dynamical approach that regards limitations of current ability. For example,

the range of motion and degree for freedom at hinge joints limits the number of possible

outcomes.

Figure 1.3 - Model of perception and action for neuro-musculoskeletal organisation after
considering situated constraints. Adapted from [Temprado2001, Newell1994].
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• • • • •

Current debate continues as to whether sensory information is meaningless when it

arrives to the eye and later translated into meaningful information through cognitive

processing or whether the information being received is already meaningful (Figure 1.4).

The first, indirect, otherwise referred to as the top-down, cognitive and computational

theory of mind argues that ambiguous stimulation of the senses from information cues

requires progressive development into a percept, which is identified and processed by

the mind [Helmholtz1925, Marr1982, Neisser2014]. The latter, direct, and otherwise

referred to as the bottom-up or ecological approach is the alternative [Bernstein1967,

Gibson1979]. The mind is not rejected from the theory. However, perception and

action are directly coupled with the environment; what is being perceived is meaningful,

and any action is meaningful, the mind needs not interpret all the information. Instead,

it relies on biological and neurophysiological processing of the brain. Coupling vision

to a whole system rather than a single channel, the environment being perceived with

the eyes-in-the-head-on-the-body-resting-on-the-ground as the head and body move

within an environment keeping the eyes relative to a surface [Gibson1979]. For the

remainder of the thesis, we will focus on the ecological approach. This approach was

selected for the focus of the theoretical framework as this work aims to identify visual

information that may guide behavioural responses during a collision avoidance task,

as opposed to the internal representations and mental gymnastics that may also be

involved in decision making. Therefore the following sections will discuss the tenets of

the ecological approach and present current evidence of how perceived invariants can

express behavioural responses.
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Figure 1.4 - A visual conception of indirect and direct theories of perception and action,
adapted from [Williams1999]. A). Indirect approach where meaningless data is entered
to the brain, therein it is interpreted and given a meaning for appropriate decision making
and a meaningful action. B). Direct approach, information is already received with
meaning and a meaningful action is completed without the necessity of interpretation
and decision making.

1.1.2 Ecological theory of perception and action

While the roots of ecological direct perception can be found prior to the works of James

Gibson, this section will focus primarily on his works and the effects thereafter that have

influenced the development of ecological psychology as it is currently known. The birth

and growth of Gibson’s theory can be found in three major books expanding more than

35 years of his work [Gibson1950, Gibson1966, Gibson1979]. Succinctly, the birth and

thus the initial book [Gibson1950], he began with his work on depth perception while

working with aircraft pilots during the second world war. Radically changing his views on

visual perception, already suggesting that depth and space should instead be emphasised

by surfaces of the environment [Bruce2003]. This emphasis of the environment was

more successfully expressed and detailed rather extensively in his final book where almost

50% of the book is dedicated to expressing the environment [Gibson1979]. When
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referring to the environment he referred to the current and situated surroundings of

animals and organisms in which they perceive and behave. Finally, with his last book

and widely accepted, Gibson developed three main principles [Gibson1979, Bruce2003,

Chemero2011, Kaufer2015]:

1. Perception is direct. Information perceived from the environment is meaningful,

we can act without the further necessity to process the information. In claim-

ing so, perception is then not of mental gymnastics through representations and

computational cognition, instead, it is antirepresentationalist.

2. Perception is for action. Perception is to generate and control action. We

perceive the environment in order to be able to act with it. It is from this principle

the perception-action coupling is most related.

3. Perception is of affordances. Following from the first two principles, it becomes

evident that direct perception is for action, that must be guided by information

of a sort. Affordances are widely discussed for their interpretation; therefore they

are discussed later in order to express the impression taken for this work.

The ecological approach differed from previous theories in that it coupled the organ-

ism to the environment, and they were not two separate systems, rather they were

considered as one. Perception through the optical array can be directly transferred to

information of invariants and variants of the environments when the individual identifies

and assumes its role; surfaces, structures, layouts and events. Once these invariants

are detected they provide direct access to the observer-environment system due to their

one-to-one correspondence, which can be expressed as their affordances. Affordances

are then the action capabilities readily available and sizeable to the acting agent. Each

transfer of information between the current situated environment and the currently

available affordances are frame dependent as relevant properties between the two are

coupled; the current position of the agent within the environment and the current mus-

culoskeletal organisation of the agent in reference to the environment constrain each

other as a synergy [Turvey1986, Williams1999, Kugler2015].
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The perception and action coupling infers that from limited invariants of the optical

flow, coupled with the parameters of the actionable system forms a control system.

That information from the optical flow can directly influence the control of move-

ment in adaptive behaviour, controlled movement of adaptive behaviour, in turn, al-

ters the information from the optic flow [Kugler2015]. William Warren went on to

develop this coupling as behavioural laws in the dynamics of perception and action

[Warren1988a, Warren1990, Warren2006]; interactions between both agent and envir-

onment of physical, informational and task constraints (goal-oriented) form behavioural

dynamics (Figure 1.5).

Figure 1.5 - The perception and action loop with the consideration of behavioural
dynamics. Adapted from [Warren2006]
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1.1.3 Optic array and invariants

Figure 1.6 - Ambient optic array of a room from two points of observation. The change
of optic array can be brought by locomotor movement of the observer, from sitting to
standing and vice versa. From [Gibson1979]

Relating the properties of the environment with the distribution of surrounding en-

ergy distributions perception is then specific to sensory information [Williams1999].

One major source of information coming from ecological optical energy [Gibson1961],

light reaching the eye after the reflection from surfaces (not planes) and objects (at-

tached and detached), each with their defining textures forming cluttered environments

[Williams1999, Bruce2003]. Considering the numerous elements of a situated environ-

ment, the reflected flow of light varies according to the surfaces, textures, and con-

nections of surfaces. While certain flows are unaltered and maintain their ordered flow,

others are perturbed and vary; flows that are unaltered are often referred to as invariants

while perturbations and changes of the environment are variants. The combination of

variants and invariants supports the perception of motion of external organisms as well

as our own [Williams1999]. To describe the ambient optic array in further detail, an
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image (Figure 1.6) from the third book [Gibson1979]. A static scene of one observer

in two positions: the first, seated position, highlights how the ambient optical rays ar-

rive and present the current situated environment to the observer, the second, is from

motion by the observer, where the size, shape and position of surfaces that compose

the environment have not changed, but the perspective of the invariants of the room

have different light rays reflected from them. Additionally, to express the information

provided from textured surfaces and their potential influences on depth perception, an

image from [Bruce2003], showing examples of artificial gradation gives the impression

of a recession in the distance (Figure 1.7).

Figure 1.7 - Examples of textured gradation and an impression of distance. From
[Bruce2003]

Previously mentioned, the motion caused by an observer changes the perspective and

in doing so the light arrays that arrive to the observer. Gibson went on to further

explain this in terms of the optic array and within it relativity: as an observer acts and

moves through an environment, all surfaces and textures of varying distances present

relative motion and the layout of such obstacles. Optic flow is not fixated as unidirec-

tionally (i.e., flow is not solely in one direction), rather, it is dependent on the direction

of movement (i.e., moving forwards or backwards). The most commonly referenced

example is from his early years of applied work in aeroplane pilots and flying over an

airstrip or, a variation of optic flow as the side view from a moving train (Figure 1.8).

As he described optic flow, and the information it provided [Gibson1979]:
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I The flow of the ambient optic array indicates motion in the environment and

nonflow indicates a stasis within the situated environment.

I Outflow, as the flow expands from in front and past the observer, indicates ap-

proach while inflow, as if coming from behind the observer indicates a backward

motion.

I A centralised point in the outflow, the focus of expansion, indicates the current

attention and heading of motion.

I Changes in the position of the focus of expansion indicates a change in direction.

Figure 1.8 - A representation of the optic array expansion of the horizon (focus on the
horizon), in this case from the pilot’s field of view (left), from [Gibson1979]. Optic flow
from the view of sitting in a train (right), from [Bruce2003].

The coupling between perception and action and the notion that changes in the optic

flow can influence motor control has previously been demonstrated [Lee1975]. Using a

purpose-built room that allowed a controlled movement of the walls of the room back-

wards and forwards induced respective sway of children and adults at slow movements

of the walls. From this example, the findings presented a case of how invariants (and

variants) within the optic flow can influence motor control. While, generally, details

of structures can vary widely over space and time, specific properties remain invariant,

that is persistence within the optic flow. For example, the motion parallax, the size

and shape of surfaces that compose an environment can provide an observer with the

nature of their motion (speed and direction). As in the above example, in the absence
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of invariants and only subtle fluctuations of the optic flow lead to mimicry of wall beha-

viour by the observer. Further, invariants are information that an observer may attune

to specify something, which in turn can allow the observer to prospectively control their

behaviour and predict possible future events. The prospective control of behaviour is

a continual use of the invariant information for continual action regulation, whereas

predictive control is to initially use an invariant to determine an adaptive behaviour and

no further information or updates from the invariant are necessary for the regulation of

action [Katsumata2012]. Therefore, experimental approaches in ecological psychology

should follow three steps [Bootsma1994]:

1. Invariants of the optic flow should be expressed as a mathematical formula

2. The sensitivity to the identified invariants should be analysed

3. The applicability and use of the invariant should also be analysed

Consider how collision avoidance behaviours can be triggered with limited visual inform-

ation and invariants in the optic flow. As explained by Vicki Bruce, an obstacle in an

environment void of any additional visual cues other than itself, void of textured pat-

terns for distance and size information, the motion of itself is sufficient to trigger an

avoidance behaviour by the observer [Bruce2003]. For example, if the obstacle were

to approach the observer directly in-front, the image of the object would expand on

the retina of the observer. When the trajectory is directed towards the observer, the

two sides of the obstacle would expand at the same rate. If the obstacle were to pass

perpendicular to the observer and not approach, the two edges of the obstacle would

not increase in size, but rather, they would translate across the field of view. This

information can be used separately or as a combination of the two in the prediction of

collision course trajectories. In such a depiction, global motion cues (i.e., expansion

of the sides or translation of fixed length sides) of a given obstacle would be deemed

sufficient for determining a time to interaction and a location from the observer.
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1.1.3.1 Tau

When the trajectory is directed towards the observer, an optical variable that can be

used in the determination of time-to-contact (i.e., the time remaining before a collision

with the observer would occur) would be Tau (⌧), originally developed during a braking

task [Lee1976]. Tau demonstrates the changes of how a gap is closing, and the gap

is defined as closing as Lee refers to an action-gap that is purposeful actions entailing

controlled closure [Lee2011]. These definitions of tau and action-gap were formulated

during the development of general tau theory [Lee1998], after its initial time-to-collision

conception [Lee1976] and further development of time to nearest approach [Lee1985].

For a full review of his work and advanced understanding, it is recommended to visit his

laboratory’s web page perception-in-action and to read [Lee2011].

Figure 1.9 - Simplified visualisation of Lee’s tau, the optical expansion of a surface (R)
as it approaches the eye of the observer. From [Chemero2011].

Tau is directly related to the rate of change in the visual angle of an object (in the

absence of prior knowledge of the objects size, distance or velocity), which in turn is

related to the time-to-contact. Best visualised as two triangles inverting at the lens

of the eye (Figure 1.9), where a surface (R) is approaching an observer at a constant
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velocity (V). At a given time (t), surface R is a distance away (Z(t)), where surface

R is projected at a proportional size on the retina (r(t)). As the distance between the

observer and surface R decreases the projected r(t) increases at V(t):

⌧ =
r(t)

v(t)

Tau is expressed as a ratio of any given distance at any instant of a point from the

centre of expanding optical pattern. Knowing the distance of the as a ratio and its

rate of approach tau is equal to Z(t)/V, where if V is constant, tau can be simplified

as the time remaining until contact [Lee1976, Bruce2003, Chemero2011]. Tau is an

optical variable that is directly available on the retina of the eye, while it does not

provide absolute distances or calculated velocities it is directly perceivable and requires

no further computation.

Lee and colleagues observed many animals in the development of tau theory, one notable

study being that of gannet seabirds [Lee1981]. For those unaware, gannets are seabirds

that fly 30m above sea level and dive (almost) vertically into the sea to catch a fish

near the surface. As noted by Lee and Reddish [1981], the gannets maintained a wide

wingspan for greater control of steering while plummeting at speeds of 87 km/h, only

to streamline their wings with their body a second from the surface of the water. In

such an instance the velocity is not constant, due to gravitational forces, and therefore

tau at any instant did not specify a time to contact. However, within their work, Lee

and Reddish derived an expression for time to contact in relation to the water surface

and successfully fitted a curve from this expression that related to the actual time to

contact and duration of the dive.

Another interesting publication studying the theory of tau was the manipulation of the

optical variable while attempting to grasp tau [Savelsbergh1991]. In this particular

study participants were required to regulate their hand apertures according to different

sized balls that would approach them. The environment was designed to limit all visual
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information (e.g., texture, distance, horizon), participants were in a dark room and

interacted with a ball that was lit up. It was reported that participants successfully

adjusted their hand apertures to catch different sized balls.

However, it has been argued that tau is not sensitive to acceleration, only provides

information of an object in reference to the eye and not to the hand catching a ball

and that tau is not observable for smaller objects; having a greater role in large ob-

jects as originally devised, the optical expansion of cars [Andersen2007, Tresilian1999b,

Tresilian2012]. Finally, while tau is useful in the determination of time to collision,

another limitation is that it does not detect future collision events [Andersen2001].

1.1.3.2 Bearing Angle

As mentioned above, tau has limitations in that human movement and interactions

occur on several planes. Tau provides information concerning timing; however, distances

and future collision events are additionally fundamental for effective collision avoidance

tasks [Cutting1995]. Where they explained, based on the derivative of bearing angle,

whether an observer will pass in front, behind or collide with an obstacle or another

walker (Figure 1.10). The bearing angle derivative in combination with time-to-contact

has been evidenced in a vision-based model for crowd simulations, steering walkers for

collision avoidance using these control laws [Ondřej2010].

A prospective strategy that has gained increasing attention in the recent years is the

constant bearing angle strategy. Originally being inspired from the behavioural work on

steering [Fajen2004, Fajen2007], the strategy follows a goal of attraction by an observer

while interacting with an obstacle moving along a horizontal plane. The constant

bearing is the angle between the intended goal direction and the obstacle itself; if the

constant bearing angle remains invariant and equal to zero then both observer and
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Figure 1.10 - The change or non-change in gaze-movement angles for an orthogonal
collision avoidance task. The angle will increase when the observer will in front of
another walker, remain constant if a collision will occur, and decrease when the observer
passes behind. From [Cutting1995].

obstacle will intercept. Alternatively, an invariant absolute angle greater than zero

ensures collision avoidance by leading the intersection or passing second (Figure 1.11).

One strategy within the constant bearing angle strategy is a control law linking the rate

of bearing angle change to a required acceleration in order to successfully perform the

task [Chardenon2004, Bastin2006a, Bastin2006b].

The constant bearing angle strategy has been reported as a robust approach for whole

body displacements [Fajen2004], which allows agents an ability to adapt to changes of

the task or environmental constraints early on in experimental conditions or at later

stages [Chardenon2005]. In this instance, the constant bearing angle has been reported

to account for continued displacement adaptations during curvilinear ball flight paths

[Bastin2006b]. It has been previously mentioned that the perception and interaction of

curvilinear trajectories are impeded, as opposed to traditional horizontal or rectilinear

experimental conditions [Berthelon1993, Craig2006]. Where the work by Bastin et al.,

[2006b] presented a continual adaptation of acceleration to null the bearing angle.
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Figure 1.11 - Modelled solutions of interception using a constant bearing strategy: A),
A solution that results in the observer intercepting the obstacle as bearing angle is near
zero. B), Result in the observer passing behind the obstacle as the constant bearing
angle is greater than zero. C), The observer will pass in front of the obstacle as the
constant bearing angle is less than zero. From [Fajen2007].

• • • • •

This section has briefly detailed the optic array and invariants that can persist within

the optic flow. Within this section, it has been discussed how structural invariants

within the optic flow and the focus of expansion can provide visual stimulus information

to an observer, which in turn provides the observer with information concerning the

nature of their motion in relation to the surrounding environment such as the direction

of displacement and the speed they travel. Further, specific invariants within the optic

flow have been discussed that allow an observer to control their action responses. The

responses can be prospectively controlled, that is, an observer will make motor control

adaptations in relation to changes of information from the invariant. Alternatively,

action responses can be predictably controlled, the information from an invariant during

the initial interaction can be sufficient to complete an action with no further perception

of the invariant. Here we have discussed tau as an invariant that can be used for the

control of time-to-contact and bearing angle, which can be used to control interception

tasks and the detection of collisions. The following section will focus on the main

principles of affordances and a select few studies to detail their possible interpretations.
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1.1.4 Affordances

"An affordance cuts across the dichotomy of subjective-objective and helps

us to understand its inadequacy. It is equally a fact of the environment

and a fact of behavior. It is both physical and psychical, yet neither. An

affordance points both ways, to the environment and to the observer."

— Gibson, James J.. The Ecological Approach to Visual Perception

As mentioned in the previous section, affordances are widely discussed for their inter-

pretation. Gibson’s theory of ecological perception would have prematurely wilted and

faded if not for the reply of Turvey, Shaw and Mace in 1981; their paper provides a

systematic explanation of affordances [Turvey1981]. The aim here is to highlight pre-

vious works that have considered the explanations of affordances through the relation

of organism and environment. The notion of an affordance traces back to Gestalt

psychologists [Koffka2013]:

"To primitive man each thing says what it is and what he ought to do with

it ... a fruit says ’Eat me’; water says ’Drink me’; thunder says ’Fear me’."

— Koffka, Kurt. Principles of Gestalt psychology

Affordances, which are often expressed as opportunities for action were a central theme

of Gibson’s concept and became a major theme of the work conducted by Eleanor

Gibson. In her publication of perceiving the affordances: a portrait of two psychologists,

she mentions how she firmly believes affordances are learned through perceptual learning;

the affordance of things, layout and anything an infant encounters. Interactions, then, of

the near environment from reaching, handling, sitting, crawling and (eventually) walking

of motor skill development is the learning of what the world affords [Gibson2001]. Prior

to reviewing previous works concerning affordances, here are several key features as

highlighted by [Fajen2009]:
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I Affordances are real. Affordances can be directly perceived by an organism and

need not be conceived by cognitive processing; sufficient information is available

between the actor and the environment.

I Affordances are animal specific. Affordances are defined by the action capabil-

ities of the animal: a book affords lifting and reading to a human while affording

climbable to a mouse.

I Affordances capture the reciprocity of perception and action. Gibson recog-

nised perception as a whole system, that is an agent in an environment that can

be acted upon; affordances capture this reciprocity as they describe how animals

can act with the environment.

I Affordances allow for prospective control. The perception of affordances al-

lows for the organised control of future events as and when they occur. This

is discussed further in the examples within the literature; two examples would

be the laws of control [Warren1998] and the behavioural dynamics of steering

[Fajen2003].

I Affordances are meaningful. As opposed to structuralist philosophy, affordances

do not require higher-order processing, they themselves are inherently meaningful

and describe what can and cannot be done (i.e., can be bound to the laws of

control).

I Affordances are dynamic. As Gibson stated, one must move in order to perceive

and perceive in order to move. Therefore, opportunities for action come and go

with the movement through an environment. For example, a chair under a desk

affords to be pulled from under the desk, thereafter, the chair affords sitting.

A well-known and often cited work in relation to affordances is the work of Warren

and stair climbing [Warren1984]. Within the build-up of this work, he mentions the

determination of a path that affords locomotion depends upon the analysis of relevant

properties of the environment with the relevant properties of the animal and its action

| 26



Visual control of locomotion

system: surface rigidity in relation to body mass, and path width in relation to body

dimensions for example. He continues by implying a body-scaled metric for such analysis.

The work of the paper itself consisted of three experiments; a perceptual study of

whether a step was climbable or not, the energy expenditure related to the size of

the step, and choice task of preference and rating of the stairs. The results of this

study evidenced the correspondence between organism and environment; judgements of

climbable or not differed depending on the height of the participant [Warren1984].

It was reported the affordability of stair climbing could be accomplished through the

ratio of standing eye height and leg length. Similarly, as reported earlier in this work,

a decline in the frequency of jumping through an aperture was reported when aper-

tures were smaller than 1.3⇥ the width of a frog’s head [Ingle1977]. Interestingly, the

threshold of 1.3⇥ shoulder width has also been reported for comfortable passage of

humans traversing an aperture [Warren1987]. Additionally, it has been reported that

the threshold for passage through an aperture without shoulder rotation is adapted with

changes to the body (e.g., the carrying of a larger than shoulder width object), or when

the aperture is of two poles or two humans [Hackney2014b, Hackney2015b].

Affordances, as becoming evidently clearer, are applicable to numerous tasks; the

climbing of stairs [Warren1984], frogs and humans traversing apertures [Ingle1977,

Warren1987, Hackney2014b, Hackney2015b], the affordances of gap sizes in the floor

[Jiang1994], and surfaces that afford sitting depending on eye height of the perceiver

[Mark1990]. An interpretation suggested that affordances are directly related to the

requirements of the task, as well as the body and the environment [Proffitt2013]. This

suggestion (Figure 1.12) shares similarities to the dynamical approach (Figure 1.3).

Since the conception, there are two notable issues worth mentioning: the first as in part

expressed by the examples above, in the entirety of the world that we experience, con-

sidering all the possibilities for action, we only complete specific actions [Kaufer2015].

For example, while an office chair affords sitting on and a desk affords supporting a com-
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Figure 1.12 - An adaptation of Gibson’s conception of affordances, extending from just
agent and environment, the demands of the task, or purpose, additionally influences
affordances. Adapted from [Proffitt2013].

puter that affords writing a thesis, the chair and desk also afford climbing and standing

on. The former is a regularity while the latter is rare. Due to the numerous possible

affordances available at a given moment and the interaction with only one has led to

the discussion of further specification and clarity of affordances; namely, describing the

extent to which affordances are inviting [Withagen2012, Kaufer2015, Withagen2017].

A second development was that affordances should take into account the variability of

human movement [Franchak2014]. Arguing that considering affordances with critical

points was to imply that affordances are actionable categories, an action is possible

until a critical point is met and then is no longer actionable. Rather, considering hu-

man movement variability, affordances have to be expressed as probabilistic functions

(Figure 1.13). As one of the primary tenets of the ecological theory of perception and

action is of affordances, it is important to understand affordances themselves. Here we

demonstrate that while affordances can generally be accepted as relationships between

the agent and the environment, they can be interpreted in a number of alternative ways.

In the context of the thesis, we will interpret affordances as general opportunities for

action by the agent-environment relationship.
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Figure 1.13 - A). Affordances expressed as actionable categories, actionable being pos-
sible of not dependent of a critical point. B). Affordances expressed as probabilistic
functions, a range of task success variability between actionable or not to allow for
variations of human movement. From [Franchak2014]

1.1.5 Experimental methods

The application and manipulation through psycho-physics was an original interest for

the study of visual perception and interactions with the environment. While, psycho-

physics was already applied in cognitive studies for indirect perception validations, after

the radical approach for ecological perceptions [Gibson1979], psycho-physics became

increasingly important in the control and understanding of invariants in the optic flow

[Bootsma1994].

Methods to study visual perception by means of psycho-physics manipulation have ad-

vanced through the years. James Gibson mentioned how he used methods of shadow

projection in his early work for depth perception [Gibson1979], Eleanor Gibson developed

work of a physical platform and transparent surface for the invisible cliff [Gibson2001].

Similarly, many studies have been conducted in the presence of physical scenes that

were manually manipulated for testing visual perception and affordances [Warren1984,
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Warren1987, Savelsbergh1991, Jiang1994]. Currently, a more favoured tool for experi-

mentation is virtual reality [Pan2018]. This section will cover the use of motion capture,

video recording and virtual reality with eye tracking and occlusion techniques for the

coupling of visual perception and action.

1.1.5.1 Video

Videos allow applied psychologist to present several images of a dynamic scene, paus-

ing at instances prior, during or directly after an action. This technique allowed the

observer to begin immersing themselves to the scene more easily than static slides

[Williams1999]. In both approaches, participants are generally required to observe the

scene, where their eyes are tracked, or they are requested to verbally report back what

they are looking at and what they are thinking. Additionally, video techniques allow for

event occlusion and temporal occlusion; event occlusion refers to the removal of regional

specific local motion cues whereas temporal occlusion refers to the pausing or removal

of video stimuli (Figure 1.14). In visual perception and action in sports [Williams1999],

readers are recommended to read [Abernethy1985] for a study using event occlusion and

that reports a systematic decline in task performance with the removal of spatial cues

where a local cue that significantly impedes performance is inferred to be important for

visual perception. Temporal occlusion is then to stop or remove all stimuli, for example,

as an attacker in rugby runs towards a defender [Jackson2006]. Within this study, a

critical point of change in direction by the attacker was selected as a temporal reference

point, occlusions of the video being cut-off were then set prior, after and during this

instant. While the application of video techniques have proven insightful in the devel-

opment and understanding of visual perception, nevertheless, the application of video

footage uncouples perception from action, such uncoupling can lead to biased results

[Dicks2010a]. Furthermore, another limitation of video-based experimental methods is

the monoscopic view in 2D, where it is argued that a sense of immersion and depth
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perception is enhanced through stereoscopic stimulus in 3D. It was further suggested

that 3D may lead to egocentric spatial referencing (self-centred), whereas 2D may lead

to allocentric (world-centred) [Kober2012].

Figure 1.14 - Two examples of occlusion techniques: left, is event occlusion of a soccer
player dribbling a ball [Williams1999], and right, is a temporal occlusion of a rugby
attacker performing a deceptive or non-deceptive motion [Jackson2006].

1.1.5.2 Motion capture

Motion capturing for visual perception studies has three main components of applica-

tion. The recording of natural and unconstrained whole body behaviours in response to

presented stimuli where an environment is produced with physical stimuli, as mentioned

above, and the participants are required to navigate the environment. Such examples

would include aperture traversing and approaching mannequins on a rail, capturing the

whole body behavioural responses of the participant to varying rates of approach by the

mannequin and the presence of an aperture [Cinelli2007, Cinelli2008b].

Further, motion capture is used as a stepping tool for the presentation of stimuli. For

example, the visual stimuli can be reduced to a point light display [Runeson1983b].

Participants were able to identify biological motion on-screen and detect deceptive

motion from a limited number of white dots on specific anatomical landmarks displayed

on a black background (Figure 1.15). Further, motion capture can be used as an
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input of virtual character animation, providing a more realistic motion than computed

algorithms. The captured motion can then be used as part of a perception and action

study with occlusion time paradigms [Brault2012].

Finally, real-time motion tracking allows for adaptive and responsive environments;

avatars can be embodied or work towards such realistic interactions. For example,

virtual characters can be programmed to follow the participants through gaze and head

rotations [Nummenmaa2009, Narang2016].

Figure 1.15 - An example point light display of a walker

1.1.5.3 Virtual reality

"Virtual reality is a scientific and technical domain that uses computer sci-

ence and behavioural interfaces to simulate in a virtual world the behaviour

of 3D entities which interact in real time with each other and with one or

more users in pseudo-natural immersion via sensorimotor channels."

— B. Arnaldi, P. Fuchs, and J. Tisseau. Traité de la réalité virtuelle
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Virtual reality is a tool that provides an ability to decouple natural co-varying vari-

ables, increasing the control and manipulation of experimental set-ups [Arnaldi2003].

In the recent years, virtual reality has been readily available for consumers, thanks to

technological improvements and cost reductions. Virtual reality opportunities include

head-mounted displays and computer-assisted virtual environments (CAVE), where a

user is immersed in a virtual world (Figure 1.16). The application of virtual reality

has proven a novel and powerful tool for ecological perception and action research

[Loomis1999, Tarr2002].

Figure 1.16 - Two examples of immersive technologies: left, a participant using a head
mounted display from [Brault2012], and right, a participant from the study within the
appendix of this thesis using a CAVE environment.

A brief and succinct history in the development of virtual reality and the concepts of

immersion finds its roots with Ivan Sutherland, predicting the immersive virtual world

and head-mounted displays [Sutherland1965, Sutherland1968]. Although the first HMD

dates back much earlier, it is the prediction of Sutherland where the roots are more

grounder [Slater2016]. The systems are most commonly known better resemble the vir-

tual interface environment workstation; a full virtual reality system with head tracking,

wide field of view, audio, body incorporation with tracked gloves that allowed virtual

interactions through haptics [Fisher1987, Slater2016]. Later, immersive CAVE systems

were developed [Cruz-Neira1992, Cruz-Neira1993]. Independent of the system, an ef-
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fective virtual reality system surrounds the user in a 3D world, where the user’s head is

tracked in order for the projected images to be updated in relation to the user’s head

position and orientation. Further, users should have the ability to interact with the

environment through the tracking of the user’s body, tracked handheld devices, gloves,

a joystick or a mouse [Slater2016, Olivier2017].

Immersion describes the technical capabilities of a system, the physics of the system,

that provide an immersive experience as defined by three components: 1) 3D stereo

vision, 2) surround vision, the external world is excluded from current visual perception,

including after head rotations, 3) dynamic control of viewpoint, the user’s head position

should be tracked to update the projected display in real time [Pan2018]. A subjective

correlate from immersion is the sense of presence; when the user perceives the virtual

world in a natural way the perceptual system infers that what is being perceived is

the current actual surroundings [Slater1997, Slater2016]. The subjective illusion of

presence is then the "sense of being there", being within the virtual world [Pimentel1993,

Barfield1995, Slater2016].

A detailed review of virtual reality was recently completed [Pan2018], therein, several

interesting and additionally comprehensive commentaries discuss the applications (and

limitations) of virtual reality for social interactions [de la Rosa2018, Kulik2018]. Virtual

reality permits the ability to maximise experimental control of the visual environment,

where one variable may be altered at a time to test its influence. Social features of a

virtual avatar would be a prime example, changing the pigmentation to investigate racial

biases, or the gender [Slater2014], or, changing the appearance and densities of crowds

[Bruneau2015]. Another example would be the control of the interactive situation, how

the user interacts with the virtual environment [Cirio2013, Olivier2017] or the behaviour

of the virtual character [Grillon2009, Hu2016].

The study of perception and action through immersive technologies (Figure 1.17) is

not without its drawbacks [Fink2007, Pan2018, Kulik2018]: variances between real-
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ity and virtual reality have been reported for depth perception [Loomis2003], which

is not necessarily related to a restricted field of view from head-mounted displays

[Creem-Regehr2005]. Systematic spatial estimations may be a result of not being able

to see one’s own body in virtual reality [Phillips2010]. Alternatively, the memory of the

real environment, when both virtual and real environments are identical, veridical dis-

tance perceptions seems possible [Interrante2008]. Further, the rate of optic flow from

forward gaze-driven speed has also been reported to be underestimated [Banton2005].

Additionally, virtual reality can produce undesired artefacts of the projected environment:

mismatching limb locations, latency in movement, or incongruent cues [de la Rosa2018].

Nevertheless, despite the possible variances and drawbacks, virtual reality has been val-

idated for the reproducibility of stereotyped walking trajectories [Cirio2013] that can be

found in reality [Hicheur2007], despite interactive methods such as a mouse, keyboard

or joystick [Olivier2017]. Where in [Olivier2017] similar collision avoidance behaviours

were observed when navigating with a joystick, additionally, the notion of personal space

is maintained [Gérin-Lajoie2008, Argelaguet-Sanz2015].

Figure 1.17 - An adaptation of the perception action loop that considers immersive
technologies a part of the loop
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1.1.5.4 Eye-tracking

The visual system plays a vital role in the pick-up of information, through fixations, sac-

cades and pursuit movements of the eyes observers are capable of negotiating complex

and cluttered environments [Marigold2007, Silva2018]. As evidenced by the optical

invariants previously mentioned, social interactions can then be guided and modelled

based on vision and optical variables [Ondřej2010, Fajen2007]. Therefore, eye-tracking

can provide a good indication of where visual information is obtained for motor con-

trol [Patla1997, Warren1998]. Similarly to video, through the application of glasses,

visual cues can be identified and tested through event occlusion, temporal occlusion

and with eye-tracking event identification (Figure 1.18). Event occlusion (and distor-

tion [Rushton2001, Warren2001]) and temporal occlusion are similar paradigms to those

explained within video methods, therefore, this section will focus on eye-tracking.

Figure 1.18 - Examples of modified glasses for the study of visual perception. Chin-
up glasses that occlude events below the chin (left), Plato temporal occlusion glasses
(centre), and ASL eye-tracking glasses (right). Images sourced from supplier websites.

Eye-tracking was traditionally realised by fixating the participant’s head to a frame

of reference and recording the eye movement responses to a stimulus that is highly

dynamic or of static images [Williams1999, Schwarzkopf2013]. Since, the experi-

mental approaches have advanced to remote eye trackers (without head fixation) in

front of desktop screens, for example, or wearable trackers, such as figure 1.18. With
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the advancement of technologies, wearable trackers have become lighter and more

frequently included for virtual reality studies and real-world applications [Jacob2003,

Schwarzkopf2013, Lappi2015].

The introduction and application of eye trackers with their technological advancements

of precision and accuracy aided advances in psychological theories. Most notably, the

distinction of perceptual differences between experts and novices in most competitive

settings [Williams1999]. Nevertheless, eye-tracking remains with limitations: the phys-

ical relationship between the participant and the eye-tracker, either limiting the parti-

cipant’s movements from a remote eye-tracking unit or a head-mounted unit which will

require a portable battery pack or frequent charging [Lappi2015]. Additionally, data

extraction and interpretation can be tedious and time-consuming. Researchers should

be aware of the metrics they wish to extract and interpret (e.g., fixation points, gaze

duration, area of interest, and scanning path), as the interpretation of the results can

require the experimenter to conduct a "fishing expedition" of several interpretations

in order to extract the most relevant analysis [Jacob2003]. Finally, after a system-

atic review of 38 research papers on the visual perception and exploration behaviour in

soccer using eye tracking technologies identified an influence of experimental domain

[McGuckian2018]. That is, the majority of work is based in laboratory settings, and no

field work has considered open play settings, where such open play field-based settings

are recommended for better understanding visual exploratory behaviours. Further, it

was suggested that gaze tracking alone is not sufficient for the full comprehension of

visual search strategies, rather, technologies should consider eye-head-body movements

and specifically during open play settings [McGuckian2018].
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• • • • •

Section 1.1 has detailed the theoretical framework related to the visual control of lo-

comotion, expressing how information exists within the optical flow and how specific

information can be invariant. Additionally, several experimental approaches to invest-

igate the perception-action loop have been discussed, showing that virtual reality is

a fruitful tool to develop experiments in such a context. The following section will

consider the interactions formed with the environment in the specific case of collision

avoidance.
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1.2 Interactions with the Environment:

Collision avoidance

With the theoretical framework discussed, this section applies the fundamental systems

of visual perception during interactions with the environment, focusing on the perception

of motion and the strategies used for collision avoidance. Specifically, the aim of this

section is to detail the relevant information that may be extracted for successful future

collision detection. Therefore the visual systems ability to detect motion; its sensitivity

to perceive speed and direction motion adaptions will be considered. Further, this

section continues in detailing the motor adaptations of avoidance strategies if a collision

is imminent and the preservation of personal space before finally discussing the possible

human factors that could further influence the perception of the task. The central

focus of this section will be on collision avoidance, predominantly during a locomotor

task it is, therefore, necessary to define the types of collision and the possible avoidance

behaviours. With a significant amount of literature using similar paradigms of invariants

from the optic flow to express interactions with the environment, where necessary,

examples from alternative sources have been cited. Cutting et al. adeptly explained

that collision avoidance occurs frequently each day and in several forms [Cutting1995]:

"We and other animals move through cluttered environments many times

each day, often at considerable speed. Most objects in these environments

are stationary and need to be avoided if we are to get safely from one place

to another. Some objects also move, and these too often must be avoided.

Such acts of avoidance are of obvious and considerable importance; to fail to

execute them with reasonable accuracy is to risk our daily well-being as well

as that of others. What visual information subserves these acts, particularly

for mobile-eyed creatures like ourselves?"
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1.2.1 Perception of motion

In further developing the understanding of information that could possibly specify colli-

sions, it was proposed that the specification of detecting a collision could be divided into

two categories. First, whether a collision would occur or not, irrespective of temporal

components; second, the temporal component of when, such as the time to contact

where timing can be specified through the optical expansion of tau, however, there is no

specification as to whether a collision will or will not occur [Cutting1995]. An example

of the decision process was presented in their 1995 article (Table 1.2.1), considering

collision detection with a fixed or mobile obstacle and using the differential parallax of

optic flow [Cutting1995]. The displacement of an object can cause a parallax through

the change of point of observation (e.g., looking at an object with the right eye closed

and then closing the left and opening the right eye). Motion parallax is then the displace-

ment of the body for a different point of observation and a new parallax of the object,

note the same effect is caused for a moving object moving. The differential parallax

is then the relativity between foreground and background displacement parallaxes that

was suggested as a visual cue in the determination of crossing order [Cutting1995]. The

decision process (Table 1.2.1) used this understanding to express whether a collision

would occur or not for fixed and mobile obstacles; if there was no differential parallax

with a fixed obstacle then a collision may occur, alternatively, if there was then a col-

lision was not imminent. If the obstacle was mobile, depending on the flow differences

of the parallax between foreground and background signified the risk of collision.
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Question Choice
Step 1

Is the fixated object rigidly *If yes, go to step 2
attached to the environment? *If no, go to step 3

Step 2
Are there any differential parallax *If no, a collision may be imminent
displacement around the fixated object? *If yes, a collision is not generally imminent

Step 3
*If the objects or textures in the foregound
move faster than those in the background,
a collision may be imminent.

What is the nature of the differential *If the objects or textures in the background
parallax displacements around the move in a retrogade manner, a collision will
fixated object? not generally occur, one will pass in front of

the moving object.

*If the objects or textures in the foreground
and background move at the same velocity, a
collision will not generally occur, one will pass
behind the moving obstacle

Table 1.1 - A decision tree for the detection of collisions with stationary and mobile
objects when traversing linear paths [Cutting1995].

This conception of the two fundamental issues of collision avoidance was further ex-

tended by Anderson et al. who studied the detection of collisions through constant

velocities and rectilinear paths of multiple obstacles [Andersen1999, Andersen2001]. In

their 2001 study, they completed several experiments of collision event detection from

multiple moving obstacles, focusing on two sources of information. The one being the

rate expansion during approach and the second being the angular position of approach

(i.e., tau and bearing angle). More specifically, participants observed several obstacles

approaching on a rectilinear path at constant velocity with varying time-to-contact, the

only perceivable information was manipulated so that the rate of expansion as the dis-

tance between obstacles and observer decreased and the angular position consistency.

Participants were instructed to identify possible future collisions through a signal de-

tection paradigm [Andersen2001]. The findings of these studies include the capabilities

of collision detection and that both the rate of expansion and angular position are used
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for collision detection; however, the rate of expansion may have been a more important

source of information. Finally, it was suggested for a continuation of the work with

consideration to variable speeds and curvilinear paths [Andersen2001].

Previous studies focused on collision detection through the motion of an observer or an

obstacle, whereas few studies considered collision detection and the avoidance behaviour

between two walkers [Olivier2012]. Based on the assumption of a reciprocal interac-

tion, Olivier and colleagues [2012] proposed a new metric that coupled both walkers

trajectories and expressed the evolution of collision avoidance behaviour between the

two walkers. At each instant of the interaction, through linear extrapolation of each

participants position with their current respective velocity vectors the authors were able

to predict the future distance of closest approach between the two walkers, referring to

the Minimal Predicted Distance MPD (Figure 1.19):

Ppred,1(t, u) = P 1(t) + (u� t)V 1(t)

Where u is a time parameter, and P1(t) and V1(t) are the position and velocity vector

at instant (t) of participant #1. Through repetition of this process for participant #2,

MPD was formulated in the following way:

MPD(t) =
argmin

u
||Ppred,2(t, u)� Ppred,1(t, u)||

With the equation being solved as the argument of the minimum of a second degree

polynominal. Where if the solution is positive (u > 0), then trajectories are converging,

therefore a negative solution (u < 0) would mean that trajectories diverge, and finally,

a null solution (u = 0) indicated the point of minimal distance:

MPD(tcross) = dmin
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MPD is then the prediction of dmin for both walkers at position (t) with velocity (t),

assuming a constant heading and constant speed. It specifies the future risk of collision

at each time of the interaction. Whenever MPD values vary in time, it means that

walkers performed adaptations of their trajectories.

Figure 1.19 - An illustration of MPD being calculated at four different times between
two walkers on perpendicular paths. Top, a top-down view of two trajectories of two
walkers. Each sub box is a captured instant between the two walkers. t1 is the first
time where walkers can see each other due to occluding walls. An adaptation of the
walkers’ trajectory is illustrated between t2 and t3. Bottom, the evolution of MPD over
time and the referenced stages of the interaction. From [Olivier2012].
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Within their study, the authors set some occluding walls at the start of the walking path

so that walkers can reach a steady state before seeing each other. The interaction was

then defined between tsee, the first instant when both walkers could see each other

to tcross the instant when the actual distance between walkers is minimum (i.e., the

clearance distance). Results showed that walkers are able to perceive well the future risk

of collision because motion adaptation was performed only when necessary, i.e., when

MPDtsee is below 1m (Figure 1.20). This threshold distance was attributed to the

notion and preservation of personal space when avoiding collisions [Gérin-Lajoie2005].

Figure 1.20 - MPD evolution of ten grouped initial MPD conditions over normalised
time. 0% normalised time referes to t1 and 100% of normalised time refers to t4.
Changes in the MPD are from adaptations made by the interacting walkers. Adaptations
are observed for t1 distances below 1 m. From [Olivier2012].

Further, MPD revealed temporal stages of the interaction, when adaptations are re-

quired; three successive phases, from observation to a reaction before final regulation

of MPD. From MPDtsee, the predicted distance of future crossing remained constant.

Thereafter, MPD varied as both walkers adapted their trajectories in order to avoid a

collision. The final stage is a plateau in MPD as the adaptations of both walkers reduces,

and the predicted crossing distance is maintained until actual crossing MPDtcross. From
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these findings, it was evidenced that distances with a risk of collision (distances within

the personal space) were predicted by the walkers, further, the task was completed with

anticipation as the collision was solved before crossing [Olivier2012].

While, the introduction of MPD as a measurable variable is interesting and informative

for post-hoc observations of adaptation between two walkers, the nature of the visual

information used by the participants in determining the detection of future crossing

distances or possible collisions was not explored in this setting. Therefore, we can

wonder whether the walkers used a global representation of the other walker or fixated

on specific joint articulations or foot placement, or a combination of both, as a local

cue of information for effective anticipation of future crossings. Further, the proposed

method was based on a linear extrapolation based on a constant trajectory, however,

in real-world applications, there are a limited number of cases where a trajectory is ex-

clusively rectilinear and constant [Pierce2013]. We will discuss hereafter the perception

of direction, velocity and the consideration of accelerations.

1.2.1.1 Perception of direction

When we move along a rectilinear path, the instantaneous direction of motion coincides

with the focus of optical expansion. It has previously been shown that observers can

detect the position of the expansion site for the control of locomotion with an accuracy

between 1 - 4° [Cutting1992, Warren1988b]. However, these judgements appear to not

relate directly to the focus of expansion. Rather, information is extracted from the entire

field of view and the optic flow surrounding the focus of expansion [Warren1988b]. Fur-

ther, the detection of direction is rapidly perceived, with reports approximating 400ms

[Crowell1990, Hooge1999], evidencing that observers are capable of perceiving the visu-

ally specified direction of motion from rectilinear trajectories. Everyday trajectories are

not only rectilinear, and in that context, it has been reported that observers are accur-
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ate in detecting the direction of curvilinear heading trajectories [Warren1991]. While

the detection of one’s direction and heading is important, additional information cues

for collision avoidance include the detection of an obstacle location, size and heading

and its relation to oneself [Rhea2007]. A source of information available for traject-

ory detection specification could include the change of disparity over time, similar to

the differential parallax of optic flow, of an object relative to a fixed background or

reference object. An alternative would be the binocular velocity information from an

object as it moves in depth, projecting different image velocities to the eyes. Where

the visual system would combine the speed and direction of motion by determining the

inter-ocular velocity difference changes over time [Harris2008, Pierce2013].

The ability to perceive changes in direction from self-motion or object motion is highly

accurate, and this is evidenced from the interception task of rectilinear and curvi-

linear trajectories of uniform and non-uniform motion [Chapman1968, Bastin2006b,

Bosco2012, Delle Monache2015]. However, few studies have previously considered a

curvilinear trajectory and collision detection [Berthelon1993], moreover, to our know-

ledge no studies have considered the perception of curvilinear trajectories between two

walkers during a collision avoidance task.

Previous studies have considered the linear extrapolation of current state, and suggested

that collision avoidance is completed through anticipation [Olivier2012]. Their study

demonstrated that the task is prospectively controlled since MPD is linearly extrapol-

ated based on walkers’ current state. Further, it is argued, since collision avoidance

adaptations are performed before the end of the interaction, the task is anticipated.

Additionally, studies have considered curvilinear trajectories during an interception task

[Bastin2006b]. Walkers were only able to control their speed to intercept a ball that

crossed their trajectory (Figure 1.21). Walkers were instructed to intercept a ball that

crossed the path of the walker. The trajectories of the ball were arc lengths from two

circles (5 and 10 m radii), and a control rectilinear trajectory. Additionally, the trajector-

ies intercepted the path of the walker at three distances (-1, 0, and +1 m), respectively
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requiring the walker to reduce, maintain or increase their velocity to intercept the ball.

Finally, the curvilinear trajectories were signed so that the ball followed a final approach

in front (positive) or from the side (negative) of the walker. The findings of this study

showed that walkers prospectively controlled their behaviour with respect to the visual

stimulus for successful interception [Bastin2006b]. To demonstrate this, Bastin et al.

computed the theoretical time course of bearing angle for each curvature without ad-

aptation and compared these simulated changes with the actual changes performed by

walkers. The results showed systematic errors of displacement kinematics, which fur-

ther supported their hypothesis that walkers use a constant bearing angle strategy to

prospectively control interception. A contiuation of this work showed that the walkers’

velocity was more affected by the curvature of a ball in flight than the manipulation of

the rate of expansion [Bastin2008].

Figure 1.21 - A representation of the experimental setup of Bastin et al., [Bastin2006b].
Top left is a representation of a participant immersed in the virtual experiment while
their lateral displacement was fixed by a rod attached to the treadmill. Top right is the
first person perspective of the virtual environment. Bottom, is the top-down view of
the theoretical environment and the experimental conditions. From [Bastin2006b].
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Continuing with the interception task and curved trajectories, more specifically, a goal-

keeper intercepting a ball in flight towards a goal. It has been reported that interception

of a ball in flight with a spin that causes the ball to follow a curvilinear path as op-

posed to a rectilinear path causes participants to incorrectly predict the initial path,

later prospectively adapting to intercept the ball successfully [Dessing2010, Craig2011,

Casanova2015]. Where the influence of the balls spin, trajectory and local cue informa-

tion was considered in the detection and prediction of future path (Figure 1.22). It was

reported that spin direction of a chequered ball pattern was identified at greater dis-

tances than plain white balls, and movement initialisation was sooner when intercepting

chequered balls. Finally, it was reported that the detection of direction was easier for

changes in outward curving balls than inward, this may be associated with the lack of

initial heading information that can be perceived during the outward curving trajectories

[Casanova2015].

Figure 1.22 - The experimental setup of Casanova et al., [Casanova2015]. chequered
and plain balls were fired from the grey triangles and depending on condition, the ball
would be without any spin (black lines) or curve towards (solid grey line) or away (dashed
grey line) from the participants initial position (IP). From [Casanova2015].
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1.2.1.2 Perception of speed

Movement is the change of position over time, where the notation of a position at a

given instant that has previously been identified at another position gives the velocity

of the movement. Given this, speed and direction information are coupled and cannot

be processed independently. Nevertheless, the ability to perceive speed is fundamental

in the processing of visual motion and the detection of future collisions. The visual

system is sensitive to the perception of speed but rather insensitive to acceleration

[Brouwer2002, Watamaniuk2003, Zaal2012]. However, it has been reported that speed

judgements can depend on the shape and direction of motion [Manning2018]. Moreover,

the detection of acceleration indeed requires an instantaneous change of speed with an

approximate difference of 30% [Gottsdanker1956], speed changes lower than this or

with gradual increments are poorly detected [Werkhoven1992, Watamaniuk2003].

Previous findings have reported poorer time-to-contact judgements during non-constant

velocity (i.e., constantly accelerating) than when compared with constant velocity

[Benguigui2003, Tharanathan2006, Tharanathan2009]. Nevertheless, when consider-

ing a natural environment without experimental restrictions, stimuli of moving obstacles

are rarely constant, and humans are capable to adapt their behaviours to accelerating

obstacles. This has lead to several studies identifying and attempting to identify how

humans perceive acceleration to adapt their behaviour [Tresilian1999a, Dubrowski2002,

Benguigui2003, Bennett2013, Bennett2016]. Where it has been reported that spa-

tial estimation from occluded lateral motion of objects under constant acceleration

was consistent with the use of first-order information, further, there was a tendency

for underestimation of future position [Montagne2000, Benguigui2003, Bennett2013,

Bennett2016].
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Constraints associated with judgements of time to contact, temporal, and spatial

accuracy included the motor capabilities of the observer and the implied dynamics

[Bastin2006a, La Scaleia2014, Stapel2016, Vagnoni2017]. This can be seen through

age-related differences, where it has previously been observed that adults are better at-

tuned to temporal information than spatial information [Siegler2013]. Whereas children

are more attuned to spatial information and progressively attune to temporal informa-

tion with ageing [Benguigui2008, Bazile2016].

1.2.1.3 Motion cues

After consideration of the capabilities and limitations of the visual system in the visual

perception of direction and speed, the third source of information is the motion cues

in which perception is based. Global and local information are often referred to in

psychology and the visual control of locomotion, and these definitions occasionally

define differences within the optic flow, general layout of an environment or the nature

of visual information from an object [Gibson1979, Warren1990, Huys2009, Fajen2003].

However, for clarity, the definition of global and local motion cues here will refer to the

nature of information from an obstacle (Figure 1.23).

Global motion cues refer to the object’s body as a whole, low order information that

can be interacted upon based on the optical invariants such as bearing angle and rate of

expansion [Gibson1979, Regan2000, Huys2009, Cañal-Bruland2011, Rio2014]. Higher

order information is then sourced from local motion cues, which can be the perception

of individual points, joints or pairs that form limbs and provide additional visual inform-

ation cues such as stepping rate or orientation; cues that distinguish biological motion

[Marr1982, Thornton1998, Diaz2012, Masselink2015]. The application of point light

displays allowed for information to be picked up from biological motion (i.e., local motion

cues of joint articulations) with a limited presence of global cues [Johansson1973].
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Two exemplary publications evidencing the ability to detect biological motion through

point light displays are the works of Cutting and Kozlowski [Cutting1977, Kozlowski1977].

Where they evidenced the ability to identify male gait from female gait, further, while

attempting to identify a friend’s gait, it became evident that individual gait patterns are

detectable but not necessarily the ability to detect their friend. Therefore, this section

will focus on the literature that has considered interactions either solely with global

motion cues, or the effects of additional local motion cues in the presence of global

motion.

Figure 1.23 - Example representations of motion cues: local motion cues with presence
of global shape and form of the biological body (left), global motion cues only in the
form of a large sphere (right). From [Meerhoff2014]

Here we will discuss a study about hand aperture regulation with only global motion

cues available, thereafter, the introduction of local motion cues are discussed that is

applied to a locomotor interception task. Finally, we will discuss a previous study that

has considered the temporal advantage of local motion cues from global motion cues

during a distance regulation tasks.

Savelsbergh et al., [Savelsbergh1991] showed how hand aperture could be regulated by

merely attuning to the global cue of optical size changes. In their study, participants

were asked to catch an illuminated ball in a dark room, eliminating ambient contextual

information. Nevertheless, participants could directly regulate their hand aperture to

successfully catch the ball.
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In a competitive setting, Brault and colleagues [Brault2012] used virtual reality to study

the salience of local and global motion information and the ability to judge movement

direction. Authors showed that the performance of experts was more related to the

evolution of honest signals than deceptive ones and more particularly to the global

parameter centre of gravity than of local ones. This does not mean that local inform-

ation is not informative, but it can be more sensitive to deception.

Meerhoff et al., [Meerhoff2014] studied the role of global and local motion informa-

tion in a non-competitive locomotor setting. Their results suggested that indeed the

ability to regulate distance is not perturbed when only global motion was available, but

participants provided earlier responses when both local and global motion were available.

• • • • •

While we have detailed here the information that can be used to interact with the envir-

onment, there remain several questions unanswered with consideration to the collision

avoidance task. Previously, in section 1.2.1 it was evidenced that adaptations between

walkers are performed below a threshold and that this threshold can be attributed to the

preservation of personal space. Suggesting that collision avoidance behaviour between

walkers is not defined by a strict contact between two walkers, instead, the distance of

regulation involves a notion of personal space.
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1.2.2 Personal space

Figure 1.24 - Three example images of differences in personal space: A), close proximity
and within personal space as a coach instructs a player. B), peripersonal space that
allows communication and physical interaction between indviduals. C), extrapersonal
space, no communication or interactions are formed as people keep their distance while
waiting a bus. From [Hall1966]

In general, personal space is considered as an area around the body that individuals

maintain to interact with others at a comfortable distance during social interaction

[Hall1966]. Figure 1.24 depicts examples of personal space variances in daily living.

Therefore the notion of personal space preservation during collision avoidance tasks

should be considered. The notion of an emotional response to the invasion of personal

space has previously been elicited. For example, in a passenger train experiment, it was

reported that the density ratio of carriage size and the number of passengers elicited

no correlation to stress responses, however, seat density and the number of passengers

was highly correlated with stress indices. It was noted that passengers prefer to stand

alone than to sit next to a stranger [Evans2007]; a familiar sensation in which we all

share is to find an open seat first or the one empty seat barrier between oneself and a

stranger. Therefore, it is not without reason to claim that personal space is a protective

bubble, which we strive to maintain. This space has been presented as the space of

safe passage when presented with an obstacle [Woods2003], where the maintenance

of this space during locomotor collision avoidance would suggest temporal and spatial

components for future planning and anticipation of navigation for correct locomotor

adaptations [Templer1995].
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In the previous section it was mentioned that during a collision avoidance task, between

two unconstrained walkers, the two walkers would adapt when a predicted crossing dis-

tance was less than 1m that coincided with the preservation of personal space. The

space around the body is of fundamental importance for the safe navigation and inter-

action with the environment. Therefore it is necessary to elicit the different zones

that surround the body and to understand the role of personal space during colli-

sion avoidance. The space around the body has been categorised into three zones

[Iachini2014, Iachini2015, di Pellegrino2015]: extrapersonal space refers to the area

outside of the current reachable area, exploratory eye movements generally occur in

this space. Moving closer to the body, the peripersonal (interpersonal) space is the

area in which the agent can directly interact through the grasping of objects. Finally,

from the social psychology perspective, a third and smaller space can be found in which

an emotional response is reported and often referred as the personal space, the private

space that causes discomfort on intrusion [Iachini2014, Iachini2015, di Pellegrino2015].

The notion of two representational differences between grasping and walking distance

was initially suggested by Brain et al., [Brain1941], the first expression of personal space

as a safety margin was later described in animals; if a predator entered this space, the

prey would attempt to flee [Hediger1955].

The work conducted by Gérin-Lajoie and colleagues has been influential in the un-

derstanding of personal space and collision avoidance navigation [Gérin-Lajoie2005,

Gérin-Lajoie2006, Gérin-Lajoie2008]. Gérin-Lajoie et al., [2005] studied the preser-

vation of personal space during a collision avoidance task with both a static and moving

mannequin, and this study was the first to directly quantify personal space during lo-

comotion [Gérin-Lajoie2005]. They quantified personal space during locomotion by

defining in the transverse plane in front of the participant a scanning window; a quarter

circle composed of 90 vectors in the upper left quadrant of the circle that was centred

at the centre of mass of the participant. The vectors were polar coordinates for each

Cartesian degree of the circle’s quadrant, which were also equal three times the average
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step length of each participant. Using this scanning window, that was much larger than

the actual personal space, permitted the authors to capture and calculate the clearance

distance and its shape. Then, the personal space from the clearance behaviour was re-

corded as the distance in the transverse plane between the participant’s centre of mass

and the elbow of the mannequin, taking the shortest distance from each vector of the

Cartesian quadrant to contour the personal space. From their findings, the personal

space corresponded to an elliptical shape with a longitudinal length of 2.11m and a

lateral width of 0.48m (Figure 1.25).

Figure 1.25 - Personal space of the transverse plane between the centre of mass of
a participant and the left elbow of a mannequin (P - M). A), expresses the definition
of P-M. B), Represents each shortest polar vector of clearance during the avoidance
behaviour within the Northwest quadrant of a circle. C), The average personal space
calculated and represented as a shaded elliptical shape. From [Gérin-Lajoie2005]

The findings of personal space were congruent with previous estimations, albeit slightly

larger [Templer1995]. The differences in size were attributed to variances in walking

speed [Gérin-Lajoie2005]. The participants thus systematically preserve an elliptically

shaped personal space that varies according to the demand for information processing

required by the congested environment. For example, if an auditory message distracts

their attention, the personal space expands as the demand for attention increases, where

an increase of personal space suggests a more conservative strategy. Also, when the

movement of the mannequin is known in advance, subjects have time to plan a fairly

large personal space that allows less attention to be given to the mannequin.
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Additionally, an influence of age on the personal space, which is normalised to step

length, has been reported. Elderly individuals preserved a personal space similar to

that of younger people unless distracting phenomena during locomotion are applied,

to which the elderly group had a larger personal space than their younger counter-

parts [Gérin-Lajoie2006]. From these findings, personal space functions as a control

criterion of the locomotor system, coupled with between the agent and the environ-

ment and used to plan future adaptations. A further understanding was ensued by

questioning the influence of walking speed, passage side and the influence of virtual

reality [Gérin-Lajoie2008]. For this study, participants passed either right or left of the

obstacle, and personal space was recorded for both sides. Further, they were instructed

to complete the task with a natural, slow or fast self-selected walking pace. A second

experiment was conducted as part of this work, using the same design as the first within

virtual reality. It was observed that personal space was larger on non-dominant sides

during passage. However, there was no influence of self-selected walking speed.

Virtual reality, as detailed in section 1.1.5.3, has proven a powerful tool for ecological

perception and action research [Loomis1999, Tarr2002]. The presence of personal space

within virtual reality has previously been validated [Gérin-Lajoie2008], and for social in-

teractions with virtual animations (i.e., objects, robots and humans) and for interactions

between walkers [Iachini2014, Argelaguet-Sanz2015, Jung2016, Olivier2017]; personal

space was systematically preserved whilst immersed. However, personal space within

virtual reality has been reported to be larger than that in reality, although, this could be

attributed to the restricted field of view and depth perception [Loomis2003].

Iachini et al., [2014] completed work in virtual reality to study the influence of emo-

tional response for peripersonal and personal space of approaching virtual characters.

Within this study male and female avatars were used, and additionally, a global repres-

entation of the avatar in the form of a cylinder or a robot was used to remove social

biases. The task of the study was to stop either themselves or the character once

they were perceived to be at arms reach or at the limit of the comfort zone (i.e., per-
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sonal space). The findings of this study highlighted the close relationship between basic

visuomotor-spatial processing and complex social processing. Furthermore, variances

in the personal and peripersonal space were reported depending on the virtual objects

appearance [Iachini2014].

The variance of personal space with obstacle appearance was further verified both within

virtual reality and reality [Hackney2015b, Argelaguet-Sanz2015]. Where Argelaguet-

Sanz and colleagues [Argelaguet-Sanz2015] reported differences in the clearance dis-

tance when passing a human or a box, and this difference was further observed in both

reality and virtual reality environments. Moreover, from their results, they observed an

effect of obstacle orientation in both reality and virtual reality. They reported larger

clearance distances for humans standing perpendicular to the participant’s path, how-

ever when the human was facing towards or away in parallel to the participant’s path

the clearance distance was less. The authors attributed the notion of orientation effect

to the participant’s additional consideration for human obstacle’s personal space in the

collision avoidance task [Argelaguet-Sanz2015]. The notion of orientation and the per-

ceived distance has also been reported to be larger when a virtual character is facing

away and close when facing towards participants [Jung2016].

Figure 1.26 - Personal space variances from the clearance of anthropomorphic and
inanimated obstacles in both reality and virtual reality. From [Argelaguet-Sanz2015]
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Similarly, Hackney and colleagues [Hackney2015b] observed behavioural differences in

aperture crossing, when an aperture is formed of two human poles rather than two

cylindrical poles in reality, where the critical point of shoulder rotation is smaller for

two human poles. Overall, these studies have evidence that personal space is system-

atically present and preserved in both reality and virtual reality. However, the physical

appearance of an obstacle influences the behaviour of avoidance, which is consistently

observed in reality and virtual reality.

1.2.3 Collision Avoidance

A cluttered environment affords many possibilities for action, where some obstacles will

be stationary, and some obstacles will move; independent of the obstacle’s state, a safe

navigation task requires that these obstacles should be avoided [Cutting1995]. For a

fixed obstacle, it is clear that the walker must adapt their trajectory to avoid a collision.

Therefore, a lot of studies have focused on the understanding of motor control regula-

tion in stepping over an obstacle; for example, analysing lower limb regulation and foot

placement [Patla1991], the effect of the properties of the obstacle [Spaulding1991],

gaze behaviour [Patla1996] or the effect of ageing [McFadyen2001]. An alternative

paradigm of fixed obstacle collision avoidance includes the navigation and circumven-

tion of obstacles; further analysing avoidance behaviours [Gérin-Lajoie2005], effects of

age [Gérin-Lajoie2006], or comparing the avoidance behaviour between real and virtual

environments [Gérin-Lajoie2008]. A final example of fixed obstacle collision avoidance

is the aperture crossing paradigm [Warren1987]; the analysis of body and limb reg-

ulation [Wilmut2010], considering the effect of ageing [Hackney2011, Hackney2013,

Hackney2014b], analysing agent specific affordances [Hackney2014a] and environment

specific affordances [Hackney2015a, Baker2017, Hackney2018]. In accordance with the

framework of this thesis, the following section will focus mainly on collision avoidance

with moving obstacles and the kinematics of the avoidance behaviours.
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1.2.3.1 Collision avoidance characteristics

We can distinguish several aspects from the literature of collision avoidance with moving

obstacles: first, we can identify the behaviour of the obstacle being avoided. Second, we

can identify three types of collision between two walkers (Figure 1.27), towards, away

and glancing [Rymill2005]. Finally, we can also identify different kinds of avoidance

behaviour (Figure 1.28), circumvention of a fixed obstacle, path adaptations by both

walkers, speed changes by both walkers, and a combination of path and speed changes

by one walker [Lettich2016]1.

1. Mobile obstacle behaviour

I Passive. A mobile obstacle can be passive (e.g., a confederate) where the

obstacle will follow a predefined trajectory and not deviate its course with

regard to any other participants of the task [Gérin-Lajoie2005, Cinelli2007,

Cinelli2008a, Vassallo2017].

I Reactive. A mobile obstacle can be reactive, for example, two unconstrained

walkers where both are allowed to interact and adapt to the situational de-

mands [Olivier2012, Olivier2013]. Another example would include an envir-

onmentally aware robot that reacts according to another walkers trajectory

[Vassallo2018]

2. Types of collision

I Towards (Figure 1.27A). When two walkers are walking towards each other

on the same path (e.g., a narrow corridor), both are on a head-on collision

course. Without adaptation walkers will walk straight into each other or have

an overlap of the bodies [Honma2015]

I Away (Figure 1.27B). This situation involves one walker behind another,

where the trailing walker is gaining on the first. Without adaptation from
1Note that these distinctions have been categorised for collision avoidance with large obstacles that

cannot be stepped over or passed through, that is these obstacles and collision avoidance categories are
for obstacles resembling the dimensions approximate of the human body.
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either the trailing walker will collide with the leading walker. Such examples of

this type of collision include automotive driving, a focus of the early work by

Lee [Lee1976, Lee2011], where drivers are required to regulate their distance.

Additionally this has been investigated for perceptual tasks and following the

leader tasks [Rio2014, Meerhoff2014].

I Glancing (Figure 1.27C). When two walkers have intersecting paths and

the two walkers are likely to meet at the point of intersection at the same

instant, there will be a collision [Olivier2012, Olivier2013].

Figure 1.27 - Three types of collision can be identified: A), A head-on collision from
two walkers follow paths towards each other. B), A trailing walker is faster than the
leading walker (size of arrow represents velocity vector), catching up with the leader
and will collide without adaptation. C), Two walkers on intersecting paths may arrive at
a point of intersection at the same instant and thus collide. Adapted from [Rymill2005]
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3. Types of collision avoidance

I Circumvention (Figure 1.28A). A typical paradigm of circumvention includes

a walker on one side of an obstacle and a goal for them to walk towards on the

opposite. The obstacle acts as a repeller to the trajectory the walkers takes,

and the goal acts as the attractor [Fajen2003, Gérin-Lajoie2005, Fink2007].

I Adaptation of a single walker (Figure 1.28B). In the situation of passive

confederates, all adaptations of collision avoidance are based on those of the

participant [Basili2013, Huber2014, Vassallo2017]. In the scenario depicted

in figure 1.28B, the task of the walker would be to join the general heading

of the confederate.

I Path adaptation of both walkers (Figure 1.28C). For interactions between

two mobile and reactive obstacles or walkers, each can adapt their path to

ensure a mutual completion of collision avoidance [Olivier2013]

I Speed adaptation of both walkers (Figure 1.28D). Alternatively, or in com-

bination with adaptations of path, two walkers can adapt their speed, decel-

erating or accelerating.

Figure 1.28 - Collision avoidance behaviour can identified in four categories: A), cir-
cumvention of a fixed obstacle. B), adaptation of a single walker. C), both walkers
adapt their path. D), both walkers adapt their speed. Adapted from [Lettich2016]
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• • • • •

With a clear definition of the factors of collision avoidance with moving obstacles, we

can begin to discuss the current observations from the literature. The following two

sections are titled by the behaviour of the mobile obstacle: section 1.2.3.2 will focus

on the works of [Gérin-Lajoie2005, Cinelli2007, Cinelli2008a] and collision avoidance

with passive obstacles, and section 1.2.3.3 will focus on the works of [Olivier2012,

Olivier2013, Basili2013, Huber2014, Knorr2016, Vassallo2017, Croft2017]. Indeed, by

definition, the work of Basili et al., Huber et al., Vassallo et al., and Croft et al. have

passive obstacles. However, for a better understanding of a glancing collision avoidance

task, these works share the same orthogonal paradigm within their experimental setup;

therefore these studies will be discussed collectively in section 1.2.3.3. Whereas the

works of Gérin-Lajoie et al. and Cinelli et al. share similar experimental designs of

collision avoidance while interacting with a passive mannequin on a fixed rail.

1.2.3.2 Passive obstacle

Gérin-Lajoie et al. conducted a study with which a mannequin was attached to a rail

[Gérin-Lajoie2005]. The behaviour of the mannequin varied from being fixed in a posi-

tion on the path of the participant, or moved along the rail and intersected the path of

the rail, and several catch trials where the mannequin started and stopped at predefined

positions (Figure 1.29). The rail in which the mannequin was mounted intersected the

path of the participant at a 45° angle. The results of this study showed that colli-

sion avoidance is anticipated differently according to the dynamics of the obstacles,

whether the obstacle is fixed, mobile or not present. Adaptations were reported in the

anterior-posterior control of movement, which was attributed to the control of timing,

specifically gaining time for avoidance behaviour. Of the three experimental conditions,

the gait speed decreased with the presence of the mannequin and further decreased with
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the motion of the mannequin, this could be attributed to the increased visual processing

demands required for the successful completion of the task. Furthermore, this study

presented different anticipation behavioural responses depending on the experimental

condition. The trajectory from the centre of mass revealed that participants drifted

laterally for the conditions when the mannequin was going to obstruct the path of the

participant and its final position was known in advance. Whereas, no mediolateral drift

was observed when the mannequin was not present. Moreover, the observed anticipa-

tion behaviour was facilitated for the most natural avoidance behaviour, which was to

pass behind the mannequin [Gérin-Lajoie2005]. In contrast, when the final position of

the mannequin was unknown, the anticipatory behaviour observed was that participants

delayed their mediolateral displacement. The delayed onset of mediolateral displace-

ment could be associated with increased demand for online visual feedback to assess

the evolution of the task. Finally, independent of anticipatory behaviour and gait speed

of approach by the participants, the final clearance distance as the participant passed

the mannequin did not show any significant differences irrespective of known and un-

known final positions and whether the mannequin was stationary or moving. These

results are interesting since participants adapted their anticipatory behaviour and their

gait speed to interact with the mannequin and ensure a collision-free passage, however,

these adaptations resulted in a standard safety margin when avoiding a mannequin.

Similarly, Cinelli and Patla also used a paradigm of a mannequin attached to a rail

(Figure 1.30), looking at the avoidance of a mobile obstacle arriving towards the walking

subject at different speeds [Cinelli2007, Cinelli2008a]. In both studies, participants were

instructed to walk along a rectilinear path where a mannequin rested 12m from the

participant’s starting position, during the advancement of the participant an optical

switch was used to trigger movement of the mannequin after an initial displacement of

2.5m by the participant. In the first study, they were interested in how a participant

would avoid a head-on collision based on the two fundamental questions of where and

when will a collision occur. Further, they questioned whether constraints in the travel

| 63



Chapter 1 Background

Figure 1.29 - Experimental setup of a mannequin attached to a rail that intersected
the path of participants and 45°, several start and stop positions were used to cause
uncertainty of behaviour. From [Gérin-Lajoie2005]

path would influence avoidance behaviour. Considering the restrictions of a mannequin

being fixed on a rail, their study manipulated the time-to-contact through a range from

0.8m.s�1 to 2.2m.s�1 mannequin velocities in increments of 0.2m.s�1. To further study

the effects of spatial constraints on avoidance behaviour, the second part of their first

study introduced a door frame with a 90cm aperture 3.5m from the optical switch. The

introduction of the door frame was for the decision processing of participants; deciding

to pass through or give way to the mannequin based on time-to-contact information.

The authors showed that trajectory adaptations without the spatial constraints of a

door frame were initiated at similar times independent of mannequin velocity, however,

the speed of lateral displacement correlated with the approaching velocity. With the use

of a spatial constraint, the results showed that participants initiated a lateral change

prior or at the door frame, with a significant difference of initiation in the travel path

between the two fastest and the slowest condition [Cinelli2007].
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The second study was then furthering their initial findings; using the same experimental

set up as in their first study, the mannequin had three possible velocities (0.8m.s�1,

1.4m.s�1, and 2m.s�1), and the door frame was placed in one of nine positions that

coincided with a time-to-contact position either before, at or after the door frame

for each velocity. As per their first study, approach velocity did not affect avoidance

behaviour timing, and spatial constraints did. Where a change in heading occurred

prior to passing through the door frame, even if they could pass safely through and

change heading after passage. The authors attributed this response to the existence

of a safety zone, although spatial references may improve relative velocity judgements

[Cinelli2008a].

Figure 1.30 - Experimental setup of a mannequin attached to a rail approaching a
participant. A), a goal directed task of head-on collision avoidance without spatial con-
straints. B), spatial restriction in the form of a door frame present. From [Cinelli2007]

• • • • •

These studies have developed and presented an understanding of anticipation and avoid-

ance behaviour while avoiding a mannequin that approached towards participants. How-

ever, while these studies have been insightful and their experimental setup allows for

reproducibility between trials. The presence of the rail, with which the mannequin was

attached, provided visual information of the mannequins restricted path and thus future

position could be predicted. Hence, the following section will focus on the collision

avoidance behaviour between walkers where the predictability of future position can be

reduced.
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1.2.3.3 Reactive obstacle

Previous studies have focused on locomotion trajectories and adaptations while in-

teracting with passive or fixed obstacles, whereas Olivier and colleagues [Olivier2012]

considered two walkers that could adapt their behaviour without limitation; walkers

were instructed to reach a goal and avoid collisions. They proposed a new metric to

express the evolution of the collision avoidance behaviour between two walkers, coupling

the avoidance behaviour between both walkers under the assumption that the task is

completed under the reciprocal interaction of both walkers. In their experimental setup,

participants shared a surface area of 15m2 and were positioned in adjacent corners;

when instructed to walk to their opposite corner they would complete a glancing type

collision task as their orthogonal paths would intersect. In order to control the respect-

ive position of each walker at the instant of intersection, starting signals were displayed

in each of the four corners of the area. Participants were initially occluded from per-

ceiving each other, allowing a steady state walking speed to be obtained. Moreover,

there were six participants per experimental session, reducing the predictability of who

the walker will interact with and from which direction they will arrive (Figure 1.31).

Based on the evolution of the coupled metric of collisions avoidance (MPD), detailed

in section 1.2.1, the authors described three stages in the interaction (Figure 1.32):

observation, reaction, and regulation. Each stage was computed from the time deriv-

ative of MPD, and the authors compared the MPD between each instance of evolution

when the sign of the MPD derivative changed. The observation stage is then con-

sidered when MPD is constant from MPDtsee, a significant difference of MPD from

MPDtsee was then considered the reaction stage, and finally, a plateau or slight decrease

of MPD from MPDtcross was considered as the regulation stage. The regulation before

crossing was suggested as an anticipation of the task as the slight decrease in MPD

demonstrated that the task had been solved prior to crossing [Olivier2012].
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Figure 1.31 - A picture of the experimental setup of two unconstrained walkers avoiding
a glancing collison. From [Olivier2012]

Figure 1.32 - The mean evolution of MPD when predicted crossing distance at MPDtsee

was below 1m. Three successive stages can be observed during the interaction: obser-
vation (red), reaction (orange), and regulation (red). Adapted from [Olivier2012]
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The interaction with fixed obstacles towards a goal (i.e., circumvention avoidance be-

haviour), has shown how walking trajectories are stereotypical and repeatable, and thus

predictable [Fajen2003, Gérin-Lajoie2005, Fink2007]. Olivier and colleagues began to

consider the avoidance strategies used, where they only considered the adaptations of

speed, path, or a combination of the two to express the effect on the overall task

and to weigh the walker contributions [Olivier2013]. Since, several studies have con-

sidered the role of crossing order, the influence of avoidance behaviours in terms of

speed and path, or the combination of both [Basili2013, Huber2014, Knorr2016]. In

order to quantify the deviation selected studies have focused on the progression of the

environment, a participant completes a goal-orientated task without any interferer in

the path, augmenting this, participants are required to complete a circumvention task

where the interferer acts as a static obstacle. Finally, a glancing collision avoidance

task is completed with the interferer passively interacts with the environment and the

participant [Basili2013, Huber2014]. Huber et al., [Huber2014] extensively considered

different types of collision and the associated avoidance behaviours. Their experimental

set up considered six scenarios, two fixed environment conditions and four conditions of

an interferer intersecting at various angles (Figure 1.33). In addition, participants were

requested to complete the task under three different self-selected speeds (slow, steady

state, fast):

I No interferer. A baseline condition where participants walked towards a goal in

an environment free from interference.

I Static interferer. The interferer remained static in the middle of the participant’s

rectilinear path, acting as an obstacle that requires circumvention. In this situ-

ation, the interferer was directed at the starting position of the participant.

I 45° interferer. Both the participant and interferer walked rectilinear paths. In

this scenario, the initial starting position of the interferer was at a 45° angle from

the left of the participant. Note that from this angle of approach the interferer

would walk in the same direction as the participant.
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I 90° interferer. The same orthogonal setting as [Olivier2012, Olivier2013], which

more closely resembled [Vassallo2017] as the interferer was passive during the

interaction.

I 135° interferer. Similar to the 45° scenario, the interferer was positioned 135°

from the participant’s left, placing the interferer in front of the participant.

I 180° interferer. The interferer started at the goal position directly in front of

the participant and was directed to the starting position of the participant as their

goal. This scenario resembles a head-on (i.e., towards) collision type task.

Figure 1.33 - The experimental setup of the different scenarios from [Huber2014]. In
each sub-figure the arrows represent the walked distance, the blue boxes are the motion
captured zone, and the centred dots are the points of intersection and the position of
the interferer during the fixed scenario. A), 45° angle of approach scenario, B), 90°
angle of approach scenario, C), 135° angle of approach scenario, D), 180° angle of
approach scenario.
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The goal of their study was to determine whether and how walkers adapt their path

and speed while interacting with an interferer from different angles of approach at three

different self-selected speeds. The results showed that the avoidance behaviour was

dependent on the participant’s walking speed and the angle of approach by the inter-

ferer. Generally, it was observed that participants performed adaptations to their path

for all conditions where the interferer was present. However, only in the conditions

where the path of the interferer was 45° or 135° were adaptations of speed and path

observed during the avoidance behaviour. Additionally, the adaptations observed during

the acute angles of interaction were initiated with the same time-to-contact. It was

hypothesised that considering the interferer was instructed to generate a future pre-

dicted collision event at the same location for each trial, and participants could plan

their trajectories for more optimal avoidance behaviours. However, the recorded vari-

ability between conditions suggested that the interaction is an on-line based feedback

process of local planning2. Such behaviour had previously been reported, determining

that locally planned trajectories are not optimal as a lower cost efficient trajectory was

available [Basili2013].

Developing from their first study, Olivier and colleagues [Olivier2013] continued ex-

ploring the interaction between two unconstrained walkers; investigating the effect of

crossing order, and exploring the avoidance strategies (i.e., adaptations in path, speed,

or both), however in this study the authors were interested in the effect of the adapta-

tions on the task rather than the adaptations themselves. Here the authors evidenced

the reciprocity of collision avoidance, and the task was solved collaboratively. Further,

they suggested the roles in which each walker was predicted to intersect the path first

or second, impacted the contribution made and the avoidance strategy used. Walkers

that were predicted to cross second were reported to have contributed more to the

avoidance behaviour than the walker predicted to cross first. Furthermore, the roles

assigned at MPDtsee were not inverted, that is, the walker predicted to cross first would

2Local planning refers to the predictive future collision avoidance behaviour. The participant treats a
moving obstacle as a static one in each planning time step [Basili2013]
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indeed cross first, not adapting to allow the walker that was predicted to cross second

to actually cross first. Knorr and colleagues [Knorr2016] continued this work to eli-

cit the effect of the possible limitations previously mentioned by Olivier and colleagues

[Olivier2013]; possible human factors such as gender, height and psychological traits

that could influence the assignment of roles during a collision avoidance task. Knorr and

colleagues found no effect of human factors in the assignment of crossing order roles.

However, they determined that the roles were assigned early on during the interaction

[Knorr2016].

The notion of crossing order and inversions gained further interest from a later study,

using a similar paradigm to Olivier and colleagues [Olivier2012, Olivier2013], participants

completed an orthogonal crossing task with a passive wheeled robot [Vassallo2017]. The

robot would follow a fixed rectilinear trajectory at a constant velocity of 1.4m.s�1, and

was programmed based on the captured velocity of the participant during the occlusion

stage to ensure three conditions: fully collide by arriving at the intersection point at

the same instant as the participant, arrive at the intersection slightly before or after the

participant to create a partial collision course, or pass with a large distance that would

cause no collisions. The crossing order and risk of a potential collision were controlled

by using the previously proposed metric MPD [Olivier2012]. The results of this study

showed a consistency in the capabilities of predicting future collisions with a robot,

similarly to the observations of Olivier and colleagues. Additionally, the task was solved

with anticipation, a plateau or reduction of MPD during the final regulatory stages of

the interaction. However, when crossing a passive mobile robot, there were a significant

increase in the number of inversions from the initial crossing order (i.e., changes in the

predicted crossing order with actual crossing order). Previously, the number of inversions

were negligible [Olivier2012, Olivier2013], however, in this study, an observed 29% of

trials were inverted. A threshold of 0.8m was reported for those predicted to cross first

but finally adapted to cross second. An adaptation that causes an inversion in crossing

order was considered inefficient, it was therefore considered that this behaviour was an

| 71



Chapter 1 Background

extreme adaptation to the preservation of personal space. Further, they suggested that

this response could be explained through the level of perceived danger from the robot as

well as the lack of experience in collision avoidance with wheeled robots [Vassallo2017].

This phenomenon of inversions was further explored in a follow-up study [Vassallo2018];

using the same paradigm as their first study, now with avoidance behaviour by the robot

for trials with a risk of collision was implemented. The behaviour was implemented in

such a way that when the robot was 2m away from the intersection point, the robot

would deviate its path to one of two fixed alternative paths, passing in front of or

behind the participant. Note that the behaviour was only implemented when there

was a risk of collision and only these trials were considered for analysis. Through the

implementation of the robot avoidance behaviour, the number of inversions significantly

decreased to 8% with a new threshold of 0.39m. Further, the behaviour of avoidance

by the participant and the interaction between the two were reportedly comparable to

human-human interactions [Vassallo2018].

The aforementioned studies have focused on the coupling and uncoupling of two walk-

ers, either describing the interaction between the two as a minimally predicted distance

or through observations of speed and path adaptations that can involve non-optimal

adaptations to avoidance trajectories. Further, the interaction has been reported to in-

clude three stages (i.e, observation, reaction, and regulation). While it has been widely

accepted that walkers are capable of perceiving the task, and successfully detect and

avoid future predicted collisions, previous studies have only hypothesised and suggested

future work to investigate the nature of the visual information. Croft et al., [Croft2017]

conducted an eye-tracking study to determine what was being observed and whether

or not it influenced the avoidance strategy. The collision avoidance task was set as an

orthogonal crossing, where a participant was either constrained to walk along a narrow

path to a specific goal point or walk an unconstrained path to any point past the in-

tersection (Figure 1.34). Additionally, within their experimental design, they analysed

interferer maximum velocity, path constraint and whether or not the participant gazed
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at the interferer with Bayesian logistic regression to identify predictors of final crossing

distance. The participant was required to avoid any collisions with an interferer that

was instructed to walk at a steady state or fast constant velocity and to adjust starting

time as to assure future predicted collision events. The findings of this study showed

no influence of the path constraints on avoidance behaviour, rather, the credible pre-

dictors were the gazing behaviour of the participant and interferer velocity. Participants

that gazed earlier and fixated longer at the interferer during the interaction showed a

tendency to pass second, similarly when the interferer walked with a fast velocity. While

initial fixation and duration of fixation were effective predictors of crossing order, it was

reported that gazing at the interferer was not always necessary as location and relative

motion could be sourced from peripheral vision [Croft2017].

Figure 1.34 - The experimental setup of an orthogonal crossing with and without path
constraints by [Croft2017].
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• • • • •

To conclude, as an individual moves and interacts with their environment there are visual

cues such as time-to-contact and bearing angle that may be sources of information in

determining the future position of an obstacle. As the interaction between a walker and

an obstacle advances, the prediction of a future collision avoidance can be determined

rather early [Olivier2012, Olivier2013, Knorr2016, Croft2017]. During this observa-

tional stage of the interaction, roles are assigned for crossing first or second. It was

originally suggested the roles were a product of non-verbal communication [Olivier2013];

however, it has been argued that these roles may rather be defined due to situational

characteristics and human factors such as age, height, and personality trait had no

influence [Knorr2016].

Although it was shown that gazing behaviour was a credible predictor for a walker in-

teracting with a confederate, however, it remains unclear whether the gazing behaviour

between two unconstrained walkers indeed influences collision avoidance behaviour. Fur-

ther, in more crowded environments multiple walkers may have to be interacted with

at the same time [Meerhoff2018a]. This raises the issue that a walker has to be sens-

itive to which aspects of the environment are the most threatening [Meerhoff2018b].

Therefore, the following sections will consider the human factors that include the effect

of gaze and visual appearance, which may influence collision avoidance behaviour.
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1.2.4 Human factors

This section will discuss the influence of gazing behaviour and human factors that may

influence collision avoidance behaviour. Further, to express the influence of gaze and

a sense of being looked at, several papers cited will consider the influence of gaze on

immersion in virtual reality. During social interactions, gaze can be interpreted as one

of several core processes: mutual and averted gaze, gaze following to joint attention

and shared attention (see [Pfeiffer2013] for a social-cognitive review). As mentioned

previously, gaze has been associated to a form of non-verbal social communication

between two unconstrained walkers and as a credible predictor of crossing order while

interacting with a confederate [Olivier2013, Croft2017]. During daily experiences of

walking among other people and cluttered environments, we generally accept that gaze

plays an important role in the negotiation of collision avoidance. For two unconstrained

walkers, for example, mutual gaze between them forms a mutual awareness, however,

if one walker does not gaze at the other but rather is concerned with their direction

or distracted with their personal device, it is the gazing walker who is aware of the

interaction and thus avoids the other.

1.2.4.1 Gaze

When two individuals gaze towards each other, mutual eye contact between the two

implicitly influences the perception each has of the other [Kuzmanovic2009]. Further,

mutual gaze has been characterised as a main factor for social interaction [Kleinke1986].

The social interaction of mutual gaze is considered as a form of nonverbal communica-

tion, through emotional arousal from previous experiences or communicative intention

[Senju2009]. For example, Caruana et al., [Caruana2017] used virtual faces and gaze

direction to form joint attention towards a goal. Participants interacted with a vir-
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tual face both character and participant gazed at one of three houses to indicate which

house was being robbed (Figure 1.35). Bailenson et al., [Bailenson2005] highlighted the

positive aspects of mutual gaze during interaction in terms of coordination-regulation

and immediacy-arousal.

The effect of mutual gaze has been demonstrated considering both real-real humans, hu-

mans and objects, and real humans-virtual characters social interactions [Vázquez2017,

Bailenson2003, Kuzmanovic2009]. Indeed, authors reported an increase of activity in

the superior temporal sulcus, a region of the brain involved in the perception of gaze in

a mutual gaze task with a virtual character [Pelphrey2004]. Even if gaze is fundamental

in social communication, it is also closely linked to associated body motions and ori-

entation. For example, Marschner et al., [Marschner2015] reported that emotion was

evoked through the sum of mutual gaze and body orientation. Participants did not feel

gazed upon if the character was gazing while orientated away from the agent.

Figure 1.35 - A screenshot of a joint attention task. Houses with blue doors were for
participants to gaze at and find a burglar and houses with red doors were for the virtual
character. From [Caruana2017].
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The influence of gaze and eye contact during walking tasks have predominantly been

investigated in towards type collisions (i.e., head-on, direct gaze towards the participant

or averted gaze, looking away from the participant). For example, in walking tasks,

Bailenson et al., [Bailenson2003] reported that walkers gave more personal space to

virtual characters who engaged in mutual gaze (Figure 1.36). During head-on collision

avoidance, the gaze direction of an oncoming walker is an important determinant cue

for future path intention [Varma2017].

Figure 1.36 - Left: Pictures of female (top) and male (bottom) avatars with gazing
behaviour (left) or without (right). Right: trajectories from 10 participants that ap-
proached the virtual avatar from behind and then moved to in front of the avatar before
returning to the starting position. Note that both axes are distance in meters. From
[Bailenson2003].

Nummenmaa et al., [Nummenmaa2009] reported that participants used gaze as a cue

to avoid collision: they orientated their path to the opposite side of the character’s gaze.

In this study, they did not report the effect of mutual gaze. Additionally, Narang et

al., [Narang2016] reported the presence of a character’s gaze towards a human walker

improved the sense of immersion in a crowded simulation. Finally, preliminary work

has been completed during a collision avoidance task for crowd simulation [Hu2016].

The authors reported the subjective feedback of participants after crossing paths with
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a virtual character with or without gazing behaviour (Figure 1.37). The initial findings

of this preliminary work are promising, with participants reporting a sense of being

acknowledged and further self-reporting that they adjusted their responsive behaviour

as a result.

Figure 1.37 - A preliminary study combining reciprocal collision avoidance and gaze
behaviour. Participants advanced towards a goal and were gazed at by a virtual walker
if there was a risk of collision. From [Hu2016].

• • • • •

Gaze can indeed be an informative cue for the successful non-verbal communication

between two walkers. However, it has been shown that the collision avoidance task

can be successfully completed with robots that do not possess a visual system for the

output of social information [Vassallo2017, Vassallo2018]. Further, it has been reported

that the human factors (e.g., age, height and personality trait) do not influence the

assignment of crossing order roles, rather, the situational characteristics during the

observation stage do [Knorr2016]. To develop this understanding it is necessary to

discuss the impact of an obstacles visual appearance for interaction and avoidance.
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1.2.4.2 Visual appearance

To start, during infancy, it has been reported that the visual appearance of an object

moving laterally and the motor repertoire of the observer can significantly influence the

predictability of future location. To elaborate, infants that could only crawl, toddlers

that had recently began to walk, and adults observed three scenes: an infant crawling, a

toddler walking, and a chair moving from left to right. Using an eye tracker, participants

followed the object as it moved with their gaze, as the objects moved from left to right

they would pass behind a spatial occlusion. The results showed that crawling infants

could only successfully determine the future location and instant of appearance while

viewing an infant viewing, toddlers could predict for both an infant crawling and a

toddler but not for an inanimate object. In contrast, adults were fairly accurate with

all tasks, notably the inanimate object being the least accurate [Stapel2016].

Similarly, the visual appearance of an obstacle has been reported to influence the be-

haviours of participants. A general observational study of several social interactions

(e.g., walking a narrow corridor or in a shopping mall), reported that a pedestrian’s

height influenced the outcome of social interactions; walkers were giving way to taller

walkers [Stulp2015]. However, this was not reported during a collision avoidance task

within a laboratory [Knorr2016]. Nevertheless, the effects of the visual appearance of

an obstacle have been reported for other tasks, namely, head-on interactions and the

influence of appearance on personal space (Figure 1.38).

Iachini et al., [2014] conducted a study that required participants to stop an approaching

virtual obstacle (two gender-specific avatars, a humanoid robot or a geometric cylinder)

at either a peripersonal reachable distance or at the limits of a comfort zone (i.e.,

within personal space). The findings highlighted the close relationship between basic

visuomotor-spatial processing and complex social processing. Additionally, the findings

showed a greater distance was preferred while interacting with a cylinder than human
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Figure 1.38 - Examples of variation in the visual appearance. Left, from
[Hackney2015b], an aperture of two poles or of two persons. Right, four avatars,
male, female, a humanoid robot and a cylinder from [Iachini2014].

shaped avatars [Iachini2014]. Similarly, when interacting with obstacles approaching

head-on or from 40° to the left or right of the participant, larger clearance distances were

observed when the obstacle was a cylinder and smaller distance for avatars [Silva2018].

However, in an aperture passage task, participants rotated their shoulders to allow

more space between two human poles sooner than when traversing two cylinder poles

[Hackney2015b]. Previous aperture studies have reported a critical point (i.e., the ratio

of individual shoulder width) of 1.3m while traversing fixed obstacles such as poles.

However, in this case, the critical point increased to 1.6m. Distances below the critical

point recorded rotations of the shoulders.

Finally, similar findings were reported in a CAVE setup that compared clearance distances

in virtual reality with reality. Participants walked along the length of the cave and

avoided either a human or a box in both reality and virtual reality. Focusing on the

human factors of the study, the clearance distance in both conditions was higher for

human-like obstacles than for inanimate obstacles [Argelaguet-Sanz2015].
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Figure 2.1 - An overview image of two paths intersecting and the possible visual cues

available (from left to right), a global representation of a walker, a full body walker,

two abstract representations of a walker, and two representations of head and gaze

orientation by a walker.
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This thesis and the works associated with it are focused on interactions with the env-

rionment, where we aim to develop further understanding of the underlying perceptual

mechanisms that can be involved during a collision avoidance task between two walkers.

A review of the literature has evidenced that locomotion and its optic flow supports the

safe transportation and navigation of the body through an environment efficiently, with

the latter being incorporated as part of the locomotor task. Information that could

possibly specify future collisions include the answering of two fundamental questions,

whether or not a collision will occur and if so, when will the collision occur. In answering

these two questions, walkers adapt their trajectories to possibly maintain their personal

space and avoid future predicted collisions. Thus, to answer these two fundamental

questions, invariants found within the optic flow can detail the motion of the observer,

the obstacle or both, through global motion cues such as the differential parallax and

rate of expansion on the retina. Where the visual system has proven powerful in the de-

tection of changes in direction for both self motion and obstacle motion, further, while

global motion cues are based on constant velocities and the visual system is limited in

perceiving acceleration, humans remain capable of adapting their behaviours to interact

with accelerating obstacles. Additionally, it has been shown that biological motion is

dense with local motion cues that can be used to identify differences of gender and spe-

cific individuals from a limited number of lights fitted on anatomical landmarks. Where

the local motion cues may provide additional temporal advantages during interactions,

global motion cues are suggested as a source of more honest signals.

Collision avoidance between two walkers has gained interest in the recent years, in the

development of coupled metrics to express the evolution of the interaction, whether

it is with passive or reactive obstacles, gaze tracking or various rectilinear angles of

approach. Further, the behavioural adaptations observed in reality can be seen in virtual

reality, simulating locomotion through optic flow with numerous interactive methods.

However, the nature of the visual information that is being perceived; the influence

of global and local motion cues on the detection of future collision avoidance, the
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human factors that are involved during the interaction such as gaze behaviour and

the influence of curvilinear paths require further investigation. Thus the objective of

the thesis is to further develop the understanding of the underlying perceptual

mechanisms involved in the prediction of future outcomes during an orthogonal

collision avoidance task.

The visual appearance of an obstacle has a significant influence on the nature of visual

information available and thus the behavioural outcome. For example, when traversing

apertures of poles or humans in reality, it has been reported that a larger aperture or

greater distance from humans is required for safe passage. Whereas during a collision

avoidance task, differences of avoidance behaviour are reported while interacting with

a passive or reactive wheeled robot. Additionally, in virtual reality, personal space and

peripersonal space (i.e., arms reach) are smaller for approaching virtual humans than

for virtual robots or cylinders. These notable differences suggest the importance of

an object’s appearance and its influence on behavioural responses. These differences in

behaviour may well be attributed to differences in the visual information available. It has

previously been shown that global motion alone is sufficient for successfully completing

a task, however, local motion cues provided a temporal advantage. Therefore, the first

study of the thesis focuses on the nature of visual information of a virtual obstacle

during a collision avoidance task. To do this, the visual appearance of the obstacle is

manipulated to limit the visual cues available. This work aims at determining whether

relevant cues are based on global movement or from local segment movements

(i.e., stepping rate of the legs).

After completion of the first study, the thesis progresses towards the second study, which

works towards the path taken by the virtual walker and the evolution of interaction

made by the participant. Regarding the literature of collision avoidance, during an

orthogonal interaction, a linear extrapolation of the current velocity vector provides a

minimally predicted distance at crossing. Calculating this predicted crossing distance

for each time step provides an evolution of the interaction between the two walkers
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and evidences three stages of interaction (i.e., observation, reaction and regulation)

with anticipation. Additionally, this evidences that during an orthogonal crossing the

task may be linearly extrapolated by the walkers to predict the instance of crossing.

However, during an interception task of a ball following a curvilinear path, it has been

evidenced that the task is completed prospectively through constant changes in the

bearing angle. Work has varied the paradigm of collision avoidance between two walker

with alternative angles of approach, and with confederates or wheeled robots. For each

case, the task involved a participant being instructed to walk towards a goal and avoid

any obstacle that may be on a collision-prone trajectory. The paired walker, confederate

or robot were instructed similarly (follow a rectilinear path towards a goal), confederates

being instructed to either match the speed of the participant, always ensure a predicted

future collision or were trained to walk at fixed speed. Further, when navigating cluttered

environments, in which we reside, a path may well be curvilinear as opposed to rectilinear.

As evidenced by ball sports and interception tasks in the literature, there is the ability

to intercept an object following a curvilinear path. However, the visual system has been

reported as insensitive to accelerations for both temporal and spatial future estimations.

To this end, study two investigates a curvilinear path of a virtual walker and

computes the evolution of minimally predicted distance at crossing. The aim of

this work is to gain insight in the nature of perceived path, specifically, whether

or not an observer can perceive and predict the future risk of collision from curved

trajectories. Previously it has been evidenced that a future risk of collision correlates

with the linear extrapolation of velocity vectors, however, whether this remains true for

curvilinear paths or a more complex model that considers accelerations has yet to be

explored.

Finally, interactions between two unconstrained walkers presented several findings, firstly

the linear extrapolation of position and heading of both walkers presented the predicted

crossing distance, when this distance is below a threshold value the two walkers ad-

apted to ensure a safe passage. Secondly, without verbal communication between the
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two walkers both assigned roles in that one would pass first and the other would pass

second. Further investigation into the assignment of crossing order roles suggested

that the roles are attributed to the current position during the observational stage, that

there is no influence of human factors (e.g., age, gender, and height) or personality

traits (e.g., introvert and extrovert). Thirdly, no inversion of the assigned roles were re-

ported, that is during the observation period the two walkers assigned roles to cross first

or second and maintained that role to cross first or second. Whereas, while interacting

with a passive robot, inversions are reported, which was considered an over adaptation

response. Furthermore, the final crossing distances observed between a walker and a

robot are larger than those observed between two walkers. The literature review has

emphasised a possible effect through non-verbal social communication, passive beha-

viour, or a combination of both. Considering the task detailed to participants the most

likely form of non-verbal communication would be expressed through the eyes and facial

expressions. Where it has previously been evidenced that when two individuals gaze at

each other, the two implicitly influence the perception each has of the other, with a

mutual gaze forming a social interaction through emotional arousal and intention. Gaze

has already proven to increase the sense of immersion in virtual environments. How-

ever, most studies considering a gaze behaviour have focused on head-on interactions.

Studies have begun to consider the influence of reciprocal avoidance behaviours during a

collision avoidance task with promising results. Study three is then a continuation in

the similar direction, introducing gaze as a non-verbal cue during collision avoid-

ance, within this study we included trials with or without reciprocal avoidance

behaviour to study the effects of gaze behaviour further.
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Chapter 3

Collision avoidance behaviour between

walkers: global and local motion cues
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3.1 Objective and contributions

This study focuses on the visual cues that convey relevant information for accurate

estimation of others’ global motion, specifically, whether these visual cues are extrac-

ted from local body parts or from global perception of the body motion. As previously

discussed in section 1.2.1.3, global motion cues with respect to this study were defined

as low order information cues. That is, walkers may use optical variables such as tau

or bearing angle to determine the risk of collision and adapt their avoidance behaviour

based solely on this information. Local motion cues are then of high order informa-

tion, visual cues in addition to the low order information. For example, the biological

articulations of the joints and orientation of the body can be additional cues for the

control of collision avoidance behaviour. To manipulate the visual aspect while strictly

preserving the kinematics of interactions (i.e., relative motion of the obstacle with re-

spect to participants), we developed an experiment in virtual reality. Virtual reality is

a novel approach that has proven to be a powerful tool for ecological perception and

action research [Loomis1999]. Advantages of virtual reality include the ability to de-

couple natural co-varying variables, increasing experimental control and manipulation

of finite detail. Perception and action through virtual reality is not without limitation

[Fink2007]. It has indeed been demonstrated that there exists variance in depth percep-

tion [Loomis2003], which is not necessarily related to the restricted field of view that is

often referred to when using head mounted displays [Creem-Regehr2005]. Additionally,

in virtual reality forward gaze-driven speed is underestimated compared to actual speed

[Banton2005].

Despite these notable differences within virtual reality, behavioural responses conform

to reality. Walkers who perform a goal-directed locomotion task in reality replicate

their trajectory in virtual reality [Cirio2013]. Specific to collision avoidance, valida-

tion of behavioural response has been reported in the preservation of personal space

[Gérin-Lajoie2008] and interactive methods whilst using large immersive displays have
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been developed [Olivier2017]. Virtual reality has proven to be a significant tool in ex-

ploiting complex situations such as competitive sports [Brault2012], motion control

[Fink2007] and crowd simulation [Bruneau2015]. Thus virtual reality is a robust and

reliable tool for further developing the understanding of collision avoidance.

The virtual reality experiment sets a dynamic obstacle on a collision trajectory with a

participant. The visual appearance of the dynamic obstacle is changed between trials.

A control situation, the dynamic obstacle is a walking virtual character. In this case, we

are able to compare results obtained using virtual reality with real data recorded during

interactions between two real humans.

The work has the following contributions:

1. We experimentally investigate the nature of the visual information used by a

walker, specifically within a collision avoidance task. We demonstrate that global

motion is a sufficient source of information to successfully predict future cross-

ing distances and therefore avoid obstacles while local motion contains additional

details that contribute to more accurate and repeatable predictions.

2. From these results, we provide recommendations of computational resources, and

considerations of computational budget reduction, for the design of virtual reality

platforms to perform human locomotion studies in the context of interactions.
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Figure 3.1 - Top). Overview of the virtual environment used for the experiment, a red
starting position, a green goal to aim towards and the variety of obstacle appearances
at an obstructed starting position on the left. Bottom). Third-person perspective of
a participant whilst avoiding the full body control situation with the green goal for the
participant in the background.

3.2 Method

3.2.1 Participants

Sixteen healthy participants (11 males, 5 females), aged 26.43±5.53 years (mean±SD)

participated in this study. All participants had normal or corrected-to-normal vision and

no history of disease or impairment which could have affected their ability of parti-

cipation. A written informed consent form was obtained from all participants prior to

experimentation and the study was in accordance with the standards of the Declaration

of Helsinki.
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3.2.2 Apparatus

Experiments took place in a 4-screen Computer Assisted Virtual Environment (CAVE),

which was 9m wide, 3m high and 3m deep. It was equipped with 13 projectors with

15MPixels resolution in total. 3D environment display and character animation (Figure

3.1) were designed in the Unity game engine. Multi-surface rendering was performed

by the MiddleVR plugin. Active stereoscopy was achieved with Volfony ActiveEyes Pro

Radiofrequency wearable glasses. Glasses were tracked by an ART tracking system

made up of 16 cameras. A joystick was used by the participants to move in the virtual

environment. The associated control law for the virtual speed was the one used by

Olivier et al. [Olivier2017]. The joystick neutral position would produce a baseline

displacement of 1.4m.s�1 with zero angular velocity, which resembles a typical normative

walking speed [Bohannon1997]. Any action on the joystick thereafter produces an

adaptation of the virtual trajectory. The longitudinal axis controlled speed linearly from

0.8m.s�1 to 2.0m.s�1, and the lateral axis controlled angular rotation speed linearly from

-25deg.s�1 to +25deg.s�1.

3.2.3 Experimental setup

Using a Latin square design, experimentation was partitioned into five randomised blocks

of appearance (Figure 3.2). Within each block of appearance, obstacles would advance

from the participant’s occluded right or left. We also controlled the potential danger of

the interaction to assess whether the visual appearance of the obstacle has an effect on

the perception of the situation. The obstacle’s starting position controlled the future

risk of collision determined by MPDtsee, which is the instant the participant can first

see the obstacle [Olivier2012]. A total of 5 crossing distances were chosen for the

experiment, varying the risk of collision: two high risk distances, where a collision would
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occur if no adaptation is implemented (0.1 and 0.3m), an intermediary distance (0.6m)

that would require no adaptation, according to what is actually observed between two

pedestrians, but an inversion is reported while interacting with robots [Vassallo2017],

and finally two low risk distances, where no collision would occur if no adaptation is

implemented (0.9 and 1.2m). Furthermore, we controlled the initial crossing order at

MPDtsee where the obstacle would pass the participant either in front or behind at

these randomised risk of collision distances. For each conditional visual appearance

block, participants were given a short familiarisation period consisting of five trials of

varying risks of collision with the specified conditional appearance.

Within each block of visual appearance, these conditions were presented randomly to

participants. As a result, each participant performed 100 trials (5 appearances ⇥ 2

crossing sides (left-right) ⇥ 5 MPDtsee ⇥ 2 crossing orders).

The duration of the experiment per participant, including familiarisation and question-

naire completion was one hour.

Figure 3.2 - Visual appearances used as visual cues of local and global appearances from
left to right, full body, trunk, COG, legs and cylinder
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3.2.4 Conditions

We aim at investigating the role of global versus local information about obstacle motion

in a collision avoidance task. To this end, we manipulated the visual appearance of the

moving obstacle by using the following conditions, as illustrated in Figure 3.2:

1. Full body: A mobile mannequin with a shoulder width of 37cm and hip width of

27cm, was rendered without a face to avoid any influence of emotion and gaze.

Furthermore, the motion was animated as a neutral repeated gait cycle.

2. Legs: Considering foot placement is a direct contact to the ground, the feet

and legs alone may provide perceptual local information for successful collision

avoidance. Thus, all upper body local information was removed with only foot

placement and leg motion remaining. Only positioning and stride could be per-

ceived; segmentation of the legs was below the hips to remove any hip orientation

information.

3. Trunk: The trunk being the largest visible aspect of the human body we chose

to use this segmentation, without legs or arms, in order to remove any swing

rate information and present only orientation as a local information cue. Further,

the hip was excluded once again from the segmentation as a stride rate could

otherwise be perceived through hip oscillations.

4. Cylinder: To remove all orientation and step information, a cylinder fully encom-

passed the full body control in a static position. The cylinder was then encoded

with the same trajectory and velocity profile as the full body condition.

5. Sphere: With recent findings of Brault and colleagues [Brault2012] suggesting

a strong correlation between centre of gravity (COG) and interception during

a deceptive sporting task in terms of success, we chose to remove all encasing

information and use a small sphere (8cm diameter) as an appearance of COG.

This was also to remove all orientation and stride information, and similar to the

trunk but unlike leg segmentation, it was free from ground contact.
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Note that condition 1) serves as a control condition. Conditions 2) and 3) study the

role of local motion cues conveyed by the human limbs and torso. Finally, conditions

4) and 5) remove completely the local motion cues, and display global motion cues

through different geometrical representations of the obstacle.

3.2.5 Task

Participants were immersed in a virtual environment (Figure 3.1), where they were in-

structed to stand at a designated location depicted in the immersive environment floor.

The task was to navigate through the environment, using a joystick, to reach a goal

(a green cylinder) at the opposite end of the room. They were instructed to avoid

potential collisions with any virtual obstacle that would appear in their path, further

they were informed that no specific visual or audio feedback would be provided if a col-

lision was detected as to limit behavioural adaptations through possible learning effects.

The virtual obstacle was moving along a trajectory perpendicular to participants’ own

trajectories. We set occlusion walls in the environment to control the moment at which

participants could perceive the virtual character (MPDtsee). This allowed participants

to reach the baseline speed simulating a steady state of comfortable walking before

interaction. Throughout experimentation all virtual obstacles were non responsive, with

a constant velocity and trajectory. The participant’s initial steady state and the vir-

tual obstacle’s speed was set according to the study of normative walking speed at

1.4m.s�1 [Bohannon1997]. Where the speed of the virtual obstacle remained constant

throughout, participants could adapt their speed and trajectory after MPDtsee using the

joystick.
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3.2.6 Questionnaire

We collected demographic information and measured simulator sickness with the Kennedy-

Lane SSQ questionnaire [Kennedy1993] before and after the experiment. At the end

of each block, participants filled a subjective questionnaire. Participants answered the

following questions using a 7-point Likert scale from 1 (strongly disagree) to 7 (strongly

agree):

I I am satisfied with the ease of completing this task

I I am satisfied with the support information when completing this task

I The virtual obstacle motion was natural

I The interaction with the virtual obstacle was natural

At the end of the experiment, participants were asked to rank obstacle visual appearance

according to the task by order of preference (from best to worst).

3.2.7 Data analysis

Trajectories of the virtual object were recorded from the moment the agent could see

the virtual object (MPDtsee). Post-processing the interaction response of the agent

was performed using customised MATLAB scripts (Mathworks 2015b). Using traject-

ory and velocity of both participant and virtual object, we can calculate minimal crossing

distance, inversion of crossing order and collisions, if any. Where minimal crossing dis-

tance was defined as the shortest distance between the participant and virtual obstacle

centers, crossing order was classified as the participant passing the obstacle as first or

second and an inversion would be when the initial order was altered by the participant as

part of their collision avoidance strategy. A collision was acknowledged when minimal

crossing distance was less than the sum of both participant’s and obstacle’s radii. We
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also computed MPD evolution in time throughout each trial. MPD was normalised

to the period of interaction, that is, from the instant that the participant could see

the virtual object, MPDtsee, to the instant of crossing, MPDtcross. To characterise the

evolution of MPD during the interaction phase, we computed its time derivative. For

each curve, we identified all the instants corresponding to a change of sign of MPD time

derivative and we computed the corresponding MPD values. Then, we applied Wilcoxon

signed rank tests to compare the MPD values which encompass these changes of sign

to characterise the evolution of MPD (no change, increase, decrease).

3.2.8 Statistics

We set the level of significance to ↵ = 0.05. A Kolomogorov-Smirnov test was performed

to evaluate whether data followed a normal distribution. The dependant variables were:

final crossing distance, number of collisions, number of inversions as well as the re-

sponses from the questionnaire. We evaluated the effect of obstacle visual appearance

and initial MPDtsee on these dependent variables using a Friedman non-parametric test

and post-hoc Wilcoxon sign ranked test with a Bonferroni correction. We compared the

evolution of MPD of each of the appearances to the control condition (full body) using

statistical parametric mapping (SPM) [Friston2007]. With the SPM analysis, time-

series data of different trials can be compared taking the variability at each time-step

into account. Finally, the distribution of questionnaire responses were analysed using a

Friedman non-parametric test with regards to the perception of immersion, interaction

with the virtual obstacle and ability of task completion.
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3.3 Results

3.3.1 Collisions

A total of 35 collisions occurred (upon 1600 trials in total); of those, obstacle appear-

ance had no significant effect on the rate of collisions (�2 (4)=6.218, p=0.183). Full

body, legs, trunk, cylinder and COG appearances had a median collision rate of zero

percent. The reported no significant difference was consistent after considering crossing

order, with a zero median rate of collision for all visual appearances.

3.3.2 Crossing order

Similarly, from a total of 145 inversions there was no significant overall effect of obstacle

appearance on the rate of inversion of crossing order (�2 (4)=5.857, p=0.210). Full

body, legs and cylinder had reported medians of 10% occurrences, trunk and COG had

reported medians of a 7.5% occurrences. We then considered trials separately, where

participants initially were set to cross first (i.e, MPDtsee was positive) and second (i.e,

MPDtsee was negative). Results showed a significant influence of obstacle appearance

for predicted crossing first trials (�2 (4)=18.478, p<0.001). Post-hoc analysis showed

an inversion from a predicted crossing first to finally crossing second whilst interacting

with the cylinder (20%) was significantly different (p<0.05) from COG (10%), trunk

(10%), legs (5%) and full body (5%). The remaining analyses have had trials with

inversion omitted due to the lack of overall effect. Further, while there was a significant

difference of inversion with regard to crossing order and visual appearance there was no

effect on final crossing distance (p>0.05).
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3.3.3 MPD evolution in time

Figure 3.3 (top) illustrates average MPD evolution during the interaction phase consid-

ering absolute values. For all conditions of obstacle appearance, we can visually observe

a similar shape of MPD curves throughout the interactions. A pairwise Wilcoxon sign

ranked test based on MPD time derivative (Figure 3.3 bottom) showed for each condi-

tion a first stage where MPD was maintained constant without significant changes of

its values (in blue), a second stage where MPD was significantly increased (in green)

and a final stage where MPD was significantly decreased (in yellow). MPD remained

constant (p>0.05) for cylinder, trunk, legs, full body and COG up to 6%, 3%, 10%,

6% and 11%, respectively. Thereafter the respective increases in MPD (p<0.05) las-

ted up to 76%, 79%, 80%, 79% and 79%. A further reduction of MPD occurred until

completion of the task (p<0.05).
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Figure 3.3 - Top). Mean MPD curves for each visual appearance condition. Bottom).
Three distinct stages within the MPD evolution; An initial stage where there is no
difference in MPD (blue/left), thereafter an increase in MPD (green/middle) before a
final decrease in MPD (yellow/right).
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Figure 3.4 illustrates the SPM comparison between each visual appearance of the

obstacle with respect to the full body reference one. Within each subplot, a significant

difference with the full body reference appearance is highlighted along time between a

green vertical bar (first instance of significance) and a red vertical bar (terminus in-

stance of significance). Quantitatively SPM analysis showed significant differences in

both COG and cylinder conditions when compared to the full body control (p<0.05).

For COG condition, in comparison to full body, the significance first instance occurred

earlier within normalised time (22%) than cylinder (47%). Furthermore, the gradient

of the slope was observably less in COG than the full body control and cylinder being

steeper than the full body control.

Figure 3.4 - SPM evolution analysis of normalised MPD, comparing the evolution of
crossing distance of COG (top left), cylinder (top right), trunk (bottom left) and legs
(bottom right) to the full body control.
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3.3.4 Crossing distance

Table 3.1 reports median values of final crossing distance (MPDtcross) of each visual

appearance for each initial risk of collision condition (MPDtsee). Wilcoxon signed rank

tests showed that there was a significant difference between MPDtsee and MPDtcross for

all visual appearances through all risks of collision (p<0.001). Each comparison showed

that MPDtcross was greater than its corresponding MPDtsee. There was no threshold

where an adaptation of avoidance or reduction of final crossing distance did not occur;

participants implemented avoidance strategies for all MPDtsee conditions. Obstacle

appearance (Figure 3.5) significantly affected final crossing distance (�2(4)=223.392,

p<0.001). Post-hoc analysis showed that both global motion obstacles COG (0.96m)

and Cylinder (1.24m) were significantly different from each other and to their local

motion counterparts (p<0.05). There was no significant difference between the local

motion appearances (p>0.05): full body (1.17m), trunk (1.16m) and legs (1.20m).
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Figure 3.5 - Overall effect of each visual appearance on the crossing distance.

Crossing order had a significant influence on the final crossing distance when considering

all conditions globally (Z = 15.278, p<0.001) (Figure 3.6) or separately (Figure 3.7).

Participants allowed more space with the obstacle when crossing second (1.24m) than

when crossing first (1.04m).

Figure 3.7 shows the significant effect of crossing order on final crossing distance, which

was consistent for all visual appearances (p<0.05).
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Figure 3.6 - Crossing distance differences between conditions where the participant
crossed first or second.

Figure 3.7 - Crossing distance for each condition of obstacle appearance, each condi-
tional appearance plotted according to crossing order. Participants passing first allow
a smaller distance (green) than when crossing second (blue).

| 105



Chapter 3 Collision avoidance behaviour between walkers: global and local motion cues

3.3.5 Questionnaires

There were no reported cases of motion sickness from the Kennedy-Lane questionnaire

from pre- and post-immersion. Additional questioning included the ranked preference of

the obstacles, from 1 being most favoured for interaction and 5 being least favoured for

interaction. The distribution of ranking was not significantly different (�2(4)=9.257,

p=0.055). Further, there was no significant effect of obstacle visual appearance on

the distribution of response with regard to the questions concerning obstacle motion,

interaction, ease of the task and information availability (p>0.05). Open question

responses concerning the interaction with the various obstacles were not extensive or

exhaustive but included comments concerning the immersion such as, "a sensation of

being a ghost floating through space", "difficult to look down at the legs", "personal

space was biased due to the joystick", and "difficult to observe just a red point".

Finally supplementary comments consisted of the appearances themselves, suggesting

additional reality effect could be created through an avoidance behaviour of the virtual

obstacle.
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3.4 Discussion

The aim of the present study was to investigate the nature of information from obstacle

motion that is used during interactions between walkers. We designed an orthogonal col-

lision avoidance task within virtual reality, similar to Olivier and colleagues [Olivier2012]

who formed a method of describing interpersonal interaction in real conditions. We fo-

cused on global and local motion cues by manipulating visual appearance of obstacles.

We evaluated the influence of this manipulation on the adaptation strategy, focusing

our analysis on MPD, the predicted distance of closest approach.

3.4.1 Qualitative motion adaptation

All obstacle appearances led to qualitatively similar motion adaptation. Almost no

collision and few inversions of crossing order were observed. The collision avoidance

behaviour presented three distinct phases of avoidance: observation, the participant

was perceiving the obstacle but not currently acting upon it; reaction, the participant

modified their trajectory to increase the future distance of closest approach; regulation,

once a safe crossing distance had been obtained, the distance was kept constant or

even slightly decreased. All collision avoidance trials were solved by anticipation. These

results match those observed in real life conditions [Olivier2012], as well as in virtual

environments with a virtual walker [Olivier2017]. The manipulation of visual appearance

showed no effect on human ability to successfully complete an orthogonal collision

avoidance task: humans successfully avoided collisions independent of the global or

local obstacle appearance.
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In contrast to [Olivier2012, Olivier2013] and [Vassallo2017], who reported no tra-

jectory adaptation above a 1m future crossing distance, this study presents no such

threshold of risk of collision (i.e., initial MPD values). As illustrated in table 3.1, we

always observed an avoidance adaptation of the trajectory, this is in accordance with

[Olivier2017]. The absence of an upper threshold within our experimental setup could

be in part explained by a change of distance perception in virtual reality [Loomis2003,

Lampton1995, Plumert2005], as well as the increased personal space whilst immersed

[Gérin-Lajoie2008, Argelaguet-Sanz2015].

3.4.2 Crossing order

After considering the initial crossing order, results showed an effect of obstacle visual

appearance on the number of inversions of the crossing order. Similar to a previous

study involving a wheeled robot [Vassallo2017], we noted inversions (from 5% to 20%)

of the crossing order for trials where a participant was predicted to cross first and fi-

nally crossed second. The rate of inversion was greatest for cylinder and least for full

body and legs conditions. Similar experimental setups with varying obstacle appear-

ances produced varying behavioural responses. The works of [Olivier2012, Olivier2013]

reported no inversion between two humans in real conditions, a crossing order emerged

at MPDtsee and remained. However, Vassallo and colleagues [Vassallo2017] reported

inversions of crossing order after MPDtsee. The role of inversion was interpreted as an

extreme behavioural response for the preservation of personal space, stating an inver-

sion is an energy inefficient response on the predicted trajectory. They suggested that

this response could be explained through the level of perceived danger from the robot

as well as the lack of experience in collision avoidance with wheeled robots. Immersion

within virtual environments reduces physical danger, further, goal-directed behavioural

responses within virtual reality have previously been validated [Cirio2013, Olivier2017].
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Considering the findings reported here and previously, we may hypothesise that un-

derpinning nonverbal social communication aides participants in maintaining crossing

order after MPDtsee. Additionally, obstacle size and behaviour uncertainty may further

influence the rate of inversion.

3.4.3 Quantitative motion adaptation

Our results reported a significant difference of final crossing distance whilst interacting

with global motion visual appearances. Crossing distance was greater whilst interacting

with the cylinder (1.24m) and smaller whilst interacting with the COG (0.96m) in

comparison to the full body counterpart (1.17m). We note that within an orthogonal

collision avoidance setting, variation in visual appearance from the control full body

visual appearance did not affect avoidance strategy.

The evolution of MPD over time during the interactive stages of the collision avoid-

ance task showed a significant difference from the full body condition for both global

motion appearances (i.e., COG and cylinder). After 22% of MPDtsee to MPDtcross

normalised time had passed, participants followed a trajectory that resulted in a smaller

crossing distance in the COG condition compared to the full body. In contrast, after

47% of normalised time had passed, participants followed a trajectory that resulted in

a larger crossing distance from the cylinder. In relation to the three distinct phases of

avoidance, COG had the longest MPD normalised time observational period of 10%

(Figure 3.3). Thereafter, a significant difference in the evolution of MPD with full

body was observed from 22% (Figure 3.4). While obstacle avoidance was success-

fully performed with the COG appearance (8 cm sphere), suggesting that bearing angle

change provided sufficient information for dynamic obstacle avoidance, the observation

period before initiating a response was significantly longer, and the final crossing dis-

tance was significantly smaller, than for the larger obstacles. This may suggest that
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optical expansion also played an important role in timing the avoidance response: the

optical expansion of an 8 cm object reaches threshold much later than that of a large

object. These results imply that obstacle avoidance may not be controlled by bearing

angle change alone, despite being effective in emerging self-organisation within crowds

[Ondřej2010]. Alternatively, there could have been a heuristic learning effect in relation

to the general size of the full body and the cylinder, which could produce an optical

illusion that the sphere is more distant when assuming the same size of the alternative

visual appearances [Caird1994, DeLucia1991].

The cylinder, however, reproduced a similar observational period as the full body, a

significant difference occurring from 47% where the participant is likely to have over-

adapted due to the larger final crossing distance. This finding is in agreement with

[Iachini2014] who reported a larger interaction distance whilst meeting a cylinder in

comparison to a human body. They linked their findings with the social aspects of the

interaction. However, in our case, our findings can be interpreted by: the difference in

the social dimension of interactions with a cylinder or a character, or some uncertainty

in the perception of the cylinder size and motion.
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3.4.4 Local vs. global information

Participants filled out a questionnaire concerning their subjective experience with each

obstacle appearance. They ranked the visual appearance in the order of preference

for interaction. Interestingly there was no single preference. This impartial response

was further supported by inter-block Likert questionnaires that also showed no bias to

obstacle appearance.

Knorr and colleagues [Knorr2016] reported that age, height, gender and personality so-

cial factors do not influence the behavioural responses of a collision avoidance task. The

subjective preference reported here corroborates the behavioural responses of Knorr et

al. [Knorr2016]. However, Knorr et al. did not report an analysis of subjective prefer-

ence. Surprisingly, the behavioural responses we observed to global- and local- motion

information appearances contradict these findings. Our results showed that depend-

ing on the obstacle appearance, participants would avoid the obstacle at a different

distance. These findings thus suggest that avoidance behaviour is not bound to a

subjective preference of visual appearance, rather, the visual appearance changes a par-

ticipant’s perceived action-opportunities as evidenced by its behavioural response. That

is, the larger surface area encompassed by the cylinder affords a larger crossing dis-

tance, whereas, the COG has a smaller volume and therefore affords a smaller crossing

distance.

Meerhoff et al. [Meerhoff2014] studied the role of global and local motion information

in a non-competitive distance regulation task. They showed that even if the ability

to regulate distance was not perturbed, when only global motion was available, parti-

cipants managed to gain a temporal advantage (i.e., earlier responses) when both local

and global motion were available. It could thus be hypothesised that local motion in-

formation allows for a more accurate estimation of another person’s movements, but

the usability of this information depends on the nature of the interaction (competitive
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or non-competitive). In our study, we found that the cylinder conditions induced a

larger final crossing distance. However, our COG results contrasted with the findings

of [Meerhoff2014], which may be explained by the size of the object. Meerhoff and

colleagues [Meerhoff2014] used a spherical object with the same diameter as the height

of their full body control condition, whereas we adopted a smaller sphere to represent

the COG. Given this smaller size, it could have given the participants a sense of being

able to cross at a smaller distance, despite the hypothesised uncertainty from the lack

of local motion information. Furthermore, within our analysis, we had considered be-

havioural responses to an obstacle’s centre and to an obstacle’s envelope, that is the

obstacle’s closest circumferential point to the participant. The analysis of behavioural

response to obstacle envelope was omitted as there was no difference from obstacle

centre. However, collision frequency was significantly increased whilst treating COG

within an invisible full body. This further supports that action-opportunities are bound

to directly perceived visual appearances within the optic array.
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3.5 Limitations

Some limitations of our work can be considered with respect to the behaviour and the

visual aspect of the obstacles. Our experimental setup included the passive behaviour

portrayed by the virtual obstacles, as used in Olivier et al. [Olivier2017]. The pass-

ive behaviour was required to standardise the experiment while exposing participants

to the same conditions. Abstract appearances such as our global motion appearances

and abstractions of local motion information may be considered as passive obstacles,

whereas users may have expected a reaction from the full body control obstacle. How-

ever, users were informed about the passiveness of each virtual obstacle and that they

should not expect cooperation which should have reduced any bias of passivity. It would

be of interest to observe behavioural responses of walkers with active responsive virtual

obstacles. Implementing an active response may present greater walker behavioural

response differences between global and local motion appearances, where local inform-

ation may provide additional trajectory adaptation information that would otherwise be

lost by the smooth convex shape of the cylinder.

Identifying characteristics such as emotion, gender based walking patterns and gaze

were omitted from the full body control. The inclusion of such characteristics would

have been additional confounding variables. Omitting these characteristics may have

decreased the sense of presence and increased the passivity of the virtual character

and thus formed the behavioural responses more closely related to our global motion

appearances. The extent of influence of social traits in virtual reality is still advancing

[Knorr2016, Marschner2015, Jung2016].
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3.6 Applications

From our findings, we suggest guidelines of consideration for future applications of

human behavioural responses and interactions within virtual reality. At the pairwise

interaction level of behavioural responses we recommend continuation with full body

human appearances. Quantitatively local motion was more reproducible in comparison

to global motion variances. Studies of increased complexities in virtual reality, including

multiple interactions, such as immersion in a crowd, are limited by the need for com-

putational performance. The maintenance of animation details such as foot placement

accuracy, directional gaze, emotional state expressions and gender can be computation-

ally cumbersome and thus negatively influence latency. A preservation of computational

resources may be apropos the nature of global motion rather than the local details, e.g.,

foot placement.

Our results showed that task ability is not qualitatively impaired during interaction with

global motion appearances: a three stage behavioural response is exhibited through-

out all visual appearances that is also observed in paired human collision avoidance

[Olivier2012]. Such an understanding poses prospects to future applications that should

consider implementing embodied virtual characters with the three stages of avoidance,

observation, reaction and regulation. Furthermore, within this work we observed no

subjective preference to visual appearance. Our findings are in agreement with this

subjective analysis. That is, appearance bore less importance; rather perceived action-

opportunity within the optic array may be of greater importance. Thus, complex simu-

lations should focus computation power towards the displacement of global motion and

preserve energy costs associated to visual appearance. A standardised full body encom-

passing a global motion is sufficient. Finite details of foot placement, gaze, gender and

emotional state are of lesser importance.
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3.7 Conclusion

We have investigated a passive virtual character’s motion with global only and local

visual motion cues during an orthogonal collision avoidance task. Our findings showed

that the nature of visual appearance indeed affected the final crossing distance. Global

motion appearances of COG and cylinder were smaller and greater respectively from

local motion appearances. Qualitatively all visual appearances reproduced similar motion

adaptations. Participants anticipated future collisions through observation, reaction and

regulation responses. Furthermore, visual appearance had no effect on the number of

collisions or inversions of the crossing order. We associate the variance of crossing

distance to the perceived action-opportunities of the walker, the afforded surface area

of the virtual obstacle, rather than the visual appearance dichotomy of global and local

information. In summary, global motion provides sufficient information for success-

ful collision avoidance, however, local motion variants reproduce more accurate and

repeatable responses.
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Chapter 4 Influence of path curvature on collision avoidance behaviour

4.1 Objective and contributions

This study investigated the influence of a virtual walker’s path for the accurate es-

timation of future potential collision detection between two walkers. Specifically, we

investigated whether a curvilinear path influenced the timing and the avoidance be-

haviour between two walkers with respect to a rectilinear path. Humans interact

in dynamic environments on a daily basis, responding to what each environment af-

fords. For example, public and crowded spaces afford humans to regulate their in-

terpersonal distances to avoid collisions. In the case of a pairwise collision avoid-

ance interaction, the environment may afford to pass first (in front) or second (be-

hind) of another walker, with or without collision avoidance. In the case of recti-

linear trajectories, the collision avoidance behaviours have been extensively reported

[Olivier2012, Olivier2013, Basili2013, Huber2014, Knorr2016, Olivier2017]. Further, it

has been shown that the perceived action-opportunities of the walkers might be afforded

based on a minimally predicted distance [Olivier2012, Olivier2013].

The Minimal Predicted Distance (MPD) linearly extrapolates instantaneous speed and

orientation, which represents the closest predicted distance two walkers will pass if no

adaptation is performed by either walker (i.e., based on constant speed and trajectory).

Additionally, MPD quantifies the notion of risk of collision, where adaptations of MPD

are observed when the future predicted crossing distance is below contact distance;

a threshold of 1m was reported [Olivier2012]. Additionally, during the evolution of

MPD, three distinct phases were identified: observation, reaction and regulation. These

findings showed that for a rectilinear trajectory MPD may be used in the prediction of

future risk of collision. When the risk is low, no avoidance behaviour is observed, however

when the risk is high, avoidance behaviour is observed. However, in real conditions,

humans do not always follow rectilinear trajectories at constant speeds. This raises two

questions, first is whether or not a collision avoidance task with curvilinear trajectories

can be as well performed, as previously shown for rectilinear trajectories. Second,

| 118



Objective and contributions

whether or not MPD is a pertinent affordance for a collision avoidance task with non-

linear trajectories.

Figure 4.1 presents an example of linear extrapolation of a constant velocity during two

different trajectories (5m and 10m). Within this figure, the red line presents the extra-

polation of future crossing distance if the normal acceleration of the curve is accounted

for. The blue and orange line represent the linear extrapolation for the respective 5 and

10m trajectories. In this example, the actual risk is that a collision will occur and the

participant will pass second. However, the linear extrapolation suggests that the parti-

cipant is initially predicted to cross first. Furthermore, the linear extrapolation does not

predict a risk of collision when the trajectory is with a 5m radius. Therefore, if MPD is

linearly extrapolated, it would be expected that participants will change their crossing

order more frequently and collide more often.

The visual system has previously been shown as sensitive to directional changes of

self-motion and object motion in both rectilinear and curvilinear paths [Bastin2006b,

Bastin2008, Bosco2012, Delle Monache2015], and sensitive to the perception of speed

but rather insensitive to acceleration [Watamaniuk2003, Zaal2012]. It has previously

been shown that walkers’ velocity can be prospectively controlled using a constant

bearing angle strategy while intercepting a ball that follows a mediolateral trajectory

along a 5m and 10m radius curve [Bastin2006b]. Prospective control uses continuous

information for action regulation. In contrast, predictive control is an adaptive behaviour

from an initial perceptual variable and the further updates of a stimulus do not effect the

regulation of action [Katsumata2012]. It was further shown that the walkers’ velocity

was more affected by the curvature of a ball in flight than the manipulation of the rate

of expansion [Bastin2008]. However, the works of Bastin et al. the ecological validity

may have been affected as the walkers were constrained to a single axis of displacement.

Moreover, participants performed an interception task, it is uncertain to what extent

these findings apply to pedestrian navigation in collision avoidance task.
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Experimentally manipulating the trajectory of a passive walker to follow a curvilinear

path without a visual aid and to repeat the curvilinear path with a normal accelera-

tion to ensure a constant velocity at the tangent of the curvilinear path in real life is

difficult and reproducibility would be a limitation. Virtual reality is a novel approach

that has previously been used to study locomotion and interactions [Bruneau2015,

Lynch2017, Olivier2017] as it has been proven as a powerful tool for ecological per-

ception and action research [Loomis1999]. Although virtual reality is not without lim-

itation (see [Pan2018] for a review), behavioural responses observed in virtual reality

conform to reality for goal-oriented locomotion tasks [Cirio2013], despite varying in-

teractive methods [Olivier2017]. Additionally, regarding collision avoidance tasks, the

preservation of personal space and similar avoidance behavioural responses have been

reported [Gérin-Lajoie2008, Argelaguet-Sanz2015, Olivier2017]. Therefore, we have

developed and performed the experiment in virtual reality.

This work aims to examine collision avoidance behaviour on curvilinear trajectories in

virtual reality. Specifically, we address the question whether collision avoidance of walk-

ers on curved trajectories is perturbed (i.e., wrong adaptations leading to a collision).

Where it has been evidenced when the future distance of closest approach is below

a 1m threshold of linear trajectories, walkers adapt their trajectory in anticipation of

collision avoidance. In this setting, the prediction of future risk of collision follows the

assumption of constant velocity. However, in the case of a curved trajectory, there

is a normal acceleration to constantly change direction while maintaining a constant

tangential velocity, and it remains unclear whether this is accounted for in the prediction

of future collisions (c.f., figure 4.1). Alternatively, when considering the nature of the

curve, if indeed the collision avoidance behaviour is perturbed, behavioural responses

may rely on visual cues such as, the orientation of the walker, with respect to the

observer. We hypothesise that collision avoidance behaviour will indeed be perturbed

by curvilinear trajectories, which would indicate that walkers use a linear extrapolation

assuming constant velocity to anticipate future collisions.
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Figure 4.1 - An example of constant velocity MPD predicting future risk for curved
trajectories. The blue line would be the extrapolation of a trajectory following a 5 m
radius curve. The orange line would be the extrapolation of a trajectory following a 10
m radius curve. The red line indicates the actual progression of risk without adaptation.
In this example, the actual risk is that a collision will occur and the participant will pass
second. Linear extrapolation of MPD suggests the trajectory with a 5m curve has no
initial predicted risk, and 10m does. Moreover, both linear extrapolations predict the
participant to cross first, and the actual risk is that the participant will cross second.
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4.2 Method

4.2.1 Participants

Twenty-two healthy university faculty and student members (13 males, 9 females), aged

27.59±4.11 years (mean±SD) participated in this study. All participants had normal

or corrected-to-normal vision and no history of disease or impairment which could have

affected their ability of participation. Written informed consent form was obtained

from all participants prior to experimentation and the study was in accordance with the

standards of the Declaration of Helsinki.

4.2.2 Apparatus

Figure 4.2 - Layout of the virtual environment: Left, a top-down view of the envir-
onment, the starting position is highlighted as a red point, the goal is highlighted by
a green cylinder, and virtual walker was visible after exiting the corridor. The corridor
served to block the view of the environment. Right, a third person perspective of a
participant interacting with a virtual walker after exiting the corridor.
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Experiments took place in a Computer Assisted Virtual Environment (CAVE), which

was 12m wide, 4m high and 4m deep. It was equipped with 4 Christie Mirage 4K 3D

projectors. 3D environment display and character animation (Figure 4.2) were designed

in the Unity game engine. Multi-surface rendering was performed by the MiddleVR

plugin. Active stereoscopy was achieved with Volfony ActiveEyes Pro Radiofrequency

wearable glasses. Glasses were tracked by 6 Vicon Bonita cameras. A joystick was

used by the participants to move in the virtual environment. The joystick functioned

with a control law that was previously validated to study collision avoidance interactions

between walkers [Olivier2017]. The neutral position of the joystick produced a baseline

displacement of 1.4m.s�1 with zero angular velocity, which resembles a typical normative

walking speed [Bohannon1997]. Any action on the joystick thereafter produces an

adaptation of the virtual trajectory. The longitudinal axis controlled speed linearly from

0.8m.s�1 to 2.0m.s�1, and the lateral axis controlled angular rotation speed linearly from

-25deg.s�1 to +25deg.s�1.

4.2.3 Experimental setup

Participants began each trial from a starting position within a corridor, which prevented

them from perceiving the virtual walker’s starting position. As the participant exited the

corridor, a virtual walker advanced from the right or left of the participant. We controlled

the potential danger of the interaction to assess whether the radius of approach has

an effect on the perception of the situation. To do this, displacing the virtual walker’s

starting position determined the risk of future collision at MPDtsee, which is the instant

the participant can first see the virtual walker [Olivier2012]. A total of four crossing

distances were chosen in order to vary the risk of future collision: two high-risk distances

(0 and 0.3m), an intermediary risk distance (0.6m) and a low-risk distance (0.9m).

In the high-risk collisions, a collision occurred if the participant did not adapt their
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trajectory. In the intermediary and low-risk distances, the participant did not necessarily

have to adapt to avoid a collision. It is worth noting that at the intermediary distances

humans have been observed to not adapt in human to human interactions; however, in

human to robot and human to virtual (moving) obstacle interactions, humans tended

to adapt and invert the crossing order [Vassallo2017, Lynch2017, Lynch2018]. Further,

we regulated the initial crossing order: the virtual walker would cross either in front

or behind the participant at these randomised distances (except for MPDtsee = 0m).

Finally, the virtual walker advanced using a fixed path trajectory, a total of three paths

were chosen (Figure 4.3): two curvilinear paths with a fixed radius of 5m or 10m, and

one control rectilinear path. The tangential velocity (i.e., the linear velocity along the

curvature of the path) was set at 1.4 m.s�1, the same velocity as the participant’s

baseline velocity and the velocity of the virtual walkers on the linear trajectory. All the

curved paths were signed negative (in-front) and positive (behind) for direction from

where the virtual walker advanced:

I N5 The virtual walker advanced from in front of the participant, approaching

them, with a 5m radius curvilinear path.

I N10 Similarly to N5, the virtual walker advanced from in front of the participant,

approaching them, with a 10m radius curvilinear path.

I P5 The virtual walker advanced from behind the participant, approaching them,

with a 5m radius curvilinear path.

I P10 Similarly to P5, the virtual walker advanced from in front of the participant,

approaching them, with a 10m radius curvilinear path.

I INF Given an infinite radius the path of the virtual walker was rectilinear, a control

condition. To balance the experimental conditions, INF was repeated twice, as

per signed curve approach.
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In total, each participant performed 168 trials (6 paths ⇥ 7 MPDtsee ⇥ 2 crossing

sides (left-right) ⇥ 2 repetitions). All conditions and their repetitions were presented

in a fully randomised order. Prior to experimental trials participants completed six

familiarisation trials of randomised conditions, participants familiarised with the virtual

walker’s behaviour and their own motion adaptation capabilities of the joystick. The

duration of the experiment per participant, including familiarisation and questionnaire

completion was approximately one hour.

Figure 4.3 - Examples of the presented curves from the setup. The grey line is the
hypothetical trajectory of the participant without adaptation, the black line is the recti-
linear trajectory of the virtual walker, blue lines are the trajectories of the virtual walker
with a 5m radius, orange curves are the trajectories of the virtual walker with a 10m
radius. Solid lines are for trajectories from behind the participant, dashed lines are from
in front. The virtual walker approached from left or right
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4.2.4 Task

Participants were immersed in a virtual environment (Figure 4.2) and were instructed

to stand at a designated location depicted in the immersive environment floor. The

task was to navigate from their starting position (red circle), through the environment,

using a joystick, to reach a goal (a green cylinder) at the opposite end of the 20m2

virtual room.

Each participant was instructed to avoid potential collisions with the virtual walker that

would appear in their path while advancing towards their goal. The virtual walker’s

trajectory was one of the randomly assigned paths (Figure 4.3) in combination with

a randomly assigned risk of collision at MPDtsee. To control the moment at which

the participant could see the virtual walker we placed the participant in a corridor that

occluded them from the environment (Figure 4.4). This allowed the participant to

reach the baseline steady state speed of 1.4m.s�1, which resembles a typical normative

human walking speed [Bohannon1997]. Throughout experimentation, the virtual walker

was passive, non-responsive with a constant tangential velocity (1.4m.s�1), following a

predetermined path. Participants could adapt their speed and trajectory after exiting

the corridor, the moment of MPDtsee, using the joystick.

Figure 4.4 - Participant’s perspective while exiting the occluding corridor
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4.2.5 Questionnaire

We collected demographic information and measured simulator sickness with the Kennedy-

Lane SSQ questionnaire [Kennedy1993] before and after the experiment. At the end of

each block, participants filled out a subjective questionnaire. Participants answered the

following questions using a 7-point Likert scale from 1 (strongly disagree) to 7 (strongly

agree).

I I am satisfied with the ease of completing this task

I I am satisfied with the support information when completing this task

I The virtual obstacle motion was natural

I The interaction with the virtual obstacle was natural

4.2.6 Data analysis

Trajectories of the participant and virtual walker were recorded from the moment the

participant could see the virtual walker (MPDtsee). The post-processing of the in-

teraction response of the participant was performed using customised MATLAB scripts

(Mathworks 2016b). Using trajectory and velocity of both participant and virtual walker,

we calculated minimal crossing distance, inversion of crossing order and collisions, if any.

Where minimal crossing distance was defined as the shortest distance between parti-

cipant and virtual walker centres, crossing order was classified as the participant passing

the virtual walker as first or second, and an inversion would be when the initial order

was altered by the participant as part of their collision avoidance strategy. A colli-

sion was defined when minimal crossing distance was less than 50 cm, which was the

sum of both participant and virtual walkers radii. We also computed MPD evolution

in time throughout each trial. Rectilinear RMPD was calculated using the method of

[Olivier2012], and curvilinear CMPD was computed based on the following extrapolation

of virtual walker position:
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VWx = Cx + r ⇤ cos(t ⇤ ✓̇ + ✓start)

VWy = Cy + r ⇤ sin(t ⇤ ✓̇ + ✓start)

The future x and y positions of the virtual walker were derived from the fixed curvilinear

centre (C), the radial distance r of the curve, and the trigonometric multiplication of

the angular velocity from the initial starting angle with respect to time. Both RMPD

and CMPD make a prediction of the future distance of approach between walkers,

where the equation of CMPD considers the normal acceleration in the prediction of

future position. Thus, CMPD makes an accurate prediction whereas RMPD would be

inaccurate by neglecting the acceleration, instead assuming the velocity is constant.

The evolution of MPD was normalised to the period of interaction, that is, from the

instant that the participant could see the virtual walker, MPDtsee (0%), to the instant

of crossing, MPDtcross (100%).

Previously, it has been shown that the evolution of MPD has three distinct phases

during the interaction [Olivier2012]: a stage where MPD is constant (observation),

a stage where an adaptation is made to increase MPD (reaction), and a final stage

where the MPD is constant or decreases slightly before crossing (regulation). To

characterise the evolution of MPD and different events during the interaction phase, we

computed the reaction time at the instant between MPDtsee and the first instant when

the absolute MPD difference was greater than 0.15m. Further, to minimise potential

errors in reaction time detection, we used an absolute difference that persisted for 1.5s;

removing possible incorrect spike detection. In trials where a reaction time was recorded

at the instant MPDtsee or sooner were excluded from further analysis as this suggests

the participant attempted adaptation prior to MPDtsee. Additionally, we computed the

regulation stage with the same thresholds in reverse from MPDtcross; the first instant

MPD was within the 0.15m threshold of MPDtcross. Given the instant of reaction and

regulation, we could then determine whether the onset of these specific stages vary as
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a consequence of the path of the virtual walker. Finally, we re-sampled the time during

the interaction between MPDtsee and MPDtcross.

Considering the variance of visual information from the virtual walker in relation to the

nature of the curve we computed the orientation angle of the virtual walker relative to

the participant. Specifically, we computed the angle of the participant’s relative position

to the virtual walker’s tangential velocity vector (Figure 4.5). From these angles, we can

then infer the amount of visual information the participant can perceive. For example,

in a rectilinear setting, if the virtual walker passes directly in front of the participant, at

the instant of intersection the orientation angle would be 90°.

Figure 4.5 - Orientation angle of the virtual walker (VH) with respect to the participant
(P)
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4.2.7 Statistics

We set the level of significance to ↵ = 0.05. A Kolomogorov-Smirnov test was per-

formed to evaluate whether the data was normally distributed. The dependent variables

were: final crossing distance, number of collisions, number of inversions, reaction time,

regulation time, and the virtual walker’s orientation at time of reaction and time of

regulation. We evaluated the effect of path type and initial MPDtsee on these depend-

ent variables. A Friedman non-parametric test and post-hoc Wilcoxon signed ranked

test with a Bonferroni correction was used for the number of collisions and inversions

variables. Further, a repeated measures ANOVA with a Bonferroni post-hoc test was

used for crossing distance, reaction time, regulation time and the respective orientation

angles of the virtual walker. Reported significance values are the Bonferroni corrected

p values. We compared the evolution of MPD of each of the curvilinear paths to the

rectilinear control condition using statistical parametric mapping (SPM) [Friston2007].

With the SPM analysis, time-series data of different trials can be compared taking

the variability at each time-step into account. Finally, the distribution of question-

naire responses were analysed using a Friedman non-parametric test with regards to

the perception of immersion, interaction with the virtual obstacle and ability of task

completion.
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4.3 Results

4.3.1 Collisions

A collision occurred in 79 (out of 3501) trials (Table 4.1); of the 79 collision trials,

there was a significant effect of virtual walker path on the percent of number of collision

trials (�2 (4)=20.737, p<0.001). Post-hoc analysis showed there were more collisions

in the P5 condition than INF (Z = 3.117, p=0.02) and N10 (Z = 2.834, p=0.05).

Additionally, post-hoc analysis showed INF and P10 trended towards a difference, but

was not significant (Z = 2.674, p=0.07). No further significant effects of virtual walker

path on the percentage of the number of collisions were observed. Collisions occurred

in all initial risk conditions except when crossing second at MPD -0.9m, there was no

significant effect of the distribution of collisions per MPD (p>0.05).

Path mean±SD (%) lower (%) median (%) upper quartile (%)

INF 0.74±1.90 0 0 0

P10 3.15±4.69 0 0 4.56

N10 0.49±1.67 0 0 0

P5 5.17±6.16 0 3.64 7.14

N5 2.97±5.26 0 0 5.05

Table 4.1 - Percentages of the number of collisions as a function of virtual walker path.
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4.3.2 Crossing order

340 inversions occurred out of 3501 trials, there was a significant overall effect of

virtual walker path on the percentage of inversion of crossing order (�2 (4)=17.634,

p=0.001). Post-hoc analysis showed that there were more inversions in condition N5

(17.86%) than INF (3.60%, Z = 2.972, p=0.03) and N10 (8.05%, Z = 3.458, p=0.01).

Additionally, post-hoc analysis showed P5 (8.25%) and N5 trended towards a difference,

but was not significant (Z = 2.652, p=0.08). No further effects were observed for virtual

walker path (Figure 4.6). The distribution of inversions was not significantly different

as a function of initial risk of collision (p>0.05).

Figure 4.6 - Percentage of the number of inversions recorded while crossing paths with
a virtual walker
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4.3.3 MPD evolution

From the SPM comparisons (Figure 4.7), we can visually observe a qualitatively similar

curve shape throughout the evolution of MPD. Each subplot is structured with the

mean RMPD as a blue dashed line and a blue standard deviation cloud. Thereafter,

RMPD is compared to CMPD, the mean depicted as a red solid line and a red standard

deviation cloud. Any significant differences during the evolution of normalised MPD

between RMPD and CMPD are highlighted by the first instance of significance (green

vertical line) and the terminus of significance (red vertical line). Quantitatively, only

curvilinear conditions with a radius of 5m showed significant differences from rectilinear

MPD (p<0.05). The CMPD for P5 and N5 in comparison to RMPD showed significant

differences starting from 39% and 46% of normalised time, respectively. These signi-

ficant differences terminated at 65% and 100%, respectively. Additionally, the gradient

of the slope for all CMPD conditions was observably less than the control RMPD.
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Figure 4.7 - SPM evolution analysis of normalised RMPD and CMPD, comparing the
evolution of RMPD with CMPD of N10 (top left), N5 (top right), P10 (bottom left),
and P5 (bottom right).
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4.3.3.1 Timing

The overall duration of the interaction showed no significant effect of curve, conditions

INF (3.15±0.21 s), P10 (3.12±0.20 s), N10 (3.13±0.27 s), P5 (3.10±0.19 s), and

N5 (3.18±0.33 s) were not significantly different from each other (p>0.05). When

considering specific timing of events during the interaction, we observed a significant

main effect of the crossing order on reaction time after observation (F(1,21) = 16.73, p

= 0.001, ⌘2p = 0.443); participants reacted later when crossing first (0.87±0.33 s) than

second (0.68±0.18 s, p<0.001). Additionally, we observed a main effect of the path

curve on reaction time (F(2.5,52.51) = 10.05, p<0.001, ⌘2p = 0.324). Post-hoc analysis

showed that reaction time was longer in the P5 condition (0.87±0.35 s) than INF

(0.74±0.24 s, p=0.001), P10 (0.75±31 s, p=0.001) and N10 (0.73±23 s, p<0.001).

Additionally, the reaction times in the N10 condition were significantly shorter than N5

(0.78±24 s, p = 0.020). We observed a significant interaction between the reaction

times of crossing order and path (F(2.9,61.33) = 5.40, p = 0.003, ⌘2p = 0.204); the

interaction is presented in figure 4.8 with path main effects indicated. This interaction

suggested that the effect of crossing order was more pronounced in P5 with a difference

of 0.31s between means and less pronounced in N5 with a difference of 0.12s. Later in

the interaction we did not observe a significant main effect of the crossing order at the

instance of regulation (p = 0.186). There was a main effect of the path on regulation

time (F(1.92,40.28) = 9.75, p<0.001, ⌘2p = 0.317), where post-hoc analysis showed

that in the N5 condition (2.49±0.42 s) the regulation time was significantly longer

than INF (2.28±0.28 s, p=0.010), P10 (2.29±0.30 s, p=0.019), N10 (2.36±0.30 s,

p=0.046) and P5 (2.28±0.28 s, p=0.025). Further there were no differences (Figure

4.9). We did not observe an interaction between the regulation times of crossing order

and path (p = 0.348).
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Figure 4.8 - Interaction effect between curve and crossing order on Reaction time. We
plotted the reaction times per crossing order per curve for observational insight of the
significant interaction between crossing order and curve. The control (INF) is grey,
orange bars refer to curves with a 10 m radius, blue bars refer to curves with a 5m
radius, filled bars are approaches from behind and striped bars are approaches from in
front (c.f., figure 4.3). Lighter shaded bars are when the participant crossed first and
darker bars are when the participant crossed second. Branched connections group and
indicate main effects of curve types.

With respect to the MPD, we did not observe a main effect of the crossing order

on MPD at the time of reaction (p=0.080). Additionally, we did not observe a main

effect of the path on MPD at the time of reaction (p=0.558). We observed a significant

interaction between the MPD at reaction time of crossing order and path (F(2.48,52.11)

= 181.10, p < 0.001, ⌘2p = 0.896). This interaction suggested that the effect of

crossing order was dependent of virtual walker direction of approach, a larger effect was

observed when the participant either crossed first and the virtual walker approached

from behind or the participant passed second when the virtual walker approached from

in front (Figure 4.10). Further, with respect to MPD at regulation time, we did not

observe a main effect of the crossing order (p=0.369). We observed a main effect of

the path on MPD at the time of reaction (F(2.40,50.31) = 6.11, p = 0.003, ⌘2p =
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Figure 4.9 - Main effect of curve on mean (±SD) regulation time. Branched connec-
tions group and indicate main effects of curve types.

0.225). Post-hoc analysis showed that P5 (1.29±0.32m) was significantly lesser than

INF (1.38±0.27m, p=0.008), P10 (1.37±0.31m, p=0.004) and N10 (1.39±0.32m,

p=0.049). There were no further reported differences of the MPD at the first instance

of regulation (p>0.05). Finally, we observed a significant interaction between the MPD

at regulation time of crossing order and path (F(2.48,52.11) = 181.10, p < 0.001, ⌘2p

= 0.896); the interaction is presented in figure 4.10 with path main effects indicated.

Similarly, this interaction suggested that the effect of crossing order was dependent of

virtual walker direction of approach, a larger effect was observed when the participant

either crossed first and the virtual walker approached from behind or the participant

passed second when the virtual walker approached from in front.
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Figure 4.10 - Interaction effect between curve and crossing order on MPD at reaction
time (top) and at regulation time (bottom). Interaction effects were plotted per crossing
order per curve for observational insight of the significant interaction between crossing
order and curve. The control (INF) is grey, orange bars refer to curves with a 10 m
radius, blue bars refer to curves with a 5m radius, filled bars are approaches from behind
and striped bars are approaches from in front (c.f., figure 4.3). Lighter shaded bars
are when the participant crossed first and darker bars are when the participant crossed
second. Branched connections group and indicate main effects of curve types
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4.3.4 Crossing distance

From the total number of 3501 trails, 43 trials showed no adaptation that is MPDtcross

did not differ from MPDtsee. For the remaining trials, there was an avoidance behaviour,

the distance at crossing was greater than MPDtsee. We did not observe a significant

main effect of the crossing order on the final crossing distance (p = 0.477). However, we

observed a main effect of the path curve on the final crossing distance (F(1.94,40.66)

= 5.87, p = 0.006, ⌘2p = 0.218). Post-hoc analysis showed that P5 (1.27±0.33m) was

significantly smaller than INF (1.37±0.27m, p=0.004), P10 (1.35±0.31m, p=0.002)

and N10 (1.38±0.32m, p=0.032). Further there was no significant differences of virtual

walker path on final crossing distance (p>0.05). Further, we observed a significant

interaction between the final crossing distance of crossing order and path (F(2.08,43.74)

= 95.84, p < 0.001, ⌘2p = 0.204); the interaction is presented in figure 4.11 with path

main effects indicated. This interaction suggested that the effect of crossing order was

dependent of virtual walker direction of approach, a larger effect was observed when

the participant either crossed first and the virtual walker approached from behind or

the participant passed second when the virtual walker approached from in front. We

further examined the variability of virtual walker path on final crossing distance. The

Friedman test reported there was no significant effect of virtual walker path on final

crossing distance variability (�2 (4)=6.309, p=0.177): INF (0.38m), P10 (0.39m), N10

(0.32m), P5 (0.33m), and N5 (0.35m).
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Figure 4.11 - Interaction effect between curve and crossing order on final crossing
distance. Interaction effects were plotted per crossing order per curve for observational
insight of the significant interaction between crossing order and curve. The control
(INF) is grey, orange bars refer to curves with a 10 m radius, blue bars refer to curves
with a 5m radius, filled bars are approaches from behind and striped bars are approaches
from in front (c.f., figure 4.3). Lighter shaded bars are when the participant crossed
first and darker bars are when the participant crossed second. Branched connections
group and indicate main effects of curve types

| 140



Results

4.3.5 Orientation angle

We considered the orientation of the virtual walker at both reaction and regulation

timed events, we observed a main effect of crossing order on the angle at reaction time

(F(1,21) = 1204.11, p<0.001, ⌘2p = 0.983). The angle at reaction time was signific-

antly smaller when crossing first (39.18±19.78°) than crossing second (52.35±16.81°,

p<0.001). Additionally, we observed a main effect of path on the angle at reaction time

(F(1.17,24.64) = 1242.55, p<0.001, ⌘2p = 0.983). Where post-hoc analysis revealed

all conditions were significantly different from each other (p<0.001). Furthermore, we

observed an interaction between crossing order and path on the angle at reaction time

(F(1.53,32.18) = 25.51, p<0.001, ⌘2p = 0.548); the interaction is presented in figure

4.12 with path main effects indicated. This interaction suggested that the effect of

crossing order was more pronounced in N10 and N5 with a difference of 14.65° and

18.37°, respectively.
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Figure 4.12 - Main effect of curve on angle at reaction time (top), and interaction effect
between curve and crossing order on angle at reaction time (bottom). The control (INF)
is grey, orange bars refer to curves with a 10 m radius, blue bars refer to curves with a
5m radius, filled bars are approaches from behind and striped bars are approaches from
in front (c.f., figure 4.3). Lighter shaded bars are when the participant crossed first and
darker bars are when the participant crossed second. Branched connections group and
indicate main effects of curve types
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We normalised the angles at reaction time with the mean angle of the control trial

(INF, 45°) from the observed main effects of path. The main effect of crossing order

was still observed (F(1, 21) = 43.13, p<0.001, ⌘2p = 0.673), further the main effect

of path was observed (F(1.92, 40.31) = 263.17, p<0.001, ⌘2p = 0.926). Post-hoc

analysis showed that the absolute normalised angle was greater when crossing first

(17.62±10.58°) than when crossing second (15.19±10.22°). Additionally, the absolute

normalised angles in the P10 (13.43±5.83°) and N10 (-12.20±7.63°) conditions were

not significantly different (p>0.05), while the INF (5.94±1.74°), P5 (26.56±7.78°) and

N5 (-23.90±9.89°) conditions were significantly different from each other and from the

P10 and N10 conditions (p<0.001); the difference between conditions P5 and N5 was

close to the set alpha (p=0.049). Finally, we observed an interaction between the

crossing order and path on the normalised angle at reaction time (F(1.96,41.09) =

319.94, p<0.001, ⌘2p = 0.938); the interaction is presented in figure 4.13 with path

main effects indicated. This interaction suggested that the effect of crossing order

was dependent of virtual walker direction of approach, further, the size of the effect

of crossing order was more pronounced for N10 (14.63° difference) and N5 (18.37°

difference).
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Figure 4.13 - Interaction effect between curve and crossing order on the normalised
angle at reaction time. The control (INF) is grey, orange bars refer to curves with a
10 m radius, blue bars refer to curves with a 5m radius, filled bars are approaches from
behind and striped bars are approaches from in front (c.f., figure 4.3). Lighter shaded
bars are when the participant crossed first and darker bars are when the participant
crossed second. Branched connections group and indicate main effects of curve types
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When considering the angle at regulation time, we observed a main effect of crossing

order on the angle at regulation time (F(1,21) = 1100.25, p<0.001, ⌘2p = 0.981). The

angle at regulation time was significantly smaller when crossing first (22.30±7.54°) than

crossing second (80.98±12.35°, p<0.001). Additionally, we observed a main effect of

path on the angle at regulation time (F(1.49,31.37) = 3.73, p=0.047, ⌘2p = 0.151).

Post-hoc analysis showed that INF (49.52±29.00°) was significantly smaller than P10

(51.23±27.47°, p=0.006) and P5 (55.10±26.51°, p<0.001), further, P5 was signific-

antly larger than P10 (p<0.001) and N10 (50.22±32.81°, p=0.004). There were no

further significant differences. Finally, we observed an interaction between the crossing

order and path on the angle at regulation time (F(1.82,38.21) = 13.37, p<0.001, ⌘2p

= 0.389); the interaction is presented in figure 4.14 with path main effects indicated.

This interaction suggested that the effect of crossing order was more pronounced by

the larger differences between crossing first and crossing second for P5 (62.52°) and

N5 (72.22°).

Figure 4.14 - Main effect of curve on angle reaction time. Branched connections group
and indicate main effects of curve types
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4.3.6 Questionnaires

There were no reported cases of motion sickness from the Kennedy-Lane questionnaire

from pre- and post-immersion. Additionally, there was no significant effect of virtual

walker path on the distribution of response with regard to the questions concerning mo-

tion, interaction, ease of the task and information availability (p>0.05). Open question

responses about the interaction with the virtual walker and what may have been the

variables or research questions involved in the study included comments of: the ability

in the detection of collisions, the relation between the participant and the virtual walker

trajectories, reaction timing, the duration of interaction, the acceleration of the virtual

walker, participant adaptation behaviour, and the trajectory of the virtual walker.
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4.4 Discussion

The present study aimed to examine collision avoidance behaviour while interacting with

a virtual walker that had a normal acceleration and produced a curvilinear trajectory in

comparison with a rectilinear trajectory with constant speed. We designed a collision

avoidance task within virtual reality, using a rectilinear trajectory, similar to previous

studies [Olivier2012, Olivier2013, Basili2013, Olivier2017], as a control situation. Fur-

ther, we focused on curvilinear trajectories that intersected the path of the participant

perpendicularly, as an initial study of curvilinear trajectories on collision avoidance beha-

viour we used trajectories with a fixed radius. To this end, we evaluated the influence

of curvilinear trajectories on the adaptation behaviour and specific event timing, our

analysis focused on the minimal predicted distance of closest approach between two

walkers.

4.4.1 Qualitative motion adaptation

Interactions with all virtual walker paths, both rectilinear and curvilinear, led to qualit-

atively similar motion adaptions. Out of 3501 possible trials, an adaptation occurred

in almost all trials. For each condition of virtual walker path, the collision avoidance

behaviour of the participant presented three distinct phases of interaction: observa-

tion, reaction, and regulation. Observation infers that the participants were perceiv-

ing the virtual walker but not acting on the presented visual information. During the

reaction stage, the participants modified their own trajectory, increasing their pre-

dicted future crossing distance of closest approach with the virtual walker to allow

a safe crossing. Once the future crossing distance of closest approach had been ob-

tained the participants began the regulation stage, maintaining the predicted distance
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or decreasing it slightly until safe passage. These findings are similar to those ob-

served between two walkers having linear trajectories in reality [Olivier2012, Olivier2013],

between a walker and a wheeled robot [Vassallo2017, Vassallo2018], and in virtual real-

ity [Olivier2017, Lynch2017, Lynch2018]. These findings suggest, while interacting

with a virtual walker with a normal acceleration or with no acceleration, the collision

avoidance strategy is globally similar. The perceived action-opportunities afforded by

future predicted crossing distance are observed, an adaptation is necessarily made and

the task is anticipated with the regulation of MPD.

4.4.2 Quantitative motion adaptation

Crossing distance. Our results showed a main effect of virtual walker path on the

final crossing distance; the P5 condition (1.27±0.33 m) had a significantly smaller final

crossing distance than INF (1.37±0.27m), P10 (1.35±0.31m) and N10 (1.38±0.32m).

We additionally considered the variability of the final crossing distance, if a condition

was difficult to perceive the expected variability would have been larger. However,

we observed no significant differences of virtual walker path on final crossing distance

variability.

The final crossing distances reported here are larger than those previously reported

in virtual reality [Olivier2017, Lynch2017, Lynch2018] and further larger than those

observed in reality [Olivier2012, Vassallo2017, Vassallo2018]. When comparing our

control trial experimental setup to those previously reported, we may hypothesise that

the corridor, which was used for occlusion purposes in this study, may have influenced

the avoidance behaviour. These findings further support that participants perceived the

differences of virtual walker path and successfully adapted their trajectories to avoid

collisions. Indeed, the final crossing distance of P5 was significantly smaller than INF,

P10 and N10. However this distance did not result in a collision. Overall there were
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few collisions reported, from the total number of collisions the P5 condition reported

significantly more than INF. From these findings, we can summarise that when the

virtual walker follows a curvilinear trajectory with a 5 m radius and approaches from

behind the participant, the overall avoidance behaviour produces a smaller crossing

distance and an increased probability of a collision. We may hypothesise that for the P5

condition participants may have required more time to perceive the task or conversely,

perceived the task was solved sooner, and potentially incorrectly. Our analysis included

the evolution of MPD and the timing of specific events during the interaction, thus we

discuss the direction of this observed effect later.

Crossing order inversions. When considering inversions of the initial crossing order,

our results showed an effect of path. Similar to investigations involving a wheeled robot

[Vassallo2017] and within virtual reality [Lynch2017], we observed inversions ranging

from 3% to 20%. From our results, INF had the least reported number of inversions

and was similar to previous studies [Lynch2017], whereas N5 had the greatest number

of inversions.

In a rectilinear setting between two walkers in real life, no inversion has been reported

[Olivier2012, Olivier2013], the crossing order that was present at MPDtsee was main-

tained by both walkers. The role of an inversion was previously interpreted as an extreme

behavioural response for the preservation of personal space from physical danger as it is

inefficient in terms of energy [Vassallo2017], however ecological studies through virtual

reality reduces the physical danger. Therefore, the inversion of crossing order was later

attributed to the underpinning nonverbal social communication cues that may aide the

maintenance of crossing order after MPDtsee [Lynch2017]. The number of inversions

were later reduced when walkers interacted with a wheeled robot that collaborated in

the collision avoidance task [Vassallo2018]. Although, these findings were not repro-

duced for virtual walkers that collaborated in the task with and without gazing behaviour

[Lynch2018].
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Our results had a similar range of inversions to those previously reported [Lynch2017],

the presence of inversions in our study and their agreement to previous studies evid-

ences the accuracy of perceiving the situation. Further, the reported number of inver-

sions between conditions INF, P10, N10 and P5 suggests that crossing orders in these

conditions were easily perceived and afforded similar avoidance behaviours. However,

condition N5 had significantly more inversions. This result suggests that participants

either more easily perceived the trajectory and adopted an avoidance behaviour as to

pass behind the virtual walker, or they required a longer duration to perceive and adapt

to the virtual walker’s trajectory to ensure safe passage. We further detail and discuss

the timing of events during the interaction in the following sections.

MPD evolution. We compared the evolution of RMPD and CMPD over normalised

time, which was the interaction stage of the collision avoidance task between MPDtsee

and MPDtcross. For this analysis, the limited number of trials that reported a collision

or an inversion were excluded, where generally a trial with a collision or an inversion

suggests that the characteristics of the interaction were not well perceived. Where this

analysis was to specifically compare the pertinence and evolution of MPD for successful

trials only. The evolution of CMPD showed significant differences for paths with a

radius of 5 m when compared to RMPD. The CMPD for P5 was significantly different

from RMPD after 39% of the interaction normalised time, participants adapted their

trajectory that resulted in a less gradual increase of CMPD. The observed difference

was no longer present after 65% of the normalised time. Additionally, the CMPD for

N5 was significantly different from RMPD after 46% of normalised time. Participants

followed a trajectory that resulted in a less gradual increase of CMPD than RMPD, which

later resulted in a smaller crossing distance when considering trials without changes in

the crossing order. These results support our hypothesis, a trajectory with a normal

acceleration that follows a path with a 5m radius perturbed collision avoidance behaviour

when compared to a trajectory without acceleration. However, this was only true for

a 5m radius; there was no significant difference for the normal acceleration of a 10m
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radius trajectory from the rectilinear trajectory. This suggests that a normal acceleration

was more difficult to perceive for a 5m curved trajectory. However, from the observed

similarities in the evolution of MPD curves, we have demonstrated that MPD is a

pertinent affordance of constant speed and normal acceleration trajectories for collision

avoidance tasks.

Timing. All paths presented the three distinct phases of collision avoidance behaviour

during the evolution of MPD, observable in figure 4.7. Previous studies characterised the

evolution of MPD by computing its time derivative, identifying a change of sign of the

MPD time derivative and later comparing the corresponding MPD values [Olivier2012,

Lynch2017]. To elucidate the three stages of the interaction, we set a threshold of

absolute MPD difference greater than 0.15m, from MPDtsee for reaction time (i.e.,

terminus of observation stage) and from MPDtcross for regulation time, that lasted

for 1.5s. We selected a threshold of absolute MPD as 0.15m as this was within the

previously reported standard deviation at the time of regulation [Olivier2012]. The set

threshold was further validated by observing the difference between regulation time and

total duration, the time of regulation was recorded approximately 0.8s before crossing,

which was similar to previous findings [Olivier2012]. We observed that P5 had a longer

period of observation than INF, P10 and N10. Additionally, N5 had a significantly

longer period of observation than N10. Further, we interpret the instance of recorded

regulation as the combination of the observation and adaptation stages; after the instant

of recorded regulation, no further adaptation of MPD greater than the threshold of

0.15m was observed.

From our results, we observed a main effect of path; N5 had a later regulation time

from all other conditions. When considering the differences between reaction time and

regulation time we can summarise that P5 required longer periods of observation for

visual information pickup and hence delayed their onset of adaptation, however, the

avoidance behaviour during the reaction stage of P5 was solved sooner and the final

crossing distance was shorter. Contrarily, N5 was not significantly longer than INF

| 151



Chapter 4 Influence of path curvature on collision avoidance behaviour

during the observation period but had a later regulation time; N5 was initially perceived

similarly to INF. However, N5 required more time to reach a comfortable regulation

distance, although this did not influence the final crossing distance. These findings

support our hypothesis, where the reaction time for the P5 condition suggests that

the normal acceleration is initially poorly perceived. Further, the longer duration of

adaptation and later regulation time of N5 suggests that the normal acceleration was

incorrectly perceived.

From the observed differences of event timing; P5 had a longer period of observation

than INF, and N5 required more time before a regulation distance was obtained. We

considered the additional analysis of CMPD from RMPD and the orientation of the virtual

walker at each respectively timed event. It allows for the inference of visual information

presented to the participant. Overall, there was no main effect of path on MPD at

reaction time, the longer duration of observation for P5 did not effect the predicted

future crossing distance. However, the longer observation and the shorter adaptation

duration that produced the similar regulation time of P5 from INF had influenced the

predicted future crossing distance at the time of regulation. The shorter MPD at

regulation is further observed by the shorter final crossing distance of P5. Contrarily, N5

had a similar duration for the observational stage of the interaction and took significantly

longer during the period of adaptation that produced a significantly longer regulation

time of N5 from INF. However, the longer adaptation did not significantly effect MPD

at regulation time or the final crossing distance of N5 from INF.

Orientation angle. When considering the orientation of the virtual walker, our results

showed that the normalised absolute angle for P10 and N10 were similar. Participants

began their adaptations with the same kind of visual information from the virtual walker.

The significant effect from a longer reaction time for P5 can also be observed in the

absolute normalised orientation of the virtual walker at reaction time, P5 was signific-

antly different from INF and N5. However, the difference between P5 and N5 trended

towards not being significantly different (p=0.049). Considering this, we may suggest
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that participants began their adaptations with a similar amount of visual information

from the virtual walker following a trajectory fixed to a 5m radius independent of the

direction of approach. Similarly, the orientation of the virtual walker at the time of

regulation was similar between P5 and N5 and similar between P10 and N10. Further

suggesting that independent of the direction of approach the same kind of visual in-

formation was used to determine a regulation time for each curve size. These findings

are interesting in that the same kind of visual information may be used for decision

making between adaptation stages. However, our findings still report differences of

final crossing distance and the timing of adaptations.

We hypothesise that the reported differences may have been influenced by the direction

of approach of the virtual walker. It has been reported that personal space is asymmetric

between the anterior-posterior and mediolateral axis [Gérin-Lajoie2005], which has been

discussed for its influence of risk being smaller when crossing first and larger when

crossing second [Olivier2013]. From the interaction effects of final crossing distance

and the normalised orientation angles, we can observe the amount of visual information,

and the final crossing distance was influenced by the direction of approach of the virtual

walker.

4.4.3 Rectilinear vs. curvilinear

The findings of this study evidence that participants successfully performed a collision

avoidance task when interacting with a virtual human walking with a rectilinear trajectory

of constant velocity and a curvilinear trajectory of normal acceleration. This is further

confirmed by the end of experiment questionnaire that participants filled out concerning

the virtual walker’s motion, the interaction with the virtual walker, the ease of the task,

and open question responses that often referred to the virtual walker’s trajectory.
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The ability to successfully detect curvilinear paths has previously been demonstrated

during interception tasks [Bastin2006b, Bosco2012] and these capabilities have been

presented in partial occlusion paradigms (see [Delle Monache2015] for a review). How-

ever, to our knowledge, this is the first study that has considered the interaction of

curvilinear paths between two walkers during a collision avoidance task.

Bosco and colleagues [Bosco2012] studied the integration of different information pro-

cessing in the control of an interception action of catching a ball that followed a parabolic

flight path. Within their experimental design participants intercepted a fly-ball using a

computer mouse and followed the trajectory on a computer monitor. The trajectory

was either continually present or occluded shortly after maximum height was achieved.

Additionally, the flight path was perturbed during the decent. The repeated meas-

ures mixed design allowed for the comparison between prospective visual control and

predictive capabilities [Bosco2012]. Their findings showed that participants relied on

a combination of prospective and predictive control when visual stimuli are constantly

present, and relied more on predictive mechanisms when the stimuli were occluded. Par-

ticipants had increased interception errors when initially interacting with perturbed and

occluded flight trajectories. However, an implication of this study was the interaction

through a computer monitor and mouse, the final position of the mouse cursor could

have been specified prior to interception timing.

Our findings are in agreement, participants relied on a combination of both prospect-

ive and predictive control when completing the collision avoidance task. Indeed, our

experimental setup was not designed to elucidate differences between prospective and

predictive control. However, the evolution of MPD and the distinction of the three

stages of the interaction support the hypothesis that the initial stages of the interac-

tion are predicted. Moreover, the completion of adaptation before crossing and the

presence of a regulation stage suggests that the completion of the task was anticip-

ated. Future work would be to consider a temporal occlusion paradigm during a collision

avoidance task to investigate the predictive aspect of the control.
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Similar to our experimental design, Bastin and colleagues [Bastin2006b] conducted an

interception task of a ball that followed a rectilinear or curvilinear trajectories based on

5 and 10m radius curves. Further, the distance at which the ball intercepted the path

of the participant was offset, so participants were required to accelerate (1m), maintain

a constant speed (0m) or decelerate (-1m) to successfully intercept the ball. In their

design, all ball trajectories originated from in front of the participant and approached

from the right. Participants were attached to the frame of the treadmill in order to

confine motion adaptation to walking velocity [Bastin2006b]. The findings of their

study showed an ability to perceive and intercept a ball that followed a rectilinear or

curvilinear path with only adaptations to walking velocity. Moreover, their results showed

that a constant bearing angle strategy could explain displacement adaptations during an

interception task; participants prospectively controlled their actions by maintaining an

invariant bearing angle [Bastin2006b]. Bastin and colleagues later confirmed, using the

same paradigm, the constant bearing strategy accounted for the effect of curvature.

Moreover, the walking speed of participants was also effected by curve. [Bastin2008].

We have demonstrated, for a collision avoidance task, that indeed curvilinear trajectories

are well perceived. We have further shown that the task can be predicted in advance

and is anticipated before crossing. Within our study, we did not consider the bearing

angle of the participant during the interaction or the constant bearing angle theory.

Considering the consistency of the orientation angles reported here, it would suggest

that a consistent threshold of bearing angle may have been a visual cue for effective

decision making. Further work could consider the role of bearing angle in the detection

and decision making process of collision avoidance behaviour in curved paths. As the

rate of change of bearing angle has previously been evidenced as a potential vision

based model with time-to-contact information for collision avoidance in a walking task

[Ondřej2010]. Moreover, similar to [Bastin2008] we could investigate the effect of

optical expansion during a collision avoidance task.
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Finally, Olivier and colleagues [Olivier2012] proposed MPD to describe combined inter-

personal interactions during collision avoidance. The linear extrapolation of instantan-

eous speed and orientation to a future crossing point between two walkers represents

the future distance of closest approach if no adaptation is performed. MPD quanti-

fies the notion of risk of collision, adaptations of MPD indeed occur when there is a

risk of future collision [Olivier2012]. Where the adaptation strategy is performed by

anticipation [Olivier2012] and further depends on the characteristics of the interaction;

previous works have considered different angles of intersection with rectilinear paths

[Huber2014]. Within our experimental design, we considered an adaptation of MPD for

curvilinear trajectories of a fixed radius to express the interaction between two walkers.

Our results showed qualitatively and quantitatively that participants predicted future

crossing distances and successfully performed avoidance behaviours, further, our results

showed that the interaction with curvilinear trajectories is performed by anticipation.

4.5 Limitations

A Limitation of our experimental design can be observed in the reported crossing dis-

tances. We used a passive virtual walker as this allowed for more control and stand-

ardisation of the conditions that participants were exposed to. Previous studies have

reported an increase of final crossing distances, and the observed differences were attrib-

uted to the passive behaviour of the virtual walker or robot [Olivier2017, Lynch2017,

Vassallo2017]. In reality, a collaborative avoidance behaviour from a wheeled robot

significantly reduced the final crossing distance [Vassallo2018]. However, these obser-

vations were not consistent for collaborative virtual walkers [Lynch2018]. Therefore,

while participants were informed of the virtual walker’s passivity and should not ex-

pect cooperation during the collision avoidance task, this still may have led to an over

adaptation in the avoidance behaviours of the participants.
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While the increased crossing distance can indeed be attributed to the passive nature

of the motion of the virtual human as well as the change in depth perception within

virtual reality, our reported crossing distances were larger than those previously repor-

ted for passive virtual walkers [Lynch2017, Olivier2017, Lynch2018]. These observed

differences may be attributed to the use of an occlusion corridor as opposed to an open

floor plan with occluding walls [Olivier2012, Olivier2013, Olivier2017, Lynch2017]. The

occlusion corridor allowed for more control and standardisation of the instant when both

walkers were visible (MPDtsee). Indeed, we could have maintained a similar paradigm

to previous studies. However, it would be necessary to shift the orientation, size and

position of the occluding walls for each condition, which could provide cues to the

identification of conditions. Alternatively, we could have designed the experiment so

that the virtual walker appeared at a specified location; however, this would limit the

ecological validity of the interaction.

Finally, we initially studied the effects of fixed radii curvilinear paths on collision avoid-

ance behaviour similar to previous studies that investigated the ability to intercept

objects [Bastin2006b]. However, when considering observed trajectories in reality and

virtual reality for goal-oriented tasks [Hicheur2007, Cirio2013] and ball flight trajector-

ies [Bosco2012, Craig2006], the observed trajectories are not necessarily uniform with

a fixed radial curve. When considering the fixed curve trajectory in combination with

the passive behaviour of the virtual walker, these two limitations may have resulted in

poorer ecological validity and reduced the sense of presence. Future work should include

the measure of the sense of presence to determine whether or not trajectories with a

normal acceleration reduce or possibly increase the sense of presence.
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4.5.1 Conclusion

This study investigated the influence of a passive virtual walker’s rectilinear and cur-

vilinear trajectory on collision avoidance behaviour. We showed that the nature of

information from the virtual walker’s path indeed affected the final crossing distance

and the stages of MPD evolution. However, these influences were only observed when

the virtual walker followed a trajectory with a 5 m radius curve.

When the virtual walker approached from behind the participant had a longer period

of observation, but the duration of adaptation was shorter, which resulted in a shorter

final crossing distance. Conversely, when the virtual walker approached from in front of

the participant the duration of observation was similar to a rectilinear path; however the

duration of adaptation was longer. The longer duration of observation and adaptation

did not influence the final crossing distance.

Qualitatively, all experimental conditions reproduced similar motion adaptations; parti-

cipants anticipated the interaction through observation, reaction and regulation. From

the small number of trials that had a reported collision or inversion, P5 had the greatest

number of collisions, and N5 had the greatest number of inversion. There were no sig-

nificant effects of a 10 m curvilinear path on the number of collisions or inversions from

the control condition.

From these findings, we can conclude that a normal acceleration from a 5m radius

curved path perturbed collision avoidance behaviour. However, this was not true for the

10m radius curve. However, when MPD accounts for the normal acceleration of a fixed

radial curve, the evolution of the task is solved with qualitatively similar adaptations.

This suggests that the future risk of collision was predicted early in interaction and was

later prospectively controlled and anticipated during a final stage of regulation before

crossing. This study offers a first attempt to investigate how an observer interprets

the trajectory of another walker. Here we have discussed a prospective control that
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takes into account acceleration, which appears to be a good candidate to model the

situation. Future work is needed to consider alternatively accelerated trajectories, for

example, additional normal accelerations from differently sized radius curves, and the

presence of acceleration in rectilinear conditions.
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Figure 5.1 - Third person perspective of participants navigating through a virtual en-
vironment; male participant interacting without gaze (left, red circle) and female parti-
cipant interacting with gaze (right, orange circle).

5.1 Objectives and contributions

This study investigated the influence of gaze behaviour on a collision avoidance task

between a real human and a virtual human character. In contrast with previous works,

we focused on the effect of gaze on the kinematics of interactions with two questions

in mind. Would the presence or absence of gaze interception change the kinematics of

collision avoidance between two walkers? And by extension, as Virtual Reality is today

used to study locomotion and interactions [Bruneau2015, Lynch2017], is it important to

correctly control virtual characters’ gaze behaviours so as to not bias the experimental

data acquired this way?

To answer these questions, we asked participants to perform a trajectory in a virtual

environment and controlled a virtual character to cross their path. Among trials, the

character would present a varying risk of collision with the subject, the character would

gaze or not at subjects, and the character would perform or not avoidance manoeuvres.

We assumed that the presence or the absence of gaze interception during the negotiation

of collision avoidance will have an effect on the trajectories performed by a participant

to avoid a virtual character. The first hypothesis (H1) is that the absence of gaze
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interception (i.e., due to the character not gazing at the subject) may result into larger

avoidance manoeuvres by the participant, who does not expect collaboration to solve the

task. However, the absence of gaze can be compensated by the presence of avoidance

manoeuvres perceived in the motion of the character. Which of these two visual cues

plays the greatest role? The second hypothesis (H2) is that if the gaze-related visual cue

plays no important role in the interaction, the distance of crossing will not be impacted

by the gaze factor (the subject controls their trajectory according to the relative motion

of the character, whatever the gaze behaviour). A final hypothesis (H3) is that, when

some incongruent stimulus is displayed, i.e., when the character looks at the participant

but does not avoid them, we may observe a lack of avoidance by the participant who

should expect collaboration (and thus, potential collision or abnormally low crossing

distances).

The contribution of this work is to demonstrate that, in the simple kind of situation

we considered, the locomotion of virtual characters provided sufficient information for

participants to control their own motion. The presence or absence of gaze interception

did not affect their motion. This result is detailed in the next sections.

Figure 5.2 - Participants navigated from the red circle to the green cylinder using a
joystick, avoiding gender matched virtual characters.
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5.2 Method

5.2.1 Participants

Seventeen healthy participants (12 males, 5 females), aged 24.6±2.9 years (mean±SD)

volunteered for this study. Written informed consent forms were obtained prior to the

experimentation and the study standards were in accordance to the Declaration of

Helsinki.

5.2.2 Task

Participants were immersed in a virtual environment (Figures 5.1 and 5.2) and asked to

navigate from their initial position (red circle) to a goal position (green cylinder) using

a joystick. The apparatus was the same as the one used in [Olivier2017, Lynch2017];

participants were immersed in a 20m2 virtual room, using a 9m wide, 3m high and

3m deep Computer Assisted Virtual Environment (CAVE) equipped with 13 projectors

with 15MPixels resolution in total. Character animation and the 3D environment was

designed using Unity game engine, multi-surface rendering was performed by MiddleVR,

and active stereoscopy was achieved using Volfony ActiveEyes Pro Radiofrequency wear-

able glasses that were tracked by a 16 camera ART tracking system. User starting pos-

ition was located 9.5m from the centre of the room (Figure5.2, red circle). Participants

were instructed to avoid potential collisions with a virtual character that would appear

in their path whilst advancing towards their goal, located 19m opposite their starting

position. To limit any gender effect in the interaction, female and male participants

were interacting respectively with female and male virtual characters. The character

moved along a trajectory perpendicular to participants’ own trajectory. We set occlu-

| 164



Method

sion walls in the environment to control the moment at which participants can perceive

the character (tsee). This allowed participants to reach a baseline steady state speed

(1.4m.s�1), which resembles a typical normative human walking speed [Bohannon1997],

before the interaction and before being able to adapt their speed and trajectory using the

joystick. The longitudinal axis of the joystick controlled speed linearly from 0.8m.s�1 to

2.0m.s�1, and the lateral axis controlled angular rotation speed linearly from -25deg.s�1

to +25deg.s�1 [Olivier2017, Lynch2017, Bruneau2015].

5.2.3 Experimental Design

Following our hypotheses, two main factors, namely gaze with head rotation behaviour

and the reciprocal avoidance behaviour of the virtual character, were manipulated in our

study. Each factor has two levels described below:

1) Gaze Behaviour: For the first level No Gaze (NG), the virtual character does not

look at the participant but straight ahead, as a stereotypical interferer that does not

formulate social interactions with an agent. For the second level, Gaze (G), the virtual

character looks at the participant. More precisely, the character first looks ahead, then,

0.2s after MPDtsee, it directs its gaze to the head of participants. During 1.5s, the

character fixates on the participant before returning gaze to walking direction. Gaze

behaviour is performed by animating eye, head and neck components (through head

and shoulder rotation) of the virtual character, based on previous work of [Grillon2009].

2) Avoidance Behaviour: For the first level No Avoidance (NA), the virtual character

maintained a straight path towards its goal at a constant speed. For the second level

Avoidance (A), the virtual character adapted its path to ensure a safe passage at the

future predicted crossing point using the reciprocal n-body collision avoidance algorithm

[Van Den Berg2011]. To detail, the virtual character had a preferred velocity (1.4m.s�1)
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and calculated the most efficient trajectory to reach its goal while maintaining its pre-

ferred velocity. The trajectory which the virtual character calculated considered the

velocity of the participant, which velocity could lead to a collision, allowing the virtual

character to solve for a collision avoidance behaviour in advance.

We combined these two factors so that we had the following conditions: No Gaze +

No Avoidance (NGNA), No Gaze + Avoidance (NGA), Gaze + No Avoidance (GNA),

Gaze + Avoidance (GA).

In this study, the virtual character would advance from the participant’s occluded right

or left. We controlled the potential danger of the interaction to assess whether the gaze

behaviour had an effect on the perception of the situation. The future risk of collision

was computed using the Minimum Predicted Distance variable (MPD) as previously

defined by [Olivier2012]. It was set at the beginning of the interaction by controlling

participant’s baseline speed and heading until tsee, and further controlling the starting

position of the character, which had the same baseline speed as the participant and

a constant heading [Olivier2012]. Both participant and virtual character were located

9.5m from the intersection point, at constant heading and velocity both arrive at the

same instant. For our experimental conditions, we offset the starting position of the

character, in place of offsetting the starting time. A total of 5 future crossing distances

computed at tsee (MPDtsee) were chosen, varying the initial risk of collision in the

interaction; 2 high risk distances, where a collision would occur if no adaptation is

implemented (0.1 and 0.3m), an intermediary distance (0.6m) that would require no

adaptation, what is actually observed between two pedestrians, but an inversion is

reported while interacting with robots and virtual characters [Vassallo2017, Lynch2017],

and finally 2 low risk distances, where no collision would occur if no adaptation is

implemented (0.9 and 1.2m). Furthermore, we controlled the initial crossing order at

tsee where the virtual character would pass the participant either in front (MPDtsee <0)

or behind (MPDtsee >0) at these randomised risk of collision distances.
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Each participant performed 80 randomised trials (4 behaviour responses ⇥ 2 crossing

sides (left-right) ⇥ 5 MPD ⇥ 2 crossing orders). At the end of the experiment, we

asked participants to report which parameters they thought we evaluated during this

study. We also collected self-reported feedback. The duration of the experiment per

participant was one hour.

5.2.4 Data analysis

Post-processing of trajectories and the interaction response of the participant was per-

formed using customised MATLAB scripts (Mathworks 2015b). The dependant vari-

ables were: final crossing distance, number of collisions, and number of inversions of

initial crossing order. Where crossing distance was the shortest distance between the

participant’s and the character’s centres, collision occurred when crossing distance was

less than the sum of both participant’s and character’s radii, and crossing order was

classified as the participant passing the character first or second and an inversion was a

change from initial order (initial order is estimated by a linear extrapolation of traject-

ories based on the initial positions and velocities). MPD evolution over time was also

computed and was normalised to the period of interaction, that is, from MPDtsee to

MPDtcross (i.e. the instant when the crossing distance is minimal).

A Kolomogorov-Smirnov test determined whether data followed a normal distribution.

In congruence with the aim of this study, NA and A behaviours were considered sep-

arately, focusing on an effect of gaze behaviours. We evaluated this effect using Wil-

coxon’s signed-rank non-parametric test. We performed this comparison considering

all the trials for each condition of gaze/avoidance but also separately with respect to

MPDtsee values, defining the initial risk of collision in the interaction. We set the level

of significance to ↵ = 0.05 and we reported median values. Finally, we compared the

evolution of MPD using statistical parametric mapping (SPM, [Friston2007]).
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5.3 Results and Discussion

5.3.1 Collisions

Table 5.1 - Total percentage of collisions observed for each MPDtsee values (in meters)
with respect to the conditions of gaze and avoidance: Gaze + No Avoidance (GNA),
No Gaze + No Avoidance (NGNA), Gaze + Avoidance (GA), No Gaze + Avoidance
(NGA)

First, we inspected the presence of collisions between the participants and the virtual

character. Among all of the 1360 trials performed by all participants, the collision

avoidance task was successfully performed: there was a total of 14 collisions between the

character and the participant, meaning that only 1% of the trials performed presented

a collision. Table 5.1 illustrates the percentage of collisions observed depending on the

MPDtsee values as well as the conditions of gaze and avoidance. Obviously, no collision

was observed in the avoidance condition since the RVO navigation algorithm prevented

the character from colliding with the user. Collisions were observed only in the No

Avoidance trials where MPDtsee ranged from -0.6m to 0.3m.
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There was no significant effect of the virtual character gaze behaviour (p>0.05) neither

in NA nor in A conditions when considering the number of collisions per participant for all

trials (median value: GNA=0% and NGNA=0%, GA=0% and NGA=0%) or separately

for each MPDtsee conditions (i.e., defining the initial risk of collision).

These results are not in accordance with hypothesis (H3). Indeed, in the GNA con-

dition, we hypothesised that the virtual character gaze would let participants expect

collaboration in the avoidance task while there is not. Assuming collaboration, the par-

ticipant would not adapt the trajectory enough to avoid the character, resulting into

more collisions. Comparisons between gaze and no gaze conditions (resp. GNA and

NGNA) show no significant difference in the number of collisions. Therefore, there was

almost no ambiguity in the interpretation of the virtual character trajectory whatever

the gaze conditions, allowing safe crossings even in most situations without avoidance

strategy being implemented by the virtual character where the initial risk of collision

was high (-0.3m< MPDtsee <0.3m).

5.3.2 Inversions of Crossing Order

Second, we explored inversions of the crossing order between the participant and the

virtual character. Among all of the 1360 trials, 165 trials presented an inversion of the

crossing order (i.e., 12% in total). The percentage of inversions depending on MPDtsee

values with respect to the conditions of gaze and avoidance is illustrated on table 5.2.

Inversions were observed for MPDtsee values ranging from -0.6m to 0.6m. Especially,

we found a high percentage of inversions in the -0.1m condition with half of those trials

recording an inversion of the crossing order.
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Table 5.2 - Total percentage of inversions of crossing order observed for each MPDtsee

(in meters) values with respect to the conditions of gaze and avoidance.

Considering the influence of our experimental parameters, mutual gaze had no signific-

ant effect (p>0.05) on these percentages neither in NA nor in A conditions either con-

sidering all the trials together (GNA=10% and NGNA=10%, GA=10% and NGA=15%)

or when performing the statistics separately for each MPDtsee values. These results are

in contradiction with our expectations, i.e., in the No Gaze conditions, the participant

would not expect collaboration and would more readily give way, even when likely to pass

first. While [Olivier2013] reported no inversion within unconstrained collision avoidance

between two real walkers, Vassallo et al. [Vassallo2017] reported inversions between a

walker and a robot when MPDtsee values ranged between 0 and 0.8m. Olivier et al.

[Olivier2013] attributed the task resolution as a nonverbal communication between two

walkers, where [Vassallo2017, Lynch2017] presented subjects with non-communicative

partners, a passive robot and passive virtual obstacles respectively. While, Vassallo et al.

[Vassallo2017] suggested a level of perceived danger, a lack of experience of interacting

with robots as well as the passive nature of the robot as causes of inversion, Lynch et al.

[Lynch2017] attributed inversions to a lack of nonverbal communication and behaviour

uncertainty. Here we studied the effect of gaze behaviour and reciprocal avoidance be-
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haviour during a collision avoidance task with a virtual character. Similarly to collisions,

the gaze behaviour had no effect. Few inversions were reported when considering all

the trials but a large number were reported for the -0.1m condition. This result can be

linked to the one previously observed in [Olivier2017] involving the interaction between

a participant and a non reactive and neutral virtual character. In their perceptual study,

authors showed that participants were not accurate to predict the future crossing order

when MPDtsee was equal to -0.1m. They interpreted this inaccuracy as a forward shift

in space of the perceived body envelope in virtual reality. We can then hypothesize that

in our set-up, the perception of the relative motion of the virtual character with respect

to the participant perceived position was more important than the gaze to define the

interaction.

5.3.3 Crossing Distance

Crossing distances for all trials considered together are illustrated in Figure 5.3 (the

large variability is explained by the fact that we plot the values for all the MPDtsee

conditions).

Gaze behaviour of the virtual character had no significant effect (p>0.05) on the final

crossing distance, neither in NA nor in A conditions (GNA=1.22m and NGNA=1.20m,

GA=1.20m and NGA=1.20m) when considering all the trials performed by participants.

This is also true when considering the trials with respect to the initial risk of collision

(MPDtsee). These results validate our hypothesis (H2). The final crossing distances

reported here are similar to those of [Olivier2017, Lynch2017], which are larger than

those observed in reality [Olivier2012, Vassallo2017]. The increased crossing distance

in VR may have been caused through immersive depth perception that was mainly re-

ported in previous studies. Gerin-Lajoie et al. [Gérin-Lajoie2008] compared behavioural
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Figure 5.3 - Boxplot of crossing distance (median, 1st-3rd quartiles, min-max values)
depending on gaze and avoidance behaviour.

differences and personal space preservation between reality and VR during an obstacle

circumvention task, it was reported that the personal space elliptical shape was similar

to reality although the size increased within VR. Furthermore, the fidelity of the en-

vironment or the perceived agency of the the virtual characters may have affected the

behavioural responses. Where, considering the effect of gaze with virtual characters,

behaviour is significantly altered if an individual is in belief of interacting with a virtual

avatar or a virtual agent [Bailenson2003]. Which was in agreement to the sense of being

gazed upon, with decelerated heart rate, skin conductive responses, and positive frontal

P3 cortex response [Myllyneva2015]. Considering these previous findings, participants

may have adapted their behaviour to the belief of interacting with an avatar as opposed

to a reciprocal agent. Therefore, participants may have directed their attention to per-

ceptual variables, such as bearing angle and optic expansion of full body motion, which

are sufficient for collision avoidance from full body motion cues [Lynch2017].
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5.3.4 MPD Evolution over Time

Finally, we investigated the collision avoidance behaviour during the interaction by

considering MPD evolution over time. For each condition of gaze and avoidance,

the behaviour conformed to those previously reported in real and virtual conditions

[Olivier2012, Olivier2017, Lynch2017]. Indeed, as illustrated in Figure 5.4 for all the

trials, we can describe for each condition of the present study the three distinct phases

of interaction: observation (MPD value is constant), reaction (MPD is increased), and

regulation (MPD is maintained constant at a comfortable distance). The anticipation

previously reported during interactions between real walkers is preserved since we ob-

served the regulation phase that showed that the task is solved before the end of the

interaction.

Quantitatively, the SPM analysis showed that there was no significant effect of gaze

behaviour on MPD(t) values or duration of each phase, neither in NA nor in A condi-

tions (p>0.05) when considering all the trials together (considering the absolute value

of MPD) as illustrated in Figure 5.4 or separately with respect to initial MPDtsee values.

These findings are not in accordance with Hypothesis (H1) and thus further corrob-

orates Hypothesis (H2). There were no reported differences throughout the evolution

of MPD, independent of our experimental parameters. Interestingly, the evolution of

MPD in both NA and in A conditions were similar. This similarity was observed for

all initial MPDtsee with no reported significant differences (p>0.05), suggesting that

participants may have directed their attention to perceptual variables related to the

trajectory [Lynch2017] rather than to the gaze behaviour of the character to avoid.
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Figure 5.4 - SPM analysis of MPD evolution, comparing effect of gaze within trials of
No Avoidance (NA, left) and Avoidance (A, right) conditions. Each plot shows mean
MPD evolution with gaze (black line) and without gaze (red line), with respective
standard deviation clouds.

5.3.5 Gaze Behaviour and Collision Avoidance

From these results, our first (H1) and third (H3) hypotheses were not validated and

our second hypothesis (H2) was, since the presence of virtual character gaze activity

towards the participants did not modify collision avoidance behaviour neither whilst

interacting with a passive nor a reactive virtual character. Indeed, as suggested by

[Marschner2015, Jung2016], we would have expected that interaction is influenced by

both mutual gaze and body motion cues.

Considering our results, we can conclude that within this current experimental set up,

body motion cues conveyed by the virtual character were enough for the collision avoid-

ance task. We reiterate that our set up considered a pairwise interaction within a simple

environment, without challenging conditions requiring adaptation in a small amount of

time, or within a restricted space. Therefore, when designing a simple situation of

interaction where a user has to avoid a collision with a virtual character, it is important

to focus on the generation of a relevant walking trajectory rather than focusing on the

gaze behaviour of the character.

| 174



Limitations

However, we can hypothesise that stronger spatial and temporal constraints of the

virtual environment would have increased the importance of mutual gaze in the decision-

making process of avoiding a collision. In particular, the effect of gaze during a collision

avoidance task within a crowd should be considered as future work. The increased

immersion that subjects experience from a crowded environment and the increased

complexity as opposed to a single virtual character could increase the role of mutual

gaze between walkers, which may produce significant differences of avoidance behaviour.

5.4 Limitations

One can wonder whether these results can be explained by the fact that users did

not perceive the gaze behaviour of the virtual character. However, we validated that

the gaze behaviour was perceived by the participants and thus forming a mutual gaze

between walkers, through their subjective questionnaire post immersion. Each parti-

cipant responded to the question "In your opinion, what were the parameters being

investigated today", to which several example responses were: "The movement of the

head", "The orientation of the head and eyes", "Orientation of the eyes and head dur-

ing collision avoidance", and "The trajectory and function of position, speed and gaze

of the virtual character". These subjective reports confirm that participants noticed

the gaze and body motion cues of the character, however, there were no differences

on avoidance behaviour. In our study a social presence questionnaire was not included

due to the randomised experimental design. However, it would have been interesting

to evaluate this potential effect of the mutual gaze since it was previously shown that

mutual gaze can increase the sense of immersion [Narang2016]. Additionally, being an

interaction through virtual reality and joystick, one can wonder whether the ecological

validity of the interaction is preserved and therefore whether the gaze behaviour is the

same as in real conditions. Nevertheless, the apparatus we used was previously valid-
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ated for goal directed locomotion trajectories [Cirio2013] as well as interaction involving

collision avoidance between walkers [Olivier2017]. Especially, during collision avoidance

tasks, it was shown that the trajectory performed by the user qualitatively matched

the ones performed in real conditions even if quantitatively some differences exist (e.g.,

over-adaptation to avoid the collision). Therefore, the quantitative differences that

exist between virtual and real conditions in such a situation may have hidden the in-

fluence of gaze if this influence is subtle. It should of course be interesting to design

new experiments which include other locomotion metaphors to be more accurate in

the quantification of the avoidance behaviour and its link with gaze behaviour. Finally,

we can question the gaze behaviour model we used in this study [Grillon2009]. While,

the model is efficient and easily introduced to our experimental set up, it is based on

joint rotational timing laws and a fixed point of interest, in this case the participants

position. It is generally accepted that participants gaze at their confederates and re-

ported to influence avoidance behaviour depending on number of fixations and duration

[Croft2017]. However, to our knowledge, there have been no report specifying limits for

fixation location, duration and, head and eye rotational limits for a similar paradigm of

occluded walkers intersecting paths. Therefore, future work should consider the capture

and analysis of the gaze behaviour between two unconstrained participants to experi-

mentally assess that there is indeed a gazing behaviour and furthermore a mutual gaze

during the interaction.
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5.5 Conclusion

The results of this study showed that mutual gaze had no effect on pairwise avoidance

behaviour, neither whilst interacting with a passive nor a reactive virtual character. We

still believe that gaze plays an important role in collision avoidance, but our experiment

was not able to reveal an effect on avoidance behaviour. The influence of gaze may be

dependent of the characteristics of this task, such as the duration of interaction and

its complexity. Alternatively, body motion cues conveyed enough information to solve

this task. Future work should then consider more complex situations and the use of eye

tracking, which allows specification of cues derived for future collision prediction. For

example, we can immerse a user within a crowd with some virtual walkers gazing and

others not gazing at the user. This situation would allow to investigate whether the

selection of the interactions within the users’ neighbourhood as well as their trajectory

is influenced by the gaze of the virtual walkers. Finally, even though we do not report

a significant effect of gaze on avoidance behaviour within our experimental set up we

would still conclude that a gaze behaviour should be included in the animation of virtual

characters. Where the inclusion of gaze has been previously reported to increase immer-

sion [Narang2016] and within our experiment, even though no presence questionnaire

was included, participants acknowledged the change in the virtual characters behaviour.
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Conclusion

The review of the literature in chapter 1 has demonstrated the dynamic coupling hu-

mans have with their environment, and the continuous interaction with the environment.

Humans do not aimlessly displace within a given environment instead they perceive the

dense information of the environment and act on what is afforded. A few examples

could include the navigation and climbing of stairwells, the safe passage through door-

way apertures, and the safe navigation around fixed obstacles or other pedestrians. This

thesis has focused on the latter, the coordination of one’s movement with another per-

son and more specifically a collision avoidance task between two walkers. To further

develop an understanding of this interaction we have focused on the underlying per-

ceptual mechanisms, that is the perceptual cues that may or may not be used, in the

perception and action coupling for collision avoidance.

Therefore, the aim of the thesis was to determine what visual cues are perceived from

the movement of another walker. Further, the thesis considered the mechanisms of

interpretation and possible models used for the prediction of future crossing distances

and their inferred notion of risk. The overall objective of the thesis was to provide new

knowledge and understanding on the interaction between two walkers while developing

guidelines of consideration for future applications of human behavioural responses and
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interactions within virtual reality. That is, to identify the important visual cues during

interpersonal interactions that may additionally provide virtual humans with a realistic

behaviour.

The first study focused on the nature of visual information provided from another walker.

More specifically, this study focused on the visual cues that convey relevant information

for accurate estimation of others’ global motion, specifically, whether these visual cues

are extracted from local body parts or from global perception of the body motion. The

application of virtual reality allowed for the manipulation of a virtual obstacles visual

appearance while strictly preserving the kinematics of interactions (i.e., the relative

motion of the obstacle with respect to participants). The findings of this study showed

that the nature of visual information had indeed affected the avoidance behaviour of

participants. We suggested that the associated variances observed could be linked to

the perceived action-opportunities of the observer. Overall, global motion provided

sufficient information for successful collision avoidance however local motion variants

reproduce more accurate and repeatable responses.

The second study focused on the nature of information from the path of another walker

and the pertinence of a minimally predicted distance to describe the interaction between

two walkers. More specifically, we investigated whether collision avoidance behaviour

is perturbed when a virtual walker has a constant acceleration that constantly changes

the direction of the future position. To evaluate the pertinence of MPD, we adapted

the previous computation to take into account the constant acceleration of a curvilinear

trajectory. Our analysis of this study was then to focus on the differences in the evolution

of MPD and the adaptations behaviours of curvilinear trajectories with reference to

known rectilinear trajectories of a constant speed without acceleration.

The findings of the second study demonstrated that the nature of a virtual walker’s

path did indeed perturb the avoidance behaviour of the participants. However, this was

only true while interacting with a virtual walker that followed a curvilinear trajectory
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with a constant velocity of a 5m radius. Collision avoidance behaviour was not per-

turbed when the trajectory was of a 10m radius. Moreover, the findings demonstrated

that MPD was pertinent for the description of a collision avoidance between two walk-

ers for both rectilinear trajectories of a constant speed and curvilinear trajectories of

a constant acceleration. This was evidenced by the qualitatively similar adaptations

between rectilinear and curvilinear conditions; during the interaction, there was a stage

of observation, the risk was predicted, and an adaptation occurred before crossing, and

finally, the task was anticipated as the MPD was regulated before crossing. To our

knowledge, this was the first study to consider how an observer interprets a trajectory

of a constant acceleration for a constant direction change of another walker during a

collision avoidance task. Future work should consider the constant acceleration from

differently sized radii, and the presence of acceleration in rectilinear trajectories.

The third study focused on the social aspects of the interaction between the two walk-

ers, namely the gazing behaviour of a virtual walker. Previous studies evidenced that

in reality, two unconstrained walkers assigned roles for who would cross first and whom

would cross second without verbal communication [Olivier2013]. Whereas, while inter-

acting with passive walkers, robots or obstacles, participants adopted an over adaptation

of their avoidance behaviour and changed their predicted order of crossing. This phe-

nomenon was observed while interacting with passive wheeled robots [Vassallo2017]

however the over adaptation response was significantly reduced when the robot collab-

oratively solved the collision avoidance task [Vassallo2018]. This study was then a con-

tinuation of these previous findings and the reported observations within the other stud-

ies of the thesis. We introduced gaze as a potential non-verbal cue between two walkers,

focusing on two questions: would the presence or absence of gaze interception change

the kinematics of collision avoidance between two walkers? And by extension, as virtual

reality is today used to study locomotion and interactions [Bruneau2015, Olivier2017],

is it important to correctly control virtual walker’s gaze behaviours so as to not bias the

experimental data acquired this way? In addition to a gazing behaviour, we included
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collaborative avoidance behaviour by the virtual walker. The results of this study showed

that gaze had no effect on avoidance behaviour, neither while interacting with a passive

nor a collaborative virtual walker. Considering that we did not find any significant effects

of gaze behaviour on collision avoidance behaviour within our experimental setup, we

still suggest that gaze plays a vital role in the non-verbal communication between two

walkers during a collision avoidance task. We attributed the lack of significant effect to

the spatial and temporal constraints of the interaction and suggested that within this

specific paradigm body motion cues conveyed enough information to solve this task.

Overall, the scope of the results within this thesis can appeal to a much broader frame-

work than applied psychology and biomechanics. As mentioned in the introduction, the

study of human locomotion spans the interest of neuroscience, sports sciences, medi-

cine and computer sciences. As evidenced by some of the literature cited within this

thesis, the further understanding of the underlying perceptual mechanisms are sought

after for improved virtual human animation and interaction [Narang2016], improved

human-robot interactions [Vassallo2017, Vassallo2018] and rehabilitative training for

stroke patients [Darekar2015], for example. Note that the desired understanding of

the underlying perceptual mechanisms does not present the same applications. Virtual

human animation can be related to the realism of the interaction and an increased

sense of immersion, whereas, stroke rehabilitation can be used to evaluate and train

environment navigation by manipulating moving virtual obstacles in safe and controlled

virtual environments.

In conclusion, these three studies have demonstrated two key points. The first would be

the possible mechanism of humans using the minimally predicted distance to regulate

their interpersonal distances during a collision avoidance task. We have evidenced the

pertinence of MPD while interacting with virtual humans, and obstacles. Our findings

suggest the sensitivity to the action-opportunities of the observer are bound directly

to the perceived visual appearance within the optic array. Moreover, the pertinence of

MPD was demonstrated for complex trajectories that included a constant acceleration.
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The second key point demonstrated from this thesis was the perceptual cues that can

be perceived from another walker. From the first study, we showed that global motion

provided sufficient information for the detection of future collisions. The second study

evidenced that the future risk of collision can be predicted in the presence of a constant

acceleration and a constant velocity. The final study supported the findings of the

first study, which was global motion cues provided sufficient information for successful

collision avoidance.

The current works within this thesis have studied the underlying perceptual mechanisms

of a simple pairwise interaction between two walkers. However, crowd interactions are

more complex than this simple pairwise interaction, as observers must consider their

interaction with multiple walkers. One possible future direction of the thesis would

be to consider these complex interactions; whether collision avoidance behaviour is

sequentially solved for each individual pairwise interaction or that collision avoidance is

solved for simultaneous interactions. Furthermore, from the third study of the thesis, as

the complexity of the interaction increases, the potential role and influence of a walker

gazing behaviour can be an additional social cue that in turn will aid such complex

interactions. Therefore, a second prospective extension of the thesis would firstly be to

consider the immersion of a crowd interaction and the use of eye-tracking technologies

to determine the focus of attention and the detection of future collision events from

multiple walkers. Thereafter, future work may consider the influence of a virtual walker’s

gaze behaviour in such larger and immersive crowd interactions. Finally, age-related

differences have previously been reported in the anticipatory behavioural responses and

body segment timing coordination when circumventing obstacles [Vallis2005]. It has

further been observed that adults are better attuned to temporal information than spatial

information [Siegler2013], whereas children are more attuned to spatial information and

adapt to temporal information with ageing [Benguigui2008, Bazile2016]. Therefore, an

additional prospective direction of future work from the thesis should consider collision

avoidance interactions with younger and older populations.
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Moreover, to demonstrate one of the possible fields of interest and the possible future

directions of this work, we completed an additional experiment in parallel with the

work of this thesis (Annexe A). We applied the same methodology as the first study

in the detection of deceptive motion during a rugby attacker-defender dyad. Previous

works have shown the importance of centre of mass in experts performance and the

detection of deceptive motion. It remains unclear whether, the visual cues necessary

for a defender to detect the deception of an attacker are based on global, such as the

centre of mass, or on local information, such as lower limbs motion. This study showed

that the superimposition of the centre of mass with local information had no additional

effect on the performance to correctly detect deceptive motion, neither did it affect the

reaction times. This work allowed us to determine if these specific visual information

cues can be beneficial in directing attention for training purposes.
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for detection of deceptive motion in rugby. In review, 2018.
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Annexe A Global motion visualisation for detection of deceptive motion in rugby

Abstract

Rugby is a multifactorial sport that involves high-intensity bursts throughout longer low-
intensity periods of a game. Frequently, players incorporate deceptive motions (e.g., a
side-step) in order to pass their opponent. Previous works showed that expert defenders
are more efficient in detecting deceptive motions. Their performance was shown to be
correlated with the evolution of the centre of gravity of the attacker, suggesting that
experts may rely on global motion cues. This study aims at investigating whether a
representation of centre of gravity can be useful for training purposes, by using this
representation alone or by combining it with the local motion cues given by body parts.
We designed an experiment in virtual reality to control the motion cues available to
the defenders. Sixteen healthy participants (seven experts and nine novices) acted as
defenders while a virtual attacker approached. The virtual attacker would appear as
a full human, a human with its centre of gravity visible or only the centre of gravity
present. Participants completed two separate tasks. The first was a time occlusion
perception task, where the attacker disappeared after 100ms, 200ms or 300ms after
the initial change in direction, where participants would indicate the direction they
believed the attacker would pass. The second was a perception-action task where
participants were instructed to intercept the oncoming attacker by displacing medio-
laterally. The attacker would perform a non-deceptive motion, running directly toward
the final passing direction or a deceptive motion, performing a side-step initially toward a
false direction before quickly reorienting in their true direction. There was a main effect
of expertise, appearance, cut off times and motion on correct responses during both
tasks. There was an interaction between visual appearance and expertise, and between
motion type and expertise during the perception task, however, this interaction was
not present during the perception-action task. We observed that experts maintained
superiority in the perception of deceptive motion; however when the visual appearance is
reduced to global motion alone the difference in superiority between novices and experts
is reduced. We further explore the interactions and discuss the effects observed for the
visual appearance and expertise.

Keywords: Deception, Sport, Rugby, Perception, Perception-action, Anticipation, centre
of gravity

| 232



Introduction

A.1 Introduction

Rugby, as per field-based team sports, is characterised by brief high-intensity efforts

of running and acceleration over longer low-intensity periods [Austin2011]. The game

consists of two teams competing over two 40-minute halves for the highest accumu-

lation of points scored, with the greatest number of points being awarded for carrying

the ball over the opponents try-line. Therefore, a primary objective of the game is to

gain territory by advancing the ball towards the opponents try-line. In order to prevent

the advancement of the attacking team (the ball carrying team) and possibly gain pos-

session, the defending team will tackle the player that is carrying the ball. A tackle

as defined by the international governing body of rugby is when the ball-carrier is held

by one or more opponents and brought to the ground. Due to this nature, a propor-

tion of the game consists of tackling [Gabbett2012, Gabbett2016], where an increased

number of tackles has been associated to game success rate [Hulin2015a, Hulin2015b].

To gain an attacking advantage, attackers can use their bodily movements to gen-

erate deceptive motion (e.g., a side-step in rugby), misleading the defender with the

intention to run in one direction while actually intending to run in the other direction

[Jackson2006, Brault2010, Brault2012, Wright2014]. While generally, motor control

and orientation of the body is coordinated according to a top-down strategy of head

and gaze alignment before body reorientation [Patla1991], in a sport-specific context

of deceptive motion Brault et al. [Brault2010] reported a bottom-up strategy, where a

displacement of support is prior to upper trunk and head reorientation. Further, Brault

et al. [Brault2010] reported that the centre of mass displacement on the medio-lateral

plane was minimised, it was the upper limbs, head, and trunk that were organised for

deception. Although trunk yaw was similar between deceptive and non-deceptive mo-

tion, the upper trunk angular movement changes (i.e., shoulders) would be exaggerated

in deception.

| 233



Annexe A Global motion visualisation for detection of deceptive motion in rugby

Within the attacker-defender dyad, while the attacker intends to deceive the defender

with specific body motion, the defender utilises the relevant visual cue information

available to intercept the attacker [Kunde2007]. Previous studies demonstrated the

ability of observers to distinguish between a deceptive and non-deceptive motion of

another person [Runeson1983b]. Using point-light displays, participants were required

to observe actors lifting boxes of various weights. It was reported that the participants

could perceive the action of a box being picked up, even from a limited point-light

display, further, also the relative weight and if the actor was attempting to deceive

the observer about the true weight. In a sports specific context, authors showed

that the ability to perceive and to correctly anticipate an opponent motion is related

to the level of expertise (see [Jackson2006], [Cañal-Bruland2010] and [Mori2013]).

Jackson et al. [Jackson2006] were the first to study deceptive movement and an-

ticipation in sport, using temporally occluded videos of an attacker approaching a

camera, the perspective of a defender. Participants were given the role of the de-

fender and required to predict the side which the attacker would pass, left or right.

The attacker would undertake a non-deceptive movement or a deceptive movement.

From these findings, it was concluded that expertise may affect anticipation abil-

ity, where experts more accurately detect final passing direction when compared to

novices [Jackson2006]. Since, the study of perception, anticipation and deceptive mo-

tion within sporting contexts has been further studied, confirming the superiority of

expertise [Renshaw2000, Sinnett2010, Mori2013, Wright2014, Brenton2016]. How-

ever, few studies have considered the underlying mechanisms to explain these findings

[Huys2009, Brault2012, Lopes2014]. Huys et al. [Huys2009] studied the manipulation

of corresponding dynamics of a tennis serve through point-light displays. They reported

that spatial occlusion impacted the dominant dynamics, additionally, suggesting cue

information pick up was more global (i.e., whole body movement) than local (i.e., limb

motion). Furthermore, Lopes et al. [Lopes2014] performed a biomechanical analysis of

penalty kicks in soccer and reported that limbs providing local information were mod-

ified during the early stages of approach for deceptive motion. Finally, Brault et al.
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[Brault2012] reported that the performance of experts correlated with the evolution of

the perceptual variable tau (cf., [Lee1976]), that is, experts fixated on honest signals

from global motion (e.g., Centre of Gravity (CG)) than local ones (e.g., limbs). While

these findings were correlated, they have yet been investigated directly.

While Brault et al. [Brault2012] showed how tau of parameters such as CG explained

performance superiority in experts, no competitive study has directly studied the effects

of intercepting CG or representations of tau in place of an attacker. In non-competitive

settings, Savelsbergh et al. [Savelsbergh1991] showed that subjects could regulate their

hand aperture through optical size expansion alone (i.e., tau [Lee1976]). Additionally,

Lynch et al. [Lynch2017] studied interactions of a crossing task with varying global

and local obstacle appearances, a cylinder, CG, a virtual human, the trunk alone and

the legs alone, within virtual reality. They reported differences of crossing distance

between the global and local visual cue appearances but reported no difference in the

ability to complete the task. Finally, Meerhoff et al. [Meerhoff2014] also studied the

role of global and local motion information during a distance regulatory locomotor task.

Their findings suggested that ability to complete the task, while interacting with a large

sphere or a virtual human, was not impeded; however, there was a temporal advantage

when both local and global motion cues were available. We can then wonder how to

train novices to perceive these relevant motion cues. In this context, virtual reality is a

powerful tool that has become increasingly readily available for ecological and psycholo-

gical studies [Meerhoff2014, Lynch2017] and as a training tool in sport (see [Miles2012]

for a review). Training through virtual reality allows for additional enrichment of the

environment (augmentation), an ability to reduce the task to several smaller steps (sim-

plification) and change the speed or distort the environment (variability) [Ruffaldi2011].

Additionally, virtual reality allows for the uncoupling of perception-action, although this

may lead to biased results [Dicks2010a], better anticipation skills remains widely de-

bated within the literature, through visual expertise or motor action capability expertise

[Güldenpenning2017].
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A.1.1 Objectives and Contribution

From the work of [Brault2012], there was a reported correlation with the expansion

rate of tau of the CG and rate of success in expertise. This observed correlation is

interesting as it can be interpreted that global displacement of CG may be perceptually

important, a focal point of attention during interaction, which in turn can be treated as

a trainable variable to attune defender attention. This work focuses on the visual cues

that can be conveyed by an attacker and perceived by the defender. Our objectives

are two-fold: firstly, where previous studies have shown a correlation of CG rate of

expansion and performance to intercept an attacker, we aim to investigate whether this

global motion cue depicts sufficient information in detecting deceptive attacker motion.

Secondly, contrary to experts, the performance of novices is correlated with the tau of

upper trunk. Therefore we aim to investigate whether an emphasis of CG could act

as an aid if combined with limbs local cues, where we would expect a more significant

increase of correct response performance for novices.

To answer these questions, we proposed to manipulate the visual appearance of the at-

tacker. To preserve and repeat kinematic motion while manipulating visual appearance,

we conducted our experiment in virtual reality. The application of virtual reality in eco-

logical perception and action has been proven a powerful tool [Loomis1999] although it

is not without limitations, as there exist variances in depth perception [Loomis2003] and

forward gaze-driven speed is underestimated compared to actual speed [Banton2005].

Considering these notable variances, virtual reality has been validated to conform with

reality; a sense of personal space [Gérin-Lajoie2008], interactions with virtual humans

[Olivier2017, Lynch2017, Caruana2017] and within competitive settings [Brault2012].

We completed two experiments, both in virtual reality, where participants were presen-

ted a dynamic virtual attacker on an approach to a defender (the participant). Between

trials, the visual appearance of the virtual attacker would vary the amount of global
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and local visual cues available. In the first experiment, we focused on perception, where

participants recorded their responses through a peripheral device, this first task aimed to

identify variances from the manipulation of available perceptual information. We used

this paradigm since our experiment involved both inexperienced novices and highly com-

petitive experts, as specific responses observed in the perception-action condition could

be attributed to the physical (action) capabilities [Güldenpenning2017]. For the second

experiment, we focused on perception-action, the position of the participant was tracked

during the interaction, investigating perceptual expertise with reaction time responses.

This experiment was designed to complement the results of the first experiment and

to consider the results of previous works that showed the importance of preserving the

representativeness of experimental task designs when exploring the performance of the

athletes, particularly in time-constrained actions [Van der Kamp2008, Travassos2013].

In that context, we formulated two hypotheses:

I H1: considering the previous findings of a correlation between CG motion and per-

formance in expert rugby players [Brault2012], we hypothesised that performance

will not be impeded for experts whilst interacting with only a visual representation

of CG.

I H2: we hypothesise that the presence of CG will act as an aid and the performance

of novices will be greater whilst interacting with a combination of a virtual attacker

and CG than whilst interacting with a virtual attacker alone.

Our first contribution is to design an experimental platform in virtual reality to study the

influence of global and local motion cues within a rugby attacker-defender dyad task.

Our second contribution is that while global motion can be visualised and acted upon,

there is insufficient information to maintain success rate. Local cues such as limbs mo-

tion and trunk orientation are necessary for effective perception and perception-action

tasks. To demonstrate this, we have formulated the paper in the following way: the

method section describes both perception and perception-action tasks separately, high-
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lighting their differences. Results from the perception and perception-action task are

presented as separate sections, and we discuss the findings collectively in the discussion.

Figure A.1 - Third person perspective of a participant immersed within the virtual
environment

A.2 Method

A.2.1 Participants

Seven expert rugby players aged 24.71±2.43 (mean±SD) and nine inexperienced sub-

jects aged 27.56±10.69 years participated in this study. All participants had normal or

corrected-to-normal vision and no history of disease or impairment which could have

affected their ability of participation. The expert rugby players competed regularly in

the French second national league (ProD12) with 16.29±4.23 years of experience in

playing rugby. Novices were university staff and students with no prior experience of

competitive rugby. This study was carried out in accordance with the recommenda-

tions of the research institute. All participants gave their written informed consent in

accordance with the declaration of Helsinki.
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A.2.2 Apparatus

Experiments took place in a 4-screen Computer Assisted Virtual Environment (CAVE),

which was 9m wide, 3m high and 3m deep. The CAVE was fitted with a synthetic all

weather turf surface for increased immersion during experimentation. It was equipped

with 13 projectors with 15MPixels resolution in total. The 3D environment display and

character animation (Figure A.1) was designed in the Unity game engine. Multi-surface

rendering was performed by the MiddleVR plugin. Active stereoscopy was achieved with

Volfony ActiveEyes Pro Radiofrequency wearable glasses. Glasses were tracked by a 16

camera ART tracking system.

A.2.3 Stimulus

For all trials, an attacker was positioned in front of the participant and advanced towards

the participant after a visual countdown of three seconds. Attacker motion was real-

ised through previously captured motion of eight French national league rugby players

[Brault2012] using the optoelectronic motion capture ViconMX system (Oxford Met-

rics, Oxford, UK). A total of 16 motions were presented as stimuli; attackers either

performed one of 8 deceptive motions (DM), otherwise known as a side-step, or one

of 8 non-deceptive motions (NDM), no change of direction after initial reorientation.

Several attacker motions were used, opposed to the repetition of one attacking motion,

to reduce possible identification of repeated motions.
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A.2.4 Appearances

To investigate the role of the centre of gravity in deceptive motion detection, we have

manipulated the visual appearance of a virtual attacker using the following conditions,

as illustrated in figure A.2:

1. Full body: A mobile mannequin with a shoulder width of 37cm and hip width

of 27cm, was rendered without a face to avoid any influence of gaze direction.

Furthermore, the motion was animated as carrying an invisible ball to maximise

character perception and reduce occlusion of character motion by the presence of

a rugby ball.

2. Sphere: With recent findings of Brault and colleagues [Brault2012] suggesting a

strong correlation between CG and interception during a deceptive sporting task

in terms of success, we chose to remove all body encasing information and use

a small sphere (8cm diameter) as an appearance of CG. Such a reduction would

remove all information including, orientation and ground contact.

3. Combination: Both a full body attacker with their CG are presented to the parti-

cipant, a combination of orientation and ground contact with the less deceptive

motion of CG being present.

Note that condition 1) served as a control condition, using a virtual human (VH),

condition 2) completely removed any local motion cues leaving only global information

of motion (CG), finally, condition 3) combined both VH local and CG global motion

cues to maximise stimuli (HC).
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Figure A.2 - Visual appearances of stimuli: full body (left), centre of gravity (centre),
full body and centre of gravity combined (right)

A.2.5 Perception task

Participants were immersed in a virtual environment (Figure A.1), where they were

instructed to stand in a designated location, as indicated by a red circle on the floor

of the immersive environment that remained visible throughout. Using a Latin square

design, experimentation divided into three randomised blocks of attacker appearance

(Figure A.2). Within the perception only task for each visual appearance, we also set

conditions based on an occlusion time paradigm, allowing to test for the quantity of

visual information on decision processing for future actions. The moment of toe off,

as the attacker’s foot leaves the ground, before reorientation occurred was used as

a reference point for all attacker motions (T0). Thereafter, our three experimental

conditions consisted of the duration of visual appearance before occlusion, cut off times

were 100ms (T1), 200ms (T2), and 300ms (T3). Participants were informed that they

would be acting as a defender and would be required to detect the direction which the
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attacker would go after occlusion for a successful interception. There was no feedback

of success or failure throughout the experiment. For each visual appearance, a total of

16 attacking motions (8 DM and 8 NDM) were repeated with three different occlusion

cut off times (100ms, 200ms, and 300ms). After occlusion participants were required

to indicate, using the hand-held wand, which direction the attacker was going to pass.

Participants were given a period of familiarisation prior to data capture.

For each block of visual appearance, these conditions were presented randomly within

and between subjects. In total, each participant performed 144 trials (3 appearances x

3 cut off times x 16 motions). The duration of the experiment per participant, including

training and resting periods, was 30 minutes.

A.2.6 Perception-action task

Participants were immersed in the same virtual environment, and the appearances were

presented in the same order as the perception task, the conditions per block were

randomised independently. For the perception-action task, there was no occlusion

paradigm, and the attacker would approach and pass the defender. Participants were

informed that they maintained the role of defender, however, in this instance the de-

fender would not disappear but continue running. They were then instructed to move

medio-laterally in an attempt to intercept the attacker. Participants wore a belt fitted

with reflective markers, and their medio-lateral displacement was tracked using the 16

camera ART tracking system. We used the same threshold of displacement velocity as

[Brault2012], with speeds greater than 0.5m/s were used to record initial response after

T0. Additionally, reaction times were recorded at the instance of the initial response.

Similar to the perception task, participants were provided a period of familiarisation to

adapt to the perception-action task.
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Similarly, for each block of visual appearance, these conditions were presented randomly

within and between subjects. In total, each participant performed 48 trials (3 appear-

ances x 16 motions). The duration of the experiment per participant, including training

and resting periods, was 15 minutes.

A.2.7 Analysis

Perception responses and perception-action belt motion were post-processed using cus-

tomised MATLAB scripts (Mathworks 2016b), responses were then expressed as a

percentage of success (mean±SD). We set the level of significance to ↵ = 0.05. A

Kolmogorov-Smirnov test was performed to evaluate whether data followed a normal

distribution. For both experiments, the dependent variable was the rate of success, and

a general linear mixed model analysis was used to determine the effect of appearance,

type of motion (DM and NDM) and cut off times for the perception task and to de-

termine the effect of appearance and motion for the perception-action task. Mauchly’s

test of sphericity was used for assumption, and a Greenhouse-Geisser was used as a

correction when sphericity had been violated. Finally, effect sizes were computed as

partial eta squared ⌘2p and pairwise comparisons were used for further post-hoc analysis.
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A.3 Perception results

A.3.1 Overall performance

Overall, there was a main effect of expertise (F(1,14) = 31.119, p<0.001, ⌘2p=0.69),

appearance (F(2,28) = 127.826, p<0.001, ⌘2p=0.90), cut off times (F(1.232,17.247) =

33.115, p<0.001, ⌘2p=0.70) and motion (F(1,14) = 541.149, p<0.001, ⌘2p=0.98). Over-

all, experts were more successful (75.30±31.92%) than novices (61.27±38.13%), ap-

pearance CG had a smaller success rate (48.57±35.72%) than VH (76.43±31.67%) and

HC (77.21±33.69%), cut off time T3 had the greatest rate of success (75.65±35.83%),

then T2 (68.75±35.31%) and T1 had the lowest rate of success (57.81±35.46%),

and non-deceptive motion was greater (92.27±14.41%) than the deceptive motion

(42.53±34.23%).

Figure A.3 presents the success rate for each individual condition, there was no four-way

interaction between all dependent variables; visual appearance, cuts off times, motion

type and expertise level (F(4,56) = 0.391, p=0.814). From this we can observe during

NDM, whilst interacting with CG, an increasing rate of success from T1 to T3 for both

experts and novices, whilst interacting with VH or HC the rate of success is similar for

T1, T2 and T3. During DM, whilst interacting with CG, we observe a decreasing rate

of success from T1 to T3 for experts and a similar response for novices from T1 to T2

and T3, while VH and HC interactions show an increase of success rate from T1 to T2

and T3 for both experts and novices. Additionally we observe that experts and novices

had similar rates of success for NDM, for DM experts had a greater rate of success

than novices except while interacting with CG at T3.
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A.3.2 Expertise

Further investigating the main effect of expertise, there was a significant two-way inter-

action between the visual appearance and the expertise (Figure A.4A) of the participant

(F(2,28) = 9.166, p<0.001, ⌘2p=0.40); where we observe similar rates of success for

experts (50.60±36.10%) and novices (46.99±35.68%) whilst interacting with CG, and

experts were more successful than novices whilst interacting with VH (87.50±19.13%

and 67.82±36.63%, respectively) and HC (87.80±22.34% and 68.98±38.60%, re-

spectively).

There was a significant two-way interaction between motion (Figure A.4B) and expert-

ise (F(1,14) = 31.144, p<0.001, ⌘2p=0.69); where we observe similar rates of success

for experts and novices during NDM (93.65±14.35% and 91.20±14.45%, respect-

ively), while experts were more successful than novices for DM (56.94±34.11% and

31.33±30.05%, respectively).

However, there was no significant two-way interaction between cut off times (Figure

A.4C) and expertise (F(1.232,17.247) = 2.710, p=0.112); we observe that experts were

continually more successful than novices for T1 (66.67±29.43% and 50.93±38.38%, re-

spectively), T2 (78.87±30.80% and 60.88±36.83%, respectively) and T3 (80.36±34.28%

and 71.99±36.90%, respectively).

When considering the three-way interaction between expertise, appearance and mo-

tion (Figure A.4D), there was a significance (F(1.443,28) = 7.795, p=0.006, ⌘2p=0.36);

where we observe that experts and novices had an increased rate of success when inter-

acting with VH (100% and 95.83±9.17%, respectively) and HC (100% and 99.07±3.34%,

respectively) than CG (80.95±19.61% and 78.70±17.27%, respectively) during NDM,

however, experts had a greater rate of success from interacting with CG (20.24±18.74%)

to VH (75±20.54%) and HC (75.60±26.66%) during DM than novices (15.28±14.43%,

39.81±31.97% and 38.89±33.85%, respectively).
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Figure A.5 - Mean±SD percentage of success for the interaction between appearance,
motion and cut off times during the perception task.
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A.3.3 Appearance

Irrespective of expertise, there was a significant two-way interaction between the visual

appearance and cut off times (F(4,56) = 9.971, p<0.001, ⌘2p=0.42); where we observe

that the rates of success were fewer whilst interacting with CG for T1 (46.88±18.78%),

T2 (46.48±39.17%) and T3 (52.34±44.73%) than VH and HC, which had similar rates

of success for T1 (62.50±39.78% and 64.06±41.61%, respectively), T2 (78.52±25.25%

and 81.25±29.61%, respectively) and T3 (88.28±22.44% and 86.33±24.25%, respect-

ively).

Additionally, there was a significant two-way interaction between the visual appearance

and motion (F(1.443,28) = 13.969, p<0.001, ⌘2p=0.50); where we observe that CG

during NDM (79.69±18.16%) had a lower rate of success than VH (97.66±7.13%)

and HC (99.48±2.52%), during DM this difference became greater between CG and

the VH and HC counterparts (17.45±16.46%, 55.21±32.50% and 54.95±35.71%,

respectively).

Developing from the two-way interactions, there was an interaction between appear-

ance, cut off times and motion (F(4,56) = 41.932, p<0.001, ⌘2p=0.75)(Figure A.5);

where, during NDM the rate of success was similar for VH and HC at T1 (96.88±7.22%

and 100%, respectively), T2 (96.88±9.68% and 98.44±4.27%, respectively) and T3

(99.22±3.13% and 100%, respectively), where CG increased cut off times (60.94±11.06%,

82.81±13.60% and 95.31±8.98%, respectively). During DM, at T1, CG, VH and HC

were similar (32.81±13.60%, 28.13±26.42% and 28.13±28.69%, respectively), at T2,

CG had a smaller success rate (10.16±13.09%) than VH (60.16±22.46%) and HC

(64.06±34.12%) and at T3, CG had a smaller success rate (9.38±10.70%) than VH

(77.34±27.85%) and HC (72.66±28.58%). The rate of success during NDM for all

appearances and cut off times was greater than those observed during DM.
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Figure A.6 - Mean±SD percentage of success during the perception-action tasks, show-
ing the overall three-way interaction for novices (N, blue), and experts (E, red), during
DM and NDM while interacting with CG, VH, or HC.
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A.4 Perception-Action results

A.4.1 Performance

Overall, there was a main effect of expertise (F(1,14) = 9.744, p=0.008, ⌘2p=0.41),

experts had a greater rate of success (86.01±19.25%) than novices (65.63±32.79%).

There was a main effect of motion (F(1,14) = 77.260, p<0.001, ⌘2p=0.85), NDM had

a greater rate of success (94.53±10.91%) than DM (54.69±30.58%). Additionally,

there was a main effect of visual appearance (F(1.427,28) = 4.693, p=0.031, ⌘2p=0.25)

between CG (70.31±32.03%), VH (78.91±28.12%) and HC (74.61±31.19%).

There was no three-way interaction (Figure A.6) between expertise, visual appearance

and motion (F(2,28) = 1.131, p=0.337). From this we observe that experts and novices

had no significant difference for rate of success (96.43±6.10% and 88.89±15.87%, re-

spectively) whilst interacting with CG during NDM and (64.29±29.25% and 36.11±26.84%,

respectively) during DM. Interactions with VH for experts (98.21±4.72%) and novices

(91.67±16.54%) had no significant difference during NDM, also interactions with HC

(96.43±6.10% and 97.22±5.51%, respectively) reported no difference. During DM, ex-

perts had a greater rate of success than novices whilst interacting with VH (89.29±8.63%

and 43.06±25.85%, respectively) and whilst interacting with HC (73.21±18.30% and

36.11±28.26%, respectively).

Considering two-way interactions, there was no significant interaction between visual

appearance and expertise (F(1.427,28) = 1.320, p=0.280)(Figure A.7A), where we

observe that experts had a greater rate of success whilst interacting with CG, VH

and HC (80.36±26.27%, 93.75±8.13% and 84.82±17.80%, respectively) than novices

(62.50±34.57%, 67.36±32.69% and 66.67±37.13%, respectively).
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Figure A.7 - Mean±SD percentage of success when considering effects observed for
interactions during the perception-action task between level and appearance (A), level
and motion (B) and appearance and motion (C).

However, there was a significant interaction between motion and expertise (F(1,14) =

14.490, p=0.002, ⌘2p=0.51)(Figure A.7B), where we observe that experts and novices

had greater rates of success during NDM (97.02±5.46% and 92.59±13.54%, respect-

ively) than during DM where experts had a greater rate of success (75.60±22.18%)

than novices (38.43±26.16%).
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There was no significant interaction between visual appearance and motion (F(2,28)

= 2.499, p=0.100)(Figure A.7C), where the rate of success was greater during NDM

for CG, VH and HC (92.19±12.81%, 94.53±12.88% and 96.88±5.59%, respectively)

than during DM (48.44±30.58%, 63.28±30.78% and 52.34±30.35%, respectively).

A.4.2 Reaction time

There was no significant three-way interaction between expertise, appearance and mo-

tion (Figure A.8) on reaction times (F(2,28) = 0.405, p=0.671). Where we observe

that experts generally had slower reaction times during DM (CG = 0.84±0.09s, VH =

0.66±0.03s, and HC = 0.61±0.06s) and NDM (CG = 0.71±0.07s, VH = 0.54±0.06s,

and HC = 0.52±0.08s) than novices during DM (CG = 0.70±0.17s, VH = 0.50±0.20s,

and HC = 0.53±0.19s) and NDM (CG = 0.60±0.13s, VH = 0.44±0.19s, and HC =

0.45±0.15s). Figures A.9 and A.10 presents the mean medio-lateral displacement of

the defender as a function of normalised time, showing average correct and incorrect

responses for both novices and experts.

Independently, there was no main effect of expertise (F(1,14) = 2.906, p=0.110)

where experts had a reaction time of 0.65±0.13s and novices had a reaction time

of 0.54±0.19s. There was an effect of appearance (F(2,28) = 89.224, p<0.001,

⌘2p=0.86), CG had a slower reaction time (0.71±0.15s) than VH (0.53±0.16s) and HC

(0.52±0.14s). Finally, there was a main effect of motion (F(1,14) = 36.839, p<0.001,

⌘2p=0.73), where DM had slower reaction times (0.63±0.18s) than NDM (0.54±0.15s).

There were no significant two-way interaction between expertise and motion (F(1,14) =

1.204, p=0.291), expertise and appearance (F(2,28) = 1.540, p=0.232) or motion and

appearance (F(2,28) = 1.537, p=0.233). Where we observe that novices and experts
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had slower reaction times during DM (0.58±0.20s and 0.70±0.12s, respectively) than

during NDM (0.50±0.17s and 0.59±0.11s, respectively). For both novices and experts

CG had the slowest reaction time (0.65±0.16s and 0.78±0.10s, respectively), VH and

HC had similar reaction times for novices (0.47±0.19s and 0.49±0.17s, respectively)

and experts (0.60±0.08s and 0.57±0.08s, respectively). Similarly, CG during DM and

NDM had the slowest reaction times (0.76±0.15s and 0.65±0.12s, respectively) while

VH and HC had similar reaction times during DM (0.57±0.17s and 0.56±0.15s, re-

spectively) and NDM (0.48±0.15s and 0.48±0.13s, respectively). Observations of the

two-way interactions are presented in figure A.11

Figure A.8 - Mean±SD reaction times during the perception-action tasks, showing the
overall three-way interaction for novices (N, blue), and experts (E, red), during DM and
NDM while interacting with CG, VH, or HC.
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Perception-Action results

Figure A.9 - Average medio-lateral displacement during normalised time of expert (red)
and novice (blue) defenders in successfully (solid line) and unsuccessfully (dashed line)
detecting final crossing direction of the attackers motion (top). Columns (left - right)
represent the motion of the attacker; DM-L and DM-R, and Rows (top - bottom)
represent the visual appearance of the attacker; CG, VH, and HC.
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Figure A.10 - Average medio-lateral displacement during normalised time of expert
(red) and novice (blue) defenders in successfully (solid line) and unsuccessfully (dashed
line) detecting final crossing crossing direction of the attackers motion (top). Columns
(left - right) represent the motion of the attacker; NDM-L and NDM-R, and Rows (top
- bottom) represent the visual appearance of the attacker; CG, VH, and HC.
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Figure A.11 - Mean±SD reaction times from interactions between level and appearance
(A), level and motion (B) and motion and appearance (C).
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A.5 Discussion

The present study focused on the visual cues conveyed by an attacker within a rugby

dyad. We replicated an attacker-defender dyad, similar to [Brault2012], through virtual

reality. In this paper, they implemented such a scenario using head-mounted displays

(HMD), and they concluded that there is a relationship between attacker CG and expert

defender rate of success. Developing from this, we focused on the visual representation

of an attacker, a general full body, a full body with CG visible or only the CG of the

attacker being present. We then evaluated the influence of these visual manipulations

under two types of task, a perception only task and a perception-action task. We had

hypothesised that CG alone would not impede the performance of experts and we had

further hypothesised that the presence of CG with a full body representation would

improve the performance of novices. From our results, we observed that actually, CG

impeded the performance of experts. Further, we observed the CG did not act as an aid

as there were no performance differences between HC and VH conditions for novices.

We will discuss these findings and the influences of the other independent variables from

our study.

A.5.1 Expertise Performance

Previously, Brault et al. [Brault2012] reported that experts were more sensitive in

attuning their perceptual skills to more honest signals, specifying the medio-lateral

displacement of the CG, while the novices were more attuned to deceptive, the oth-

erwise dishonest signals, referring to upper trunk and shoulder rotation. Additionally,

they reported that experts gained a majority of correct responses sooner than novices,

suggesting that experts could accurately anticipate the final crossing direction of the
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attacker with less information. While, during an action response task, experts waited

significantly longer than novices before initiating their interception movement. The

delayed response in reaction time that we observed within this work was observed for

both novices and experts, with experts initiating displacement later than novices. The

delayed responses observed by experts has previously been associated to a method of

gaining more reliable information about the perceived action [Güldenpenning2017], this

is coherent with our findings, experts waited longer than novices. However, greater

reaction times were also observed for novices while interacting with CG than VH and

HC, where they may well be incorporating a similar method of gaining more reliable

information. The observed differences between novices and experts in this study may

be further explained by the action capabilities of experts, such as being physically able

to cover greater distances in shorter times [Oudejans1996, Dicks2010b, Navia2018].

Within our study, experts were more successful in identifying the future passing direction

of an opponent than novices. These findings were consistent for both perception and

perception-action tasks. Novices and experts were equally successful in determining the

passage of the attacker, irrespective of visual appearance or cut off times during NDM.

The difference in expertise only became distinguishable during DM, where performance

for both experts and novices significantly decreased, experts were superior to novices

in anticipating deceptive motion. These findings are in accordance with previous lit-

erature, that experts have a greater rate of success in identifying and correctly acting

up deceptive motion within rugby [Jackson2006, Brault2010, Brault2012, Mori2013,

Wright2014], cricket [Renshaw2000, Brenton2016], handball [Cañal-Bruland2010] and

tennis [Sinnett2010].
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A.5.2 Appearance Performance

Where [Brault2012] previously hypothesised a correlation between CG and performance,

we have not produced supporting evidence for this. Our findings report a detrimental

effect on performance while interacting with CG. First, in the perception only task,

experts and novices had similar performance scores while interacting with CG but experts

regained their advantage of expertise while interacting with VH and HC when compared

to novices. While novices did improve during interactions with VH and HC compared

to CG, they did not improve with the aid of HC when compared to VH. Moreover, the

detrimental effect from CG was observable during NDM, and during DM the success rate

in performance decreased the longer the stimulus was visible. Second, in the perception-

action task, experts regained their advantage by maintaining a greater success rate than

novices for all visual appearances. During the perception-action task, both experts and

novices were most successful while interacting with VH. Novices had a similar success

rate between VH and HC, while experts performed best with VH.

In non-competitive settings, [Meerhoff2014] and [Lynch2017] both reported advantages

of full body representations as opposed to global motion visual cues. Meerhoff et al.

[Meerhoff2014] reported temporal advantages in completing a mimicry task while inter-

acting with local motion cues (i.e., arms and legs) or a large sphere (i.e., global motion

cue) the same height as the virtual human. Lynch et al. [Lynch2017] also reported

advantages of full body representation with local cues as opposed to interactions with

global motion cues only. Where cues were not bound to a subjective preference of visual

appearance, rather, the perceived action-opportunities. Specifically, their visual appear-

ances of local motion cues produced similar results while global motion cues varied. Our

findings are in accordance with these previous findings, global motion cues alone lack

sufficient information for reproducible and repeatable performances as observed for local

motion cues. Additionally, there was no advantage with the simultaneous presence of

global and local motion cues.

| 260



Discussion

A.5.3 Timing

During the perception-action task experts generally took longer to react to the stimuli,

and CG and DM required longer reaction times. Moreover, both novices and experts

required more time to observe CG, both for NDM and DM. Further, during the percep-

tion task there was an effect of cut off times, overall performance improved with longer

exposure for both experts and novices. This trend of improvement in performance was

observed for both VH and HC, however performance with CG did not improve with time.

Rather, when considering visual appearance with DM and cut off times the success rate

lowered after T1.

Our findings of reaction time during the perception-action task were similar to those of

[Brault2012], experts took longer to act on a decision, they attributed these findings to

a superiority in expertise, that is, experts minimised the number of motion errors in the

wrong direction by delaying their response. This could also explain the delayed response

observed for both experts and novices whilst interacting with CG, both groups delayed

their responses to minimise errors in the wrong direction. However, this does not fully

explain the differences observed between experts and novices if both are adopting similar

strategies.

Meerhoff et al. [Meerhoff2014] also reported a temporal advantage of local motion

cues (i.e., arms and legs) during a non-competitive setting; participants whilst interact-

ing with a large sphere, the same height as the virtual human, had delayed responses

in producing a mirrored or mimicked action of the visual display. Further, Lynch et al.

[Lynch2017] reported similar findings during an orthogonal collision avoidance task. Par-

ticipants, while interacting with a small red sphere, delayed their action response than

during other interactions of global (i.e., a cylinder) or local motion cues (i.e., virtual hu-

man). They attributed this delayed response to a later threshold in the optical expansion

than larger obstacles and the action-opportunities perceived by the participant.
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Although, in a head on approaching task, Savelsbergh et al. [Savelsbergh1991] has

previously shown a correlation of time to contact and the rate of expansion, where

participants adjusted their hand apertures to catch a luminous ball. Considering these

findings, we suggest that indeed both experts and novices adopted a delayed response

to minimise errors whilst interacting with CG. This condition had indeed limited visual

information with a low rate of expansion, creating uncertainty about the future passing

direction of the attacker. This could possibly explain the inverted performance observed

in the perception study where success rate dropped as cut off time increased during CG.

Finally, the observed differences between novices and experts could be explained by

experience based on perceived action - opportunities [Hommel2001, Rizzolatti2001,

Schütz-Bosbach2007]. That is, experts contain the appropriate motor repertoire from

previous experience to associate from perception to required action. In part, this could

explain the observed difference between perception and perception-action tasks; ex-

perts were unaccustomed in perceiving global motion of CG alone, however, during

perception-action, they access their motor repertoire when physically required to in-

tercept CG. Indeed, interacting with CG would not be habitual for both experts and

novices; however, experts are familiar with the attacker-defender task and their action

capabilities.

A.5.4 Limitations

An initial limitation in direct comparison to the previous study of [Brault2012] would be

the change of apparatus. Previously, [Brault2012] completed their virtual reality study

through the application of head mounted displays, while we have conducted our study

using a computer assisted virtual environment. Both approaches have been previously

validated and applied in ecological perception studies [Loomis1999, Brault2012], with

known limitations [Loomis2003, Banton2005]. Head mounted displays have previously

| 262



Conclusion

been reported to have a reduced field of view and an increased impact on inducing simu-

lator sickness compared to immersive environments [Creem-Regehr2005, Sharples2008].

A second limitation of the study could be attributed to the reaction time responses.

Within our experimental setup we recorded reaction times and initiation responses from

the moment of toe off before attacking direction reorientation defined as T0. Theor-

etically, as the stimulus was present prior to T0, participants could have performed an

initial movement before an actual change in direction. However, we only considered

responses and reaction times after T0 as the stimulus prior the reorientation provided

no additional information on passing direction, this is in accordance with the paper of

[Brault2012], but it could be interesting to evaluate if reaction times appeared before

T0 for some players, mainly novices. Finally, we observed differences in overall reaction

times in comparison to [Brault2012]. We attributed this general difference of mean

reaction times to possible variances in the distance at which T0 occurs, while we main-

tained a similar methodology in the determination of T0 as [Brault2012], there was no

specification of distance of the attacker from the defender at T0.

A.6 Conclusion

To our knowledge, this is a first paper to investigate the effect of visualised CG and

performance in a rugby attacker-defender dyad. Our findings were in agreement with

previous literature, experts more accurately detected the side an attacker would pass

than novices, and that performance is hindered by deceptive motion such as a side-step

in rugby. However, global motion cues alone were not sufficient in correctly detecting

attacker direction. The rate of success was least for both experts and novices during

deceptive motion whilst interacting with CG. The inclusion of CG on VH (HC condition)

had no additional effect on performance or reaction times for both novices or experts in

comparison with VH alone. During the perception-action task both novices and experts
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adopted a delayed reaction response whilst interacting with CG. Additionally, experts

had delayed reaction responses compared to novices for all visual appearances. We

attribute this difference to sport specific action-opportunities, experts being trained and

adapted to the attacker-defender dyad and may access and use an associated motor

repertoire to delay their responses for increased certainty prior to initiation of motion. In

comparison to [Brault2012] it appears that the global displacement of the whole body is

necessary, however, the introduction of CG combined with VH (HC), was inhibitory on

overall performance for experts. This suggests the introduction of CG as a training aid

in attacker-defender dyad is not a relevant cue. Future work could consider the use of

eye tracking as a method of detailing the notions of global and local cues, alternatively,

the introduction of rigid attackers, without articulations of the joints, may provide

insight. Where we have been unable to identify a possible training aid through the

visual representation of CG, global displacement of a whole body, without articulation,

may be a simplification of the interaction and a greater impact on training applications.
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Titre :   Perception visuelle du mouvement humain dans les interactions lors de tâches locomotrices 

Mots clés :  Perception du mouvement, Évitement de collision, Locomotion, Regard, Interaction, 
Trajectoire 

Résumé :  Durant ses activités quotidiennes, un 
marcheur interagit avec son environnement et en 
particulier avec les autres marcheurs, notamment 
en évitant toute collision. La nature de 
l'information visuelle utilisée pour une interaction 
sans collision est une question encore très 
ouverte à ce jour. Dans ce cadre, cette thèse vise 
à répondre aux questions suivantes : quels sont 
les indices visuels qu'un individu perçoit à partir 
du mouvement des autres ? Quels sont les 
mécanismes d'interprétation possibles et les 
modèles utilisés pour déterminer les possibles 
risques de collision ? Afin de répondre à ces 
questions, nous avons mis en place des 
expérimentations impliquant des évitements de 
collision entre deux marcheurs en utilisant la 
réalité virtuelle, permettant un contrôle détaillé de 
l'environnement visuel et des informations 
visuelles disponibles.  La première étude s'est 

concentrée sur la nature de l'information visuelle 
fournie par un autre marcheur, en particulier, si 
ces informations sont extraites d’une perception 
locale considérant les segments corporels, ou 
d’une perception globale du mouvement du 
corps. La deuxième étude s'est concentrée sur 
l’influence de la trajectoire de l’autre marcheur 
(en ligne droite ou en courbe) sur la capacité à 
estimer de façon précise un possible risque de 
collision. Enfin, la troisième étude s'est 
concentrée sur l’effet du contact visuel sur 
l'interaction entre les deux marcheurs. Nous 
avons présenté ici le couplage entre les 
possibilités d'action perçues et les possibilités 
offertes par la nature de l'information visuelle et 
démontré que les marcheurs peuvent détecter les 
collisions futures prévues lorsqu'un autre 
marcheur suit une trajectoire avec des 
accélérations constantes. 

 

Title:  Visual perception of human movement during walking task interactions 

Keywords : Motion perception, Collision Avoidance, Locomotion, Gaze, Interaction, Trajectory 

Abstract:   During daily activities, a walker 
interacts with their environment, especially the 
other walkers, avoiding any collision with them. 
The nature of visual information that is used for a 
collision-free interaction requires further 
understanding.  Specifically, the thesis aims to 
answer the following questions: what are the 
visual cues an individual perceives from the 
movement of others? What are the possible 
interpretation mechanisms and models used for 
determining future predicted crossing distances? 
To answer these questions, we designed 
experiments considering collision avoidance 
interactions between two walkers in virtual reality, 
allowing detailed control of the visual 
environment and the available visual 

information. The first study of the thesis focused 
on the nature of visual information provided from 
another walker, investigating whether these 
visual cues are extracted from local body parts 
or from global perception of the body motion. 
The second study investigated the influence of 
the walker's path (straight or curved), which the 
participant is interacting with for the accurate 
estimation of future risk of collision.  Finally, the 
third study investigated whether eye contact 
influences the interaction. Here we have 
demonstrated the coupling of perceived action-
opportunities affordances from the nature of 
visual information and evidenced that walkers 
can detect future predicted collisions when 
another walker follows a path with constant 
acceleration.  
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