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Abstract 

 
Successful navigation through our environment depends on selecting and controlling 

the appropriate course of action. According to ecological psychology, decisions on when and 

how we act is achieved through the detection of information specifying affordances; the fit 

between an actor’s action possibilities and their environment. As a result, errors in decision-

making may derive from an unanticipated actualization of what the environment affords. 

While recent research has aimed to understand how changes in physical limitations of 

individuals influence their perception of what the environment affords them, little research 

has investigated how changes during life span influence sensitivity to specifying information, 

and how these may impact upon action decisions. 

In a series of interlinking studies using virtual traffic environments, different age 

groups were investigated in their ability to: tune into action-relevant information in the 

optical array, use such information to guide both the choice of behaviour and the continuous 

guidance of action, and re-educate attention to specifying or non-specifying action 

information. Findings support the general assumption that ageing impacts the ability to tune 

into information which specifies whether a gap affords crossing or not and this extends 

beyond action selection to influence how an affordance is actualized.  

Together, these studies provide evidence of age deterioration in the use of perceptual-

based information that guides decisions about when and how to act. This suggests that to help 

prevent unintended injury, intervention strategies for older adults should focus on re-learning 

how to tune into and use information that specifies affordances in hazardous environments. 

 



iii 
 

  Acknowledgements 
 

 Completing this PhD has provided me with an incredible opportunity to work with 

people I greatly respect and admire. First, I would like to thank the supervisor who started me 

on my journey, Cathy Craig, for your advice, encouragement, and support. I know this thesis 

would not have been possible without you pushing me to learn new skills and go outside my 

comfort zone. I consider myself lucky to not only see you as a mentor, but also a dear friend.  

 Equally I would like to give thanks to Matthew Rodger for your advice and support 

throughout my completion of this PhD. Your insight and feedback has been invaluable and I 

always enjoy our conversations about anything and everything to do with ecological 

psychology. I will be forever grateful for you offering to transition from secondary to primary 

supervisor and the amount of patience you have shown during the process. 

 I would like to thank Caroline Whyatt for her support during the early stages of this 

PhD and giving me the opportunity to visit New Jersey to conduct research alongside you. I 

am grateful for your advice, friendship and having shared the unique experience of sharing a 

Northern Irish thanksgiving dinner with you!  I would also like to thank Mihalis Doumas for 

your general words of encouragement, advice and first sparking my interest in research and 

ageing during my undergraduate.  

 I extend my thanks to several people who have helped make my experiments possible. 

I am grateful to the NI Department of Employment and Learning whose funding enabled me 

to undertake this PhD. I also would like to thank the School of Psychology for providing me 

with the facilities and technology required for the undertaking of this work and the continued 

opportunities to further my professional development. To everyone who generously took the 

time to take part in my experiments and showed an endless resource of patience as I asked 



iv 
 

them to cross the road repeatedly while wearing a virtual reality headset. To the people who 

lived with me in the Movement Innovation Lab: Luis Gómez-Jordana Martín for helping 

collect data for studies 1 and 2; Theofilos Valkanidis for the many laughs we have shared and 

your willingness to help whenever needed; Iris Willaert for your help with motion capture 

and putting up with my rants whenever I couldn’t get my Unity code to work; and Niall Kelly 

for many diverse and interesting conversations around skill acquisition and our shared love of 

cricket. To so many of my fellow PhD students on the top floor in the School of Psychology 

who have been an amazing support network and always available if you need a laugh during 

a period of stress or worry. 

 I would like to thank my family and friends who, while not directly involved in this 

research, have been a source of continued support and crucial to my wellbeing during my 

studies. Thank you in particular to Mum and Dad who have always supported me in 

everything I have done. 

Finally I wish to thank my wife, Joy for her constant love and support. I would never 

have come this far without you by my side. 

   

  



v 
 

ABSTRACT .......................................................................................................................... ii 

ACKNOWLEDGEMENTS .................................................................................................. iii 

LIST OF FIGURES AND TABLES .................................................................................... ix 

CHAPTER 1: INTRODUCTION ......................................................................................... 1 

CHAPTER 2: THEORECTICAL BACKGROUND ............................................................ 9 

2.1 INTRODUCTION  ............................................................................................................ 9 

2.2 TRADITIONAL ACCOUNTS OF ACTION DECISION-MAKING  ............................... 10 

2.2.1 The influence of the environment on making action-based decisions  ............... 10 

2.2.2 The influence of individual characteristics on making action-based decisions..13 

2.2.3 Linking the environment and the self with inferential processing……...……...15 

2.3 AN ALTERNATE APPROACH – THE ENVIRONMENT-ACTOR SYSTEM ................. 20 

2.3.1 Direct perception  ................................................................................................ 22 

2.3.2 Theory of affordances…………………………………………………….……24 

2.3.3 Perceiving affordances ........................................................................................ 25 

2.4 ERRORS IN AFFORDANCE PERCEPTION……………………………………………….28 

2.4.1 The role of information pickup in decision-making…………………………..29 

2.4.2 The role of perceptual-motor calibration in decision-making……………......34 

2.5 ALTERNATIVES TO LOOMING INFORMATION WHEN MAKING TTA 

JUDGEMENTS…………………………………………………………………………...……….38 

2.6 THE EVOLUTION OF GENERAL TAU THEORY …………………………..…………...40 

2.7 CONCLUDING REMARKS ........................................................................................... 42 



vi 
 

CHAPTER 3: UNDERSTANDING AND INFLUENCING AFFORDANCE 

PERCEPTION AND ACTION DECISIONS: HOW VIRTUAL REALITY CAN 

HELP……………………………………………………….…………….……………….44 

3.1 INTRODUCTION  .......................................................................................................... 44 

3.2 WHAT IS VIRTUAL REALITY? ..................................................................................... 45 

3.3 THE ROLE OF DISPLAY AND INTERACTION TECHNIQUE ................................... 46 

3.4 LEVEL OF IMMERSION ............................................................................................... 49 

3.5 VR AS A RESEARCH TOOL FOR DECISION-MAKING ............................................. 52 

3.6 USING VR TO MODIFY THE ENVRIONMENT-ACTOR SYSTEM.............................. 52 

3.7 USING VR FOR IMMERSIVE DECISION TRAINING ................................................. 57 

       3.7.1 Augmented feedback in VR................................................................................... 58 

       3.7.2 Transfer between the virtual and real world ........................................................ 60 

3.8 CONCLUDING REMARKS ........................................................................................... 63 

CHAPTER 4: DESIGN OF A VIRTUAL ROAD-CROSSING ENVIRONMENT FOR 

ACTION-DECISION INVESTIGATION AND TRAINING…………………………....65 

4.1 MAINTAINING AN EGOCENTRIC VIEWPOINT………………………………….65 

4.2 IMMERSION………………………………………………………………………….66 

4.3 PRESENCE……………………………………………………………........................67 

4.4 PERCEPTION AND ACTION………………………………………………………..68 

4.5 SYSTEM DESIGN………………………………………………………………….....69 

4.6 CONCLUSION………………………………………………………………………...70 



vii 
 

CHAPTER 5: AGE-RELATED DIFFERENCES IN THE PERCEPTION OF GAP 

AFFORDANCES: IMPACT OF STANDARDIZED ACTION CAPABILITIES ON 

ROAD-CROSSING JUDGEMENTS………........……………………………………... 71 

5.1 INTRODUCTION  .......................................................................................................... 71 

5.2 ROAD-CROSSING AS A PERCEPTUAL-MOTOR AVOIDANCE TASK ...................... 72 

5.3 PROSPECTIVE INFORMATION FOR THE PERCEPTION OF DYANAMIC 

AFFORDANCES IN A ROAD-CROSSING CONTEXT………………………………………..73 

5.4 AGE-RELATED CHALLENGES IN PERCEIVING DYNAMIC AFFORDANCES ....... 74 

5.5 VIRTUAL REALITY METHODOLOGY IN ROAD-CROSSING .................................... 76 

5.6 AIMS AND RESEARCH QUESTIONS........................................................................... 77 

5.7 METHOD ....................................................................................................................... 78 

5.8 RESULTS ....................................................................................................................... 88 

5.9 DISCUSSION……………………………………………………….…………………………100 

5.10 MOVING THE SELF IN RELATION TO OTHER MOVING OBJECTS ................... 108 

CHAPTER 6: DIFFERENCES BETWEEN CHILDREN, YOUNG, AND OLDER 

ADULTS’ ABILITY TO USE PERCEPTUAL INFORMATION TO GUIDE ACTION-

BASED DECISIONS WHEN CROSSING A ROAD ...................................................... 110 

6.1 INTRODUCTION  ........................................................................................................ 110 

6.2 INITATING ACTIONS ................................................................................................. 111 

      6.2.1 Impact of development and healthy ageing on action initiation ......................... 112 

6.3 INFORMATION-MOVEMENT COUPLING STRATEGIES TO SYNCHRONIZE SELF 

AND OBJECT MOVEMENT.............................................................................................. 114 



viii 
 

        6.3.1 Impact of development and healthy ageing on action control .......................... 120 

6.4 METHOD ..................................................................................................................... 124 

6.5 RESULTS ..................................................................................................................... 133 

6.6 DISCUSSION ........................................................................................................................... 144 

6.7 CAN OLDER ADULTS RE-LEARN HOW TO PICK-UP INVARIANT SOURCES OF 

PROSPECTIVE INFORMATION?................................................................................................148 

CHAPTER 7: EDUCATING OLDER ADULTS’ ATTENTION IN A VIRTUAL 

ROAD-CROSSING TASK: TOWARD AND AWAY FROM GAP-SPECIFYING 

INFORMATION .............................................................................................................. 150 

7.1 INTRODUCTION  ........................................................................................................ 150 

7.2 PERCEPTUAL LEARNING ......................................................................................... 150 

7.3 RETURNING FROM NON-SPECIFYING INFORMATION ....................................... 153 

7.4 AGE-RELATED CONSTRAINTS ON PERCEPTUAL LEARNING ............................. 155 

7.5 THE CURRENT STUDY……………………………………………………………………..159 

7.6 METHOD ..................................................................................................................... 161 

7.7 RESULTS ..................................................................................................................... 174 

7.8 DISCUSSION ............................................................................................................................ 183 

CHAPTER 8: SUMMARY AND CONCLUSIONS ......................................................... 191 

8.1 INTRODUCTION  ........................................................................................................ 191 

8.2 EMPIRICAL REVIEW .................................................................................................. 192 

8.3 HOW DOES AFFORDANCE PERCEPTION CHANGE ACROSS THE 

LIFESPAN?........................................................................................................................196 



ix 
 

8.4 PERCEPTION-ACTION VS PERCEPTION-ONLY PARADIGMS FOR PERCEPTUO-

MOTOR RESEARCH……………………………………………………………………..…...….203 

8.5 USING VIRTUAL REALITY TO INVESTIGATE ACTION-BASED DECISION-

MAKING……………………………………………………………………………………...…….204 

8.6 LIMITATIONS AND FUTURE RESEARCH ................................................................ 208 

8.7 APPLICATION OF CURRENT WORK ....................................................................... 211 

REFERENCES ................................................................................................................. 215 

APPENDIX A: Video demonstrations of the virtual environments ............................. ...261 

APPENDIX B: Virtual environment used for action-decision making and training….262 

 

 

 

 

 

 

 

 

 

 

 



x 
 

List of figures and tables 

Table 5.1: Summary of means for each age group’s average walk speed (SD) including its, 

max, min, range and differential between actual and imposed walk speed (SD)…………….79 

Table 5.2: Table displaying the speed, distance between the tail and lead vehicle (in metres), 

the resulting time-to-arrival (the time remaining until the tail vehicle’s front bumper reaches 

the pedestrian’s line of travel once the lead vehicle’s rear bumper passes the pedestrian’s line 

of travel), the tau differential, the gap with the greater tau value and if crossing was afforded 

(yes/no).………………………………………………………………………………………88 

Table 5.3 Summary of means (SD) for each age group including percentage of correct 

decisions (rejecting unsafe gaps and accepting safe gaps), accepted crosses (pressing the 

button while the inter-vehicle gap was open), collisions resulting from crosses (the inter-

vehicle gap closing before the participant completed crossing) and safe errors (rejecting a 

safe opportunity to cross).  In addition, mean response time (time in seconds between the 

inter-vehicle gap opening the participant pressing the button to cross) with and without 

collision is summarised……………………………….……………………………………93 

Figure 5.1a: A photograph of a participant wearing the Oculus HMD with an Intersense head 

tracker attached to update the viewpoint in the virtual world in real time. The participant is 

holding the Xbox controller in his hand to record his responses…………………………….80 

Figure 5.1b: A schematic diagram showing the axes of movement of the two lanes of cars and 

the gaps between them. The participant has to close the gap in the Z-axis before the gap in the 

X-axis closes (i.e. before the trailing car in the far lane crosses the z axis)………………….80 

Figure 5.2: A graph showing the taus (normalised to 100 samples) of the inter-vehicle gaps 

i.e. tauX (dotted lines) for the 18 different experimental conditons. The solid green line 



xi 
 

denotes tauZ or the tau of the motion gap between the two sidewalks. As the walking speed in 

the simulator was fixed, this tau remained constant across the 18 different experimental 

conditions. Y = 0 marks the instance that the gap was considered closed (either the pedestrain 

reaching the opposite sidewalk or the tail vehicle reaches the pedestrian’s line of crossing).87 

Figure 5.3: Two example graphs showing differences in a logistic (S-shaped) fit. The top 

graph indicates a good fit of the predictor variable to the data with a steep S-shaped curve 

giving an indication of an abrupt transition from rejected gap to accepted gap. This suggests 

that the informational quantity was a good predictor of participant’s crossing decisions. In 

contrast, the bottom graph shows a weak fit of the predictor variable to the data with a 

shallow S-shaped curve indicating a more gradual switch between rejecting and accepting a 

gap. This suggests the informational quantity was not a good predictor of participant’s action-

based decisions…………………………………………………………………………...…..90 

Figure 5.4: A graph showing the mean response times in seconds with respect to whether a 

Collision resulted or not (Yes/No) for each age group (Children, Adults, & Older Adults). 

The error bars represent the 95% confidence intervals. From the graph it can be seen that 

older adults showed a greater response time in the trials where they crossed unsuccessfully 

with a minimal difference for children and adults.………………………………………...96 

Figure 5.5: Figures showing the logistic functions for the tau differential (the difference 

between tauX and tauZ) and the % average cross responses for children (a), adults (b) and 

older adults (c). The R2 (percentage of variance explained by the regression line), CV (critical 

value when the responses switch from collision to no collision) and the slope values for each 

group are also displayed……………………………………………………………………99 

Figure 6.1: Image of a participant viewing the virtual environment while wearing the head-

mounted display (HMD)……………………………………………………………………125 



xii 
 

Figure 6.2a: Photograph (left) of a participant walking during a trial wearing the head-

mounted display (HMD) with the Intersense IS-900 bar placed on top of the headset. An 

experimenter followed behind the participant carrying the cables to ensure safety……….127 

Figure 6.2b: One of the two rigid bodies attached to each foot to allow the participant to see a 

representation of their feet in the virtual environment……………………………………127 

Figure 6.3: Bar graph showing the average percentage of collisions for each age group. The 

asterisk denotes significant differences……………………………………………………136 

Figure 6.4: Figure showing the logistic functions (dashed lines) for the various tau values of 

the inter-vehicle gap when the gap first opens and the % average cross responses (circles) for 

children (blue), adults (red), and older adults (green)………………………………………137 

Figure 6.5a: Figure showing an adult’s successful cross represented by tauZ (action gap) 

closing (i.e. reaching zero) above tauX (information gap)………………….........................142 

Figure 6.5b: Figure showing an older adult’s unsuccessful cross represented by tauX 

(information gap) closing (i.e. reaching zero) above tauZ (action gap)……………………142 

Table 6.1: Table displaying the 18 unique combinations of speed, distance, and the resulting 

time-to-arrival……………………………………………………………………………….127 

Table 6.2: Means (SDs) for each age group for action selection measures, including 

percentage of accepted crosses, transition point, slopes of the individual linear relationships 

of gaps accepted as a function of approaching time, and collisions resulting from crosses for 

adults, children, and older adults in the road-crossing task…………………………………138 



xiii 
 

Table 6.3: Means (SDs) for each age group for action timing measures, including initiation 

time, timing variability, crossing time, and time to spare for adults, children, and older adults 

in the road-crossing task…………………………………………………………………….139 

Figure 7.1: Screenshots from the pedestrian’s perspective of the vehicles approach in both the 

near lane (right panel) and far lane (left panel)………………………………………..……163 

Figure 7.2: The KR feedback received in both training phases. If participants rejected an 

opportunity that afforded safe passage, they received a red ‘X’. If participants rejected an 

opportunity that afforded collision, they received a green tick. If a participant crossed they 

received a safety margin gauge. The non-specifying group received feedback in the form of 

distance of the approaching vehicle once they reached the opposite curb. The specifying 

group received a gauge in seconds to spare. The bar was green if the participant safely made 

it across without collision and red if they collided with the approaching vehicle. As a result, 

participants received KR feedback that informed them if their attempted cross was successful 

(inter-vehicle gap was still open when they reached the opposite curb) or not (inter-vehicle 

gap was closed and they had not yet reached the opposite curb)……………………........166 

Figure 7.3: Tau values for each auditory cue trigger used in the experiment as the vehicle 

approached the participant. Figure 7.3a shows a near-identical linear relationship across trials 

between the onsets of the auditory cues and the tau value of the approaching vehicle (as 

calculated from the ratio of the car’s optical angle and this angle’s rate-of-change in the VR 

presentations of these conditions). Conversely, figure 7.3b shows variable linear relationships 

across conditions between the auditory cue onsets and the concurrent tau values of the 

approaching vehicle………………………………………….................…………………...168  

Figure 7.4: Bar graph showing the average percentage of gaps accepted for each test phase. 

The asterisk denotes significant differences………………………………………………175 



xiv 
 

Figure 7.5: Figures showing the logistic functions for the % of gaps accepted for the three 

experimental groups during the pre-test phase, post-test phase, and the retention phase. For 

each phase, a logistic function was fitted for the three candidate informational variables: tau 

differential (the difference between tauX and tauZ), the magnitude of the gap, and the rate of 

closure of the gap…………………………………………………………………………178 

Figure 7.6: The difference in R2 values for each individual across the three groups at the 

different test phases…………………………………………………………………………183 

Table 7.1: Combinations of the different conditions for virtual cars’ speed, distance, the 

resulting time-to-arrival, and the tau differential…………………………………………...164 

Table 7.2: Summary of means (SDs) for each cue group including % of gaps accepted, % of 

correct responses, % of unsafe errors, and % of safe errors across the three different test 

phases in the road-crossing task…………………………………………………………….177 

 



1 
 

Chapter 1 

Introduction 

 
We live in a dynamic world filled with moving objects, both inanimate and animate. 

Vehicles, machines, playthings and other people are continually approaching and moving 

away from us. As a result, every day of our lives we are constantly making decisions about 

when and how to act in relation to these objects. We can effortlessly ride a bike, drive a car or 

walk through a city accurately coordinating our actions and avoiding potential hazards along 

the way. How living creatures are able to expertly decide what actions to perform has been of 

great interest to scientists in domains as varied as elite sports (Starkes, Helsen, & Jack, 2001) 

and prey-avoidance behaviour in animals (Lima & Dill, 1990). Even animals with very small 

nervous systems such as insects, can show precise skill in coordinating actions, moving 

rapidly and precisely to satisfy task demands in a way comparable to humans (Wagner, 

1982). It is this broad context in which the research question of the current thesis is formed, 

that is, how humans are able to safely select and coordinate actions in relation to speeded 

moving objects in their environment.  

To select and guide one’s actions in relation other objects requires actors to decide 

when and how to carry out an action. Hastie (2001) defined such action-based decision-

making as the ability of an actor to select functional behaviour from a number of possible 

actions to achieve a specific goal. For instance, whether to pass the ball or run with the ball in 

rugby or whether to walk or run while crossing the road (Correia, Araújo, Cummins, & Craig, 

2012; Plumert, 1995).  However, successful coordination in relation to other objects is 

dependent not only upon choosing an action from among many possible alternatives, but also 

ensuring that they are controlled effectively during their execution. Guiding movement 
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through an ever-changing environment is a four-dimensional jigsaw puzzle, as the actor’s 

actions must fit both the environment’s spatial and temporal constraints. Therefore, the 

preferred action-solution must be effectively controlled relative to the environment. Selecting 

the most appropriate actions is useless if the action cannot be successfully controlled. 

To fit actions into spatio-temporal slots requires maintaining a mutual, circular 

relationship between perception and action (Craig & Watson, 2011). This is because actions 

lead to new perceptions of the environment which in turn lead to new actions in the 

environment (Gibson, 1979). By coupling their own movement to perceptual information 

from the environment, an actor can overcome the problem of choosing and controlling an 

appropriate mode of action as it allows the actor to directly perceive and act upon information 

specifying the relation between the actor and their surrounding environment. The ecological 

perception approach to decision-making, adapted from Gibson (1979) and adopted in the 

present thesis, proposes this information specifies opportunities in the environment that 

afford particular actions, known as affordances. “To perceive an affordance in Gibson’s view, 

is to perceive how one can act when confronted with a particular set of environmental 

conditions” (Fajen, Riley, & Turvey, 2009, p. 87). These possibilities for action form the 

basis for decision-making (Craig & Watson, 2011). For instance, a chair can afford lifting, 

sitting or climbing depending on the situation. Accordingly, the problem of how actions are 

coordinated becomes one of perceiving the various opportunities for action and perceptually 

guiding the appropriate action solution to actualize that affordance (Smith & Pepping, 2010). 

 In visually guided actions, the environment can simultaneously provide positive and 

negative affordances. For example, crossing through an inter-vehicle gap as a pedestrian can 

simultaneously afford safe passage but also afford injury if the action of crossing does not 

satisfy the spatio-temporal demands. Gibson (1979) proposed there exists a “gradient of 

danger” and a limit at which the affordances of the environment change from safe, leading to 
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adaptive behaviours, to unsafe, leading to injury. When we are navigating close to a cliff 

edge, for example, the closer the edge of a cliff we become, the greater the danger. Therefore, 

to prevent errors in scenarios where the opportunities for action are ever-changing, an actor 

must be sensitive to the relative fit of their action capabilities and the properties of the 

environment to ensure safe decision-making. “The notion of what actions an athlete is 

capable of performing is central to decision-making” (Craig & Watson., 2011, p. 692). This is 

especially true when errors are costly, such as an outfielder missing a fly ball in a high-stakes 

game or colliding with an approaching car. Cordovil, Araújo, Pepping, and Barreiros (2015) 

describe risk in these scenarios as emerging from slight (unanticipated) changes in the actor’s 

actions, or unanticipated changes in the environment itself. Cordovil and colleagues propose 

that by using affordances as a framework for understanding errors in decision-making, risk 

needs to be considered as a relational concept, that is, as the relationship between the 

individual and their environment.  

 In dynamic scenarios where the environment is ever-changing, unanticipated changes 

in either the environment or actions within the environment are common, with the potential 

resulting injuries often being severe. Globally, unintentional injuries are responsible for over 

3.9 million deaths per year and are categorized as such by falling under five major categories: 

road traffic injures, burns, falls, drownings, and poisonings (Chandran, Hyder, & Peek-Asa, 

2010; Sethi, 2008). Within these fatality statistics, children (over the age of five) and older 

adults (over the age of sixty) have been identified as “at risk” groups suggesting ageing acts 

as significant constraint on safe decision-making (Peden et al., 2009; Sjögren & Björnstig, 

1989). For instance, once a child reaches 5 years old, unintentional injuries are the biggest 

threat to their survival with more than 2000 families losing a child everyday due to 

unintentional injury (Peden et al., 2009). Therefore, learning when and how to act in relation 
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to what objects afford is a critical component of perceptual-motor development as it is a 

major contributor to safe interaction with one’s environment (O’Neal et al., 2018).  

Decision-making at a young age is particularly challenging as the environments 

children move in are designed by and for adults and thus afford different actions for children 

with different body dimensions and action capabilities (Istre et al., 2003). Since affordances 

are determined by the fit between the properties of the environment and the action 

capabilities of the actor, the same environmental characteristics can offer different 

opportunities to different actors (Turvey, 1992). As a result, children from an early age are 

required to form adaptive behaviours in relation to objects and surfaces that present potential 

harm (Kayed & van der Meer, 2000). For instance, the environments of new-borns are 

abound with surfaces and objects adapted for adults that could cause possible damage to the 

sensitive cornea of the eyes if they came into contact with the infant’s face. As we develop 

physically (e.g. increased physical size and strength; Newell & Wade, 2018) and perceptually 

(e.g. shifting to more reliable optical variables and increased visual acuity; Kayed & van der 

Meer, 2009; Wright, 2006), the opportunities for action within environment change. For 

example, by 15 months a child has developed the ability to identify and climb onto objects 

and at 2 years has developed visuo-motor coordination of both limbs resulting in an ability to 

kick a ball, jump with two feet off the floor and throw a ball overhand (Gerber, Wilks, & 

Erdie-Lalena, 2010). These changes during growth can mean what is risk behaviour at a 

certain moment, for a certain child, may not be during another point during development. 

At the opposite end of the lifespan, despite 5% of deaths arising due to unintentional 

injuries in Sweden, more than half (55%) of people who die due to unintentional injuries, are 

aged 60 years and over (Official Statistics of Sweden, 1987). In general, as perceptual-motor 

function declines, so does the range of possible actions (Comalli, Franchak, Char, & Adolph, 

2013). To reduce the risk of unintentional injury, older adults must account for the age-
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related changes when identifying possibilities for action. Physically, muscles begin to weaken 

with a decline of maximum achievable movement speed, isometric and dynamic strength 

beginning between the ages of 50-59 (Larsson, Grimby, & Karlsson, 1979). Visual acuity and 

sensitivity to visual motion declines as the number of visual impairments and eye conditions 

increases with age (Owsley, 2011; Poulter & Wann, 2013). When the environment is 

dynamic, and self-movement must be coordinated with information about trajectories of 

moving objects such as crossing the road, older adults seem to be at particular risk. In France, 

older adults make up more than half of all pedestrian fatalities (51%) despite representing less 

than 15% of the population (National Inter-ministerial Observatory for Road Safety, 2006). 

If the accurate perception of affordances leads to safe outcomes when making action-

based decisions, then this suggests that perceptuo-motor changes associated with age may act 

as a constraint on the ability to detect information specifying them, leading to negative 

outcomes. However, as noted, the perception of affordances is not independent of the 

perceiver’s actions. In Gibson's (1979) words “we must perceive in order to move, but we 

must also move in order to perceive” (p. 223). Errors in judging the relation between one’s 

action capabilities and the demands of the task have been suggested as an important factor 

contributing to accident risk (Plumert, 1995). For example, the simple act of stepping onto a 

curb is a more challenging task for an older person with weaker legs compared to an athlete 

(van Andel, Cole, & Pepping, 2018a). Children have been shown to often push the 

boundaries of their physical limitations and frequently misperceive the dangers and 

consequences of their actions (Adolph, Bertenthal, Boker, Goldfield, & Gibson, 1997). 

Similarly, Zivotofsky, Eldror, Mandel, and Rosenbloom (2012) found that although older 

adults are consciously aware of their physical limitations, their decision-making does not 

accommodate for declines in the motor components of the perceptual-motor system.  
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The aim of this thesis is to achieve a greater understanding of why unintended 

outcomes occur in the decision-making of “at risk” age groups. Unintended outcomes might 

derive from the inaccurate perception of affordances via the pickup of non-specifying (lower-

order) perceptual information or from the difficulty of actualizing the fit between the 

particular action capabilities of the individual and the opportunities arising from the 

environment (or both). Traditionally, two strands of literature exist regarding life-span 

changes in affordance perception and action decisions: one investigating age-related 

differences in the perception of whether there is a possibility for action (e.g. Comalli et al., 

2013; Ishak, Franchak, & Adolph, 2014) and the other investigating age-related differences in 

the guidance and coordination of actualizing a single possibility for action (e.g. Chihak, et al., 

2010). However, recent research has argued that rather than there being two distinct 

processes of action selection and action guidance which occur in sequence, affordance 

perception and movement guidance are interrelated and part of the same dynamic process 

(Smith & Pepping, 2010; Smith, Zaal, & Pepping, 2013). For instance, when an actor decides 

to cross a busy road, the decision to skip, walk or run is part of the spatio-temporal demands 

that specify safe crossing (Cordovil et al., 2015). In situations where multiple actions are 

afforded, behaviour can then be seen as a constant competition of affordances which has 

important consequences for different age groups with varying action capabilities. A child 

may have a variety of action-solutions afforded to them concurrently in a particular 

environment. In contrast, age-related motor decline causes older adults to have less 

adaptability in how affordances are actualized. This places a greater emphasis on older adults 

to use information specifying the environment-actor relation.  

In the present thesis, research was conducted with participants in three different age 

groups (children aged 10-12, young adults, and older adults (60+). By studying perception-

action capabilities during distinct periods of the human lifespan, this thesis aims to develop 
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our understanding of how ageing influences the perception and actualization of affordances. 

More precisely, in dynamic environments such as traffic-filled roads where the likelihood of 

unintended injury due to errors in action-based decisions is high. To achieve this goal, virtual 

reality technology was adopted with analysis techniques typically employed in the fields of 

affordance perception and the perceptual guidance of action. In doing so, this thesis aims to 

further our understanding of why unintentional injuries occur by adopting an ecological 

perspective and investigating the following specific research questions: 

1) Are there age group differences in the ability to tune into time-based information that 

directly specifies the affordances in dynamic environments?  

2) Are there age groups differences in the ability to use such time-based information to 

link decisions and actions? 

3) Can providing cross-modal cueing through sound improve the ability to visually 

perceive higher-order variables that specify the affordances of an inter-vehicle gap 

and is learning maintained when additional cues are removed? 

The thesis is organised into a theoretical chapter, a methodological chapter, and a design 

chapter which will form the background for three subsequent empirical chapters with a final 

chapter consisting of a general discussion.  

To address research question 1, chapter 5 reports on an experiment to empirically 

examine how age impacts the ability to perceive affordances, while ensuring the 

opportunities for action are the same across all participants. To date, limited research has 

examined how the perceptual decline associated with age impacts the ability to perceive what 

the environment affords relative to the action capabilities of the individual. This thesis aims 

to fill this gap using a virtual reality simulation that decouples the perceptual task of 

monitoring cross traffic and judging a safe crossing gap from the physical task of crossing a 
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road by imposing a fixed walking speed on all participants. This allows an investigation into 

age differences on the ability to use time-to-arrival information that specifies which gaps 

afford crossing.  

Question 2 was addressed by the study reported in chapter 6 which allowed participants to 

physically cross a virtual road enabling the investigation of age group differences in the 

ability to link decisions and actions. By using a paradigm that enables the coupling of 

perception and action by allowing participants to regulate their crossing speed to the 

information provided by the approaching car, we can investigate if different age groups both 

select and regulate their actions according to information that specifies the time-to-arrival of 

the car. 

In chapter 7, the question of training the perception of affordances was addressed in a 

study conducted with older adults which attempted to train changes in the perceptual 

variables used to make road-crossing decisions. Auditory cues were presented in a road-

crossing training experiment which were designed to draw attention either to higher-order 

optical variables that specify the TTA (time-to-arrival) of the approaching cars, or to lower-

order variables corresponding to non-specifying physical units. This study investigated the 

malleability of perceptual tuning to information-for-action in a population that have 

elsewhere been found to be less accurate in action decision-making in this context. 

Finally, chapter 8 summarises the results found in the three empirical chapters and relates 

them back to the context of affordance perception, virtual reality, and effects of ageing 

established in chapters 2 and 3. It also includes a discussion of the implications of these 

findings and provides recommendations for future research. 
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Chapter 2 

Theoretical background 

 
2.1 Introduction 

Before exploring how perceptual-based information that guides action decisions may 

contribute to our understanding of areas such as unintended injury, expertise, and ageing; we 

must first understand the theoretical approaches that explain how we choose an action from a 

range of possible alternatives. This chapter serves to provide an overview of the concepts 

adopted in this thesis for empirical investigation. Specifically, it begins by contrasting the 

ecological approach, which emphasises the interaction between the actor and the environment 

to more ‘mainstream’ approaches to decision-making, which see the actor and the 

environment as constitutionally separate entities in which decisions about when, and how to 

navigate through an environment depend on an ability to construct accurate internal 

representations of the world. 

  When we observe a performer skilfully interacting with their surrounding 

environment, what we are observing is a relationship between skilful perception and skilful 

action (Craig & Watson, 2011). Exteroceptive perception is defined as the ability to scan our 

environment and detect and interpret the surroundings using the various forms of energy such 

as light and sound waves in the environment that reach the senses (Bruce, Green, & 

Georgeson, 1996). These forms of energy are then used by the perceiver to support goal-

directed actions. For example, a pedestrian must be able to detect and interpret the changes in 

light that are reflected from the surface of the approaching car to obtain important spatio-

temporal information regarding where and when the object will be at a specific point in time. 

A problem that psychologists encountered when studying the relationship between perception 
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and action is how to explain the process of converting the input from the senses into the 

ability to understand and interact with our environment. Explaining the nature of this 

relationship introduced two schools of thought: that decision-making is an ‘indirect process’ 

where meaning is attached to meaningless sensory information via knowledge stored in long-

term memory; alternatively, that perception is a ‘direct’ process, whereby the available 

information in the structured energy media forming the basis for decision-making is rich and 

meaningful without the need for further computation. As a result, errors in action-based 

decisions are accounted for very differently depending on the theoretical approach. We will 

begin this chapter with a review of how these different approaches account for errors in 

deciding when and how to act. Next, I propose that by adopting an ecological approach, we 

can further our understanding of why specialist populations such as older adults and children 

may be particularly vulnerable. 

2.2  Traditional accounts of action decision-making 

As society continues to urbanize and technological developments increase the speeds 

of objects humans encounter, errors in decisions or actions (or both) becomes more costly. To 

understand how we avoid such errors, most of the literature has endorsed views in which 

either features of the environment or characteristics of the individual have been the focal 

point. This literature suggests to successfully decide when and how to act, an actor must 

combine external information about objects in the world in combination with internal 

information such as stored representations of the body to select an appropriate action. This 

section will review the literature on factors that influence decision-making and then present 

how the traditional indirect, information-processing approach fits with the concept of 

considering the environment and individual as separate entities. 

2.2.1  The influence of the environment on making action-based decisions 
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Quite often, hazardous environments are simply defined as somewhere “with the 

potential to cause harm” without taking reference to the individual interacting with it (Bohm 

& Harris, 2010, p. 56). Furthermore, risk has been defined as “the combination of the 

probability of an event and its consequences (International Organization for Standardization, 

2002, p. 1).  The five leading causes of unintentional injuries have been identified as road 

traffic injuries, burns, falls, drowning, and poisonings (Chandran et al., 2010). As a result, 

accident prevention analyses have focused on environments with characteristics like roads 

(related to traffic injuries), water surfaces (related to drowning), objects and surfaces with 

high temperatures (related to burns), places with different height levels or uneven surfaces 

(related to falls), and access to toxic substances (related to poisoning; Cordovil et al., 2015). 

For instance, road characteristics such as speed limits, lane width, amount of road signage, 

and level of visibility are all factors cited as increasing the probability of road-traffic 

collisions (Lee & Mannering, 2002). Practitioners aiming to modify behaviour in traffic 

environments often look to the safest motorized countries in the world to understand how 

differences in roadway design may impact safety (Edquist & Hommen, 2009). For instance, 

during the 1980s, the USA and Australia recorded very similar numbers of traffic-related 

fatalities. Since then, Australia has made remarkable safety gains which has led to questions 

around how their roads physically differ from the USA (Marshall, 2018). For instance, in 

Australia there are a great deal more roundabouts at places where the USA would adopt a 

light-controlled four-way intersection. Roundabouts have a unique advantage in that they 

eliminate many conflict points and the most dangerous type of road-traffic collisions: head on 

collisions (Rodegerdts, 2010). Indeed, compared to more conventional intersections, 

roundabouts record 78-82% fewer serious injuries or fatalities (AASHTO, 2010). 

Additionally, the roads in Australia are generally less wide meaning pedestrians have a 
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shorter distance to cross, and wider streets are associated with riskier, faster driving (Ivan, 

Garrick, & Hanson, 2009).  

 Indeed, this method of comparing and contrasting different established environments 

for their risk of injury has culminated in detailed recommendations for the building and 

maintaining of new environments. Playgrounds are now designed to reduce the risk of 

entrapment by widening apertures, the likelihood of falls has been decreased by reducing the 

spacing between bars and the heights of climbing frames, and the consequences of errors in 

action-based decisions has reduced by implementing impact-absorbing surfaces under play 

equipment (Norton, Nixon, & Sibert, 2004). Furthermore, in sporting contexts, built 

environment changes have significantly impacted the prevalence of injuries. For example, an 

analysis of hockey rink size found increasing the size of ice surface significantly reduced the 

number of collisions and injuries as it afforded players more time to raise their head and 

realize they were on a collision course with an approaching wall or player (Wennberg, 2004). 

This strategy of identifying features of environments which influence action-based 

decision-making is undoubtedly very important as it allows for a deeper understanding of 

places where the probability of errors in judgements are higher. However, while 

environmental interventions can solicit certain actions and make them more likely to occur, 

they do not cause behaviour. The analysis of an environment in isolation fails to account for 

how individuals act within those environments and the degree of skill actors can exhibit to 

reduce the likelihood of errors in decision-making. For instance, skiers with more 

accumulated years of experience and a higher level of skill are less likely to suffer lower 

extremity injuries compared to novices despite navigating the same environment (Ungerholm 

& Gustavsson, 1985). Furthermore, rigorous safety standards for built environments do not 

encapsulate the variation in which we execute action-decisions.  This is a particularly relevant 

for environments designed for children who rarely use the same movement to satisfy a goal 
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(Prieske, Withagen, Smith, & Zaal, 2015). Interestingly, a similar argument was put forward 

by landscape architect Nebelong (2004) against the predictable nature of playground 

environments: 

“I am convinced that ‘risk-free, standardized playgrounds are dangerous - just in 

another way from those with obvious risks. When the distance between all the rungs in a 

climbing net or a ladder is exactly the same, the child has no need to concentrate on where he 

puts his feet. Standardization is dangerous because play becomes simplified and the child 

does not have to worry about his movements. This does not prepare him for all the knobby 

and asymmetrical forms he is likely to be confronted with outside the playground and 

throughout life. (p. 30).” 

2.2.2   The influence of individual characteristics on making action-based decisions  

The prevalence of young children and older adults in global injury statistics has led to 

a growing amount of research investigating individual constraints to explain why certain 

individuals are more prone to errors when deciding when and how to act than others. 

Characteristics such as age, body morphology, gender, temperament, clinical disorders (e.g. 

attention deficit hyperactivity disorder (ADHD)), previous psychological trauma (e.g. fear of 

falling) and aspects of cognitive functioning, such as attention have been widely explored as 

potential causal factors associated with erroneous decision-making (Bijur, Golding, Haslum, 

& Kurzon, 1988; Kannus et al., 1999; Peden et al., 2009). Furthermore, certain categories of 

injury have been shown to be age-specific. For instance, children aged 0-4 appear at greatest 

risk of drowning, traffic injuries are the leading cause of death among 15-19 year olds and 

over 65 year olds have the highest risk of death or serious injury from falls (Chandran et al., 

2010). In relation to gender, overall the number of unintentional injuries in males exceeds 

females with the severity of injures tending to be more severe (Chandran et al., 2010; Peden 
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et al., 2009). However, certain unintentional injures disproportionately affect women such as 

non-fatal falls among older adults (Stevens & Sogolow, 2005).  

One area that has been consistently identified as an important contributor to decision-

making is the ability to evaluate one's level of skill. Indeed, any decision must be made in a 

way that takes into account one’s action capabilities (Fajen, 2013). As a result, we must 

behave in ways that account for our body’s limitations. During development and healthy 

ageing, the actions we can perform undergo drastic changes. Indeed, the decrease in physical 

activity that takes place during the process of ageing has a negative influence on not only 

physical fitness but also one’s ability to execute an action. Similarly, the change in form and 

size of the body during childhood acts as a foundation for changes in movement organization 

and their outcome in physical activities (Malina, Bouchard, & Bar-Or, 2004; Newell, 1984; 

Riddiford-Harland, Steele, & Baur, 2006). If an actor is not sensitive to these age-related 

changes in action capabilities then any subsequent action decisions will be less accurate. 

Studies of children and older adult’s abilities to make action judgements support the idea that 

these age groups are less aware of their body’s limitations by either underestimating or 

overestimating what actions they could perform (Adolph, 1997; Adolph, Eppler, & Gibson, 

1993; Hackney & Cinelli, 2013; Naveteur, Delzenne, Sockeel, Watelain, & Dupuy, 2013; 

Zivotofsky et al., 2012). For example, Zivotofsky et al. (2012) designed a study where young 

and older adults were required to estimate the time it would take them to cross a street with 

no oncoming traffic which was then compared to their actual road-crossing time. Once the 

actual cross was completed, participants were asked to retrospectively estimate the time it had 

taken them to cross the road. Compared to their younger counterparts, elderly participant’s 

actual crossing times were significantly longer than both their pre-crossing estimation and 

their post-crossing estimation. The authors concluded that even if older pedestrians correctly 
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evaluated a road situation, they may nevertheless endanger themselves by underestimating 

the time it would take to cross the road.  

2.2.3  Linking the environment and the self with inferential processing 

While the data gathered from these epidemiological approaches is undeniable in its 

importance, Peterson, Farmer and Mori (1987) have long-argued that action-based decisions 

should be examined as a series of person-environment interactions rather than as a discrete 

event. Indeed, in dynamic, ever-changing environments, action-based decisions must involve 

sensing and acting upon the world. For instance, imagine yourself playing a game of rugby 

union in which you are the attacking player and have just received the ball. The reception of 

the ball may offer you the opportunity to run and score a try if a sufficient gap exists between 

the defensive lines. Conversely, if the gap is not sufficient, you must decide when and how to 

offload the ball to a teammate or risk being tackled. As a result, expertly interacting with our 

environment requires repeatedly facing the problem of action selection, as we are presented 

with many opportunities or demands for action. The results of recent studies have shown how 

often people are faced with situations where multiple actions are afforded simultaneously to 

achieve a task goal such as deciding to pass underarm/overarm in volleyball (e.g. 

Barsingerhorn, Zaal, de Poel, & Pepping, 2013) or deciding to throw/hammer with a rock 

during child’s play (e.g. Heft, 1988). Furthermore, decisions requires fitting the selected 

action into a spatio-temporal window (Lee, 2006). When the decision to pass is made, how 

does a rugby player regulate her muscles, guiding acceleration and position of the arms and 

hands so the ball can be thrown with precision to a teammate? This involves specification of 

action parameters, the process of specifying the spatio-temporal aspects of possible actions 

(Cisek, 2007).  
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The literature presented in this review thus far suggests decision-making is influenced 

by external factors about objects and surfaces in the environment and individual 

characteristics such as the degree of knowledge of what actions an actor is capable of 

performing. However, to account for how we decide what to do (action-selection) and how to 

do it (action-specification), the research literature on decision-making has typically proposed 

an additional mechanism to link perceptions of the environment with the actions we are 

capable of performing (Bootsma & Hardy, 1997; Day et al., 2019). Indeed, the long-standing 

view of how we select the most appropriate action has seen perception and action as separate 

processes mediated by the brain acting as an information-processing system, manipulating 

knowledge composed of symbols representing external objects in the mind, similar to how a 

computer manipulates stored variables (Edelman, 1992). From this standpoint, the process of 

decision-making involves three distinct categories: perception – the process that take 

information from the outside world to build increasingly sophisticated representations of the 

world (Marr, 1982), cognition – the internal process of manipulating representations to build 

complex knowledge (Johnson-Laird, 1988), having context-dependent information in 

working memory (Ericsson & Delaney, 2004), perform deductive reasoning (Smith & 

Osherson, 1995), make if-then-do decisions (McPherson & Thomas, 1989), etc.; and action – 

the control of muscular contractions that produce the action plans chosen in the cognition 

stage (Cisek & Kalaska, 2010). This serial nature of sensing the world, thinking about it, and 

acting upon it results in motor processing (action-specification) only occurring after the 

cognitive processes have decided what to do (action-selection) with the perceptual input 

received by the sensory systems. Action-selection can be seen as the result of cognitive 

processes drawing on knowledge structures forming the basis for deciding what actions can 

be undertaken whereas action-specification involves translating the selected decision into 

meaningful action (Bootsma & Hardy, 1997).  
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If skilfully interacting with our environment involves using complex systems to 

interpret and reinterpret sensory information, expertise in action-based decision-making can 

be seen as a result of having more elaborate task-experience and memories stored as 

representations which can be called upon in selecting the most appropriate action. The idea 

that developing task-specific knowledge can improve action-based decision-making was 

originally proposed as a way of explaining differences in the ability of expert chess players 

(Chase & Simon, 1973; Newell & Simon, 1972). This research found that increased skill in 

the task of playing chess was associated with superior ability to recall the positions of the 

pieces after studying the board for a short period of time. This finding of experts 

demonstrating enhanced in-game knowledge was cited as evidence for the serial nature of 

perceiving and acting, mediated by a cognitive stage of inference.  

While this framework was originally intended for abstract problem solving, rather 

than a general theory of all behaviour, information-processing theory has been extended to a 

variety of performance contexts. This includes dynamic sports such as Basketball (French & 

Thomas, 1987) and Tennis (McPherson & Thomas, 1989) where sport-specific knowledge 

was found to be related to decision-making skill e.g. whether to pass or shoot, whereas skill 

in shooting and ball control was related to the motor components of control and execution 

e.g. accuracy of the shot. Additionally, this approach argues that not only do expert 

performers have a greater bank of detailed task-specific knowledge to call from, but also they 

are able to use these developed knowledge structures differently to lesser skilled performers 

when making action-based decisions. Davids, Williams, and Williams (1999) highlights the 

various ways cognitive science have argued experts use internal knowledge when planning a 

motor response, including a) simultaneously attending to the relevant sources of information 

present in the environment and ignoring the less task-relevant cues; b) visually scanning the 

environment in a purposeful and skilful way; c) anticipating events ahead of time; and d) 
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comparing sensory cues against information stored in memory to gain an accurate perception 

of the surrounding environment.  

From the above examples, we can understand errors in decision-making as emerging 

when an actor does not have the appropriate level of task-specific knowledge to navigate a 

hazardous or complex environment. Consistent with this idea, risk perception is often defined 

as a process in which risk-taking behaviour occurs only after a period of risk evaluation, 

processing and finally transformation into a behavioural action pattern (Fischhoff, Watson, & 

Hope, 1984). Yates and Stone (1992) describes the identification of risk as a cognitive 

process of identification, storage and retrieval where the likelihood of unintended injury 

depends on the perceiver’s degree of knowledge (i.e. sophistication of representations) of the 

potential sources of danger and the individual’s capability to act. Indeed, research in risk 

perception has largely focused on the identification of a small set of mental strategies or 

heuristics that people can employ to make sense out of an uncertain world (Kahneman, 

Slovic, Slovic, & Tversky, 1982). One example of expertise in risk perception according to 

this framework can be found in the 2005 bestseller, Blink, where Psychologist Gary Klein 

refers to an interview he conducted where a commander firefighter explained his decision to 

withdraw his team out of a burning house (Gladwell, 2005). Klein described how firefighters 

are good subjects for risk perception as their job requires accurate, decisive decision-making 

under stressful conditions with tight temporal constraints. In this interview, the commander 

explained why he gave the order to leave the burning building because the kitchen fire was 

not behaving as expected. Within seconds of the last team member escaping, the floor 

collapsed. In retrospect, the commander rationalised that while kitchen fires respond to water, 

this particular one did not. Also, this fire felt unusually hot on his ears, which were kept 

exposed to gain additional information about heat. More unusually, this fire was quieter than 

typical fires despite the extreme heat it was generating. As it turned out, the fire was not in 
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the kitchen but rather in the basement under the kitchen; with the kitchen floor about to give 

way. At the time, the commander did not know what was wrong, but knew something was 

amiss. This type of scenario could be explained via the information-processing framework by 

the commander having over 20 years of experience, having generated increasingly 

sophisticated representations stored in long-term memory that enriched the impoverished 

visual-haptic-auditory information reaching his senses to indicate potential danger.  

The idea that drawing upon detailed internal representations is an integral component 

in effective action-based decision-making has led to a great deal of research demonstrating 

novice-expert differences in deciding when and how to act is associated with a greater ability 

to anticipate future events. For example, Farrow and Reid (2012) found in a study of tennis 

players that when planning a motor response, experts showed greater ability to predict the 

actions of their opponent based on knowledge that is stored, retrieved and regularly updated 

in long-term memory. Therefore, expertise in perception can be seen as a process of active 

inference in which success in performing actions is associated with a closer correspondence 

between the neural system’s perceptual recreation of the environment and the physical 

environment itself (Fajen, 2007). This closeness is facilitated via the development of task-

specific knowledge structures gained from past experiences that can build internal models of 

likely future occurrences that the incoming sensory cues will be compared against. The view 

that movements are guided on the basis of internal models is known as model-based control 

and these models act to simulate the behaviour of the body in relation to the dynamic 

environment (Wolpert, 1997). For example, Zago and Lacquaniti (2005) found that when 

intercepting fly balls, participants timed their responses such a way that the effects of gravity 

were taken into account.  

To summarise, this emphasis on separating the expertise of the individual (reflected in 

the sophistication of one’s representations) and the potential hazards of an environment has 
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important implications for how we investigate the likelihood of errors in decision-making. 

Importantly, when errors occur in decision-making, researchers have investigated which of 

the different components of behaviour contributed to this error i.e. did a miscalculation occur 

in the perception, cognition, or action stage. For instance, accident analyses have involved the 

identification of  “risk environments” involving identifying environments and their features 

that account for a high percentage of unintentional injuries and “at risk individuals” that aim 

to identify differences in cognitive (e.g. mood, temperament, knowledge) or physical (e.g. 

height, age, gender) characteristics that cause certain individuals to be more prone to risk than 

others.  

2.3  An Alternate Approach – The Environment-Actor System 

 

A major source of criticism for the information-processing approach’s explanation of 

behaviour and decision-making is how skilful performance is maintained under highly 

variable and tight temporal conditions. Craig (2014) notes a lack of parsimony in the 

information-processing explanation of expertise in unpredictable performance contexts such 

as sport, where conceptually there are an infinite number of potential perceptual experiences 

with corresponding actions that would need to be stored and recalled from long-term 

memory. Furthermore, Craig and Watson (2011) note that significant time is needed if the 

perceptual system is recording several snapshots of ambiguous sensory cues which need to be 

compared to previous knowledge which will then be used to organize and execute an action. 

Indeed, Cisek and Kalaska (2010) highlight a range of difficulties encountered when 

attempting to reconcile neurophysiological data with the separate stages of perception, 

cognition and action defined within an information-processing framework. In particular, areas 

of the brain which are traditionally conceptualised to be assigned to a specific perceptual, 
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cognitive, or motor function show considerable overlap in activation (e.g. Andersen & 

Buneo, 2003).  

To overcome these theoretical issues, an alternative approach to information-

processing, known as the ecological approach to perception and action, is proposed which 

supports the notion of direct realism. This philosophical concept rejects the idea that reality is 

a mental reconstruction of the environment and proposes the environment is perceived 

directly i.e. ‘what you see is what there is’ (Craig & Watson., 2011, p. 691). Instead of 

conceiving of perception and action as indirect processes mediated by representations, the 

ecological approach proposes that a mutual circular relationship exists between perceiving 

the environment and acting upon it where the control of actions is direct and online, rather 

than predictive. This approach pioneered by James Gibson, places an emphasis on identifying 

the resources that exist in the environment and which are specified in information that can be 

detected by an organism with appropriate sensory systems. These resources consist of 

properties of objects which may be exploitable by some animals hence placing selection 

pressure on animals to regulate their behaviour to the opportunities within its specific niche 

(Reed, 1996). Gibson (1979) believed that by switching the focus of perception from the 

processing abilities of the perceiver to the informational constraints of the environment, it 

would be possible to gain an understanding of how an animal acts within its perceptual world.  

A major way in which Gibson’s ecological approach differs to the information-

processing approach was describing the richness of information. Rather than perception being 

a process of receiving and interpreting impoverished stimuli which needs further elaborating 

cues, perception instead involves detecting ecological information. This approach places 

emphasis on the properties of the environment and how the energy surrounding it have a 

lawful relationship with these properties and as a result, perception must be specific to 

sensory information. This relationship is represented in the meaningful layout of the 
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environment e.g. the slants and angles of textures, which impact how the flow of light reaches 

the retina on the actor. As a result, this information is meaningful for animals that have 

evolved to live in specific niches e.g. humans have legs that are made to walk across flat 

surfaces. Since an environment is a product of the animals that reside in it and the animal has 

evolved to exist in that environment, the animal and the niche cannot be separated as the 

identity of each is dependent on the other. Therefore, the role of perception is to perceive an 

observer’s relation to its environment. Gibson (1979) rejected the idea that perception could 

be understood by physical variables (i.e. properties of the environment that can be described 

in terms of physics such as metres or seconds) and instead conceived of information as 

structured patterns in ambient-energy arrays. This structure is inherently meaningful as it 

relates one-to-one with the perceived properties and thus specify the relevant properties of the 

environment-actor system (EAS) i.e. an optical invariant. This is an important concept as if 

perception of the incoming light on the retina is direct and specifies the environment without 

the need for further computation, the optical variables used must be invariantly linked to its 

source in the environment. 

The principles of mutual dependency of the environment and the actor and 

meaningful ecological information forms the basis for two theories central to the ecological 

approach to perception and action: direct perception and affordances.  

2.3.1  Direct Perception 

 As the ecological approach emphasises the role of meaningful, rich information in the 

environment shaping actions, the concept of adding meaning via internalised knowledge 

structures to form decisions becomes redundant (Handford, Davids, Bennett, & Button, 

1997). Instead, the role of perception is to identify and tune into single sensory variables 
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through ‘smart perceptual devices’ that guide action by specifying if the actor’s behaviour is 

sufficient for achieving the task-goal (Runeson, 1977).   

According to Gibson (1979), perception is a process of information pickup that occurs 

over time known as an event. As the environment-actor relation is ever-changing, many 

critical sources of information (i.e. invariants) only emerge through events via exploration of 

the environment. Returning to the firefighter example in section 2.2; rather than the 

commander reconstructing reality via stored mental representations, the multi-sensory 

information the commander made available to himself in the kitchen by exposing his ears was 

real and meaningful, allowing him to act prospectively by specifying the negative 

consequences if his team had remained in the burning building. Indeed, the fact the 

commander could not explain why he thought something amiss is in line with direct 

perception.  Because the detection of invariants can be so rapid and complex in nature, the 

actor may not be able to describe the steps taken to reach a decision. Furthermore, case 

studies of actors skilfully perceiving their environment are often consistent with the theory of 

direct perception’s emphasis on exploring the environment to detect information. For 

instance, in a study of nuclear power plant control room operators, Vicente and Burns (1996) 

note although a panel of instruments were made available to reduce the requirement for a 

hands-on approach from the operators, often the operator voluntarily left the control room to 

explore he plant in order to hear it, view it and even smell it 

For visually guided decisions and actions, to identify useful variables the perceiver 

must actively search for information directly available in the optic array i.e. the distribution 

of light energy by moving in such a way to produce a particular pattern of optic flow. Optic 

flow is a source of information that only emerges in the context of an event and refers to how 

this distribution of light changes as the perceiver moves through the environment (Craig & 

Watson, 2011). Therefore, optic flow represents change over time of the perceiver in relation 
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to its environment and can provide information prospectively. Perceptually, movement is 

then crucial as it serves to nulls the error between the current state and the state required to 

successfully perform the task (Fajen, 2007).  This has led Gibsonian theorists to propose that 

perception and action have a cyclical relationship, in which one is continually informing the 

other. A practical example of how this process works is, first we perceive visual information 

e.g. an approaching defender in soccer. This information determines what action to perform 

e.g. pass or dribble. Following the action, changes have occurred in the optic array, this 

change in the field of vision of the actor impacts the subsequent action to be performed. In 

the words of Gibson (1979), "We must perceive in order to move, but we must also move in 

order to perceive," (p. 223). As a result of this cyclical relationship, Gibson termed this 

process perception-action coupling. Michaels (2000) later termed this process information-

movement coupling as if perception is the process of detecting invariant properties of the 

environment, then it is the resulting detected information that is controlling the movement. 

2.3.2  Theory of Affordances 

If the role of perception is not inferring meaning via representations and our 

perceptual systems have evolved to detect ecological information, the question remains as to 

what this information is specifying. The ecological approach argues that to successfully 

perform an action, an actor must have the ability to perceive the behavioural possibilities of 

the environment or ‘affordances’ so that movement can be controlled effectively (Turvey, 

1992). Specifically, Gibson defined affordances as “a specific combination of the properties 

of its substance and its surfaces taken with reference to an animal” (J. J. Gibson, 1979, p. 

67)”. This means that the same object can afford different behaviour to different animals, and 

even to the same animals at different moments in time (e.g. a change in goal or during 

different stages of development). An important point to why affordances are key to direct 

perception is that they are not simply abstract physical properties but rather part of the 
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environment that are relevant to the animal’s behaviour hence grounded in the Environment-

Actor System. This means that affordances are unique to the individual, when crossing the 

street, a gap between cars affords crossing only if the pedestrian can move fast enough to 

cross before it closes. Additionally, affordances not only guide the choice of behaviour but 

can also be exploited for the continuous fine-tuning of ongoing acts (Smith, 2009; Stoffregen, 

2000; Turvey, 1992). Returning to the previous example, once a pedestrian decides to cross 

the road, they may perceive that there is not enough time remaining to reach opposite curb at 

their current crossing rate and may use this information to shift to a more rapid crossing 

speed. As a result, affordances encapsulate both action selection and action specification.  In 

summary, affordances capture the essence of what decision-making is: knowing when 

environmental conditions allow a certain action to be performed. This had led to the 

consideration of decision-making within an affordance framework in which the ability to 

select and execute an action depends on the pickup of specifying information sources 

available in the optic flow field (Craig & Watson, 2011). In the next section, we will discuss 

empirical evidence highlighting how actors are sensitive to the affordances of their 

environment when making action-based decisions. 

2.3.3  Perceiving Affordances 

Warren (1984) originally investigated the perception of the affordance of step-onto-

ability to in a stair-climbing task. As affordances are determined by the fit between the 

properties of the environment and the action capabilities of the actor, Warren argues this 

relation could be specified by intrinsic body-information. To empirically investigate this 

concept, Warren (1984) manipulated the height of stairs with respect to leg length, examining 

the ability of an actor to perceptually judge the ‘climbability’/’non-climbability’ of stairs.  
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Warren found that manipulating actor-scaled properties of the environment led to the 

emergence of critical and optimal points. Optimal points corresponded to stable, preferred 

regions of performance with minimal energy expenditure and critical points correspond to a 

shift in behaviour where different actions can occur. This can be illustrated in Warren (1984) 

who notes that once a stair riser height reaches a critical point, the stair no longer affords 

bipedal climbing and instead the performer must switch to quadrupedal, hands and knees 

climbing. These critical points occur when the task reaches the actor’s maximal action 

capabilities and are referred to as an action-boundary. These critical and optimal points have 

important implications for how action-decisions are made. For instance, Smith and Pepping 

(2010) found participant’s speed of yes/no decisions regarding whether they could fit a small 

ball through a series of different sized apertures depended on the location of these critical and 

optimal points. In circumstances where the ball clearly fit through the aperture (i.e. an 

optimal point), the decisions were fast and consistent. In contrast, circumstances where the 

ball may or may not fit through the aperture (i.e. a critical point), the responses were slow and 

variable. Therefore, having perceptual machinery that is sensitive to the location of the 

critical and optimal points of afforded action is crucial for successful decision-making, 

particularly under tight temporal constraints. 

How then are these critical and optimal points measured? Gibson (1979) notes that 

environmental properties should not be measured in extrinsic units removed from the 

perceiver but rather measured relative to the animal. Warren (1983, 1984) explained how this 

could be achieved by taking an actor’s property A (e.g. leg length in cm) which acts as a 

“natural standard” to be measured against an environment property E with the same 

dimensions (e.g. stair-riser height in cm). When both properties are measured in the same 

units then both are cancelled out and expressed as a dimensionless ratio called pi numbers 

that uniquely expresses a particular environment-actor fit. In the case of Warren (1984), the 
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pi number (ratio of E/A) provided an intrinsic measure of the stair riser as a proportion of leg 

length. Through this ratio, Warren (1984) identified specific values of these pi numbers that 

correspond to optimal and critical points that were constant across participants despite 

differences in height and leg length with a stair height/leg length ratio of 0.88 a critical 

boundary that distinguished a stair affording ‘climbability’ to ‘non-climbability’. 

Furthermore, participants could accurately identify the optimal point i.e. the riser height that 

could be climbed with the least energy expenditure, at a stair height/leg length ratio of 0.26. 

Further research has demonstrated that adults can perceive a variety of affordances with 

impressive accuracy in a variety of contexts including step-across-ability (Cornus, Montagne, 

& Laurent, 1999), sit-on-ability (Mark, 1987), pass-through and pass-under ability (van der 

Meer, 1997; Warren & Whang, 1987) and walking-up-ability (Kinsella-Shaw, Shaw, & 

Turvey, 1992). 

These studies have all focused on identifying investigated body-scaled affordances i.e. 

possible actions are constrained by the dimensions of the body in relation to a property of the 

environment. While many of these studies have focused on identifying the pi numbers 

associated with a given action, Warren (1984) identified what optical information could in 

principle specify such affordances. Warren established that body-scaled information is 

perceptually available through intrinsic optical information such as standing eye-height. As 

eye-height is related to other body dimensions due to the physiological constraints of the 

body, other objects in the optic array can be specified as ratios to this measurement. 

Therefore, Warren argues that the affordance of ‘climbability’ is directly perceived from this 

eye-height information without computation of extrinsic metrics of leg length and stair 

height.  

However, Pepping and Li (2000) point out that affordances can also be action-scaled 

where possible/impossible actions are not solely defined by geometric variables but also 
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kinetic properties of the EAS, i.e. possible actions are constrained by the action capabilities 

of the performer in relation to the environment. Pepping and Li (1997) when studying the 

ability of volleyball players ability to judge the affordance of ‘blockability’ pointed out that 

novices were able to accurately perceive the maximum block-able height by perceiving both 

geometric properties (e.g. height) and kinetic properties (e.g. how high they can jump). Fitch 

and Turvey (1978) describe how affordances are both objective and subjective in that they 

allow for differing morphologies and capabilities of different people and it is these factors 

that constrain selected actions.  Therefore, understanding what actions an actor is capable of 

performing is central to successful decision-making (Craig & Watson, 2011). 

2.4      Errors in affordance perception 

Recently, affordances have been proposed to invite behaviour if the agent perceives 

them (see Withagen, de Poel, Araújo, & Pepping, 2012). That is, affordances can attract 

certain behaviour if the actor tunes into the information specifying it. If affordances are not 

perceived (or have not yet been discovered) they do not have the potential to attract (or repel) 

behaviour from the agent. When an error in decision-making occurs, the chosen action 

performed had a different outcome than expected (Cordovil et al., 2015). This unintended 

outcome might derive from an unanticipated actualization of affordances; a misfit between 

the properties of the environment and the action capabilities of the actor. Affordances can 

lead to safe behaviours if they are accurately perceived or to negative outcomes if the 

informational variables are ambiguous with respect to environmental properties.  

Furthermore, since perception and action are tightly coupled, errors in judging the relation 

between one’s physical abilities and the spatio-temporal demands of the environment have 

been suggested as an important factor contributing to unintended injury. For example, 

unintended injury might occur if a pedestrian misperceives an affordance by underestimating 

the time-to-arrival of an approaching vehicle, or if the pedestrian overestimates their speed of 
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crossing. Jacobs and Michaels (2002) suggested that for strong information-movement 

coupling to be possible, two stages are required: a) attuning to key informational sources, and 

b) the fine tuning of movements to a ‘critical information source’. Therefore, ensuring safe 

interaction with the environment via the accurate perception of affordances can be considered 

as problems of information pickup as the actor attunes to the relevant variables in the 

environment or perceptual-motor calibration as the actor scales their action capabilities to the 

information to distinguish between the possible and impossible opportunities for action (or 

both). 

2.4.1  The role of information pickup in decision-making 

While affordances have been shown to be directly perceived, it is important to 

identify the invariants (i.e. the patterns of light in the optic array that are left unchanged by 

certain transformations) that specifies an opportunity for action. As optic flow represents 

changes over time of the actor in relation to the environment, it enables actors to perceive 

directly the time remaining until something will occur in the future. This enables actors to 

tune into temporal variables that allow the prospective control of their actions, a vital feature 

for most action-based decisions which occur under demanding spatio-temporal constraints. 

An example of a temporal variable that is directly available to a performer to prospectively 

guide action is the optical variable Tau which specifies the time-to-arrival (TTA) of an 

approaching object (Lee, 1976; Pepping & Grealy, 2007). Lee’s work has demonstrated how 

TTA information (critical for avoidance and interceptive actions) which is determined by the 

ratio of an object’s distance (z) and velocity (v) can be perceptually specified by the ratio of 

an object’s optical size () divided by its rate of change (̇̇). According to Lee (1976), as an 

approaching object gets closer to the observer, its relative rate of expansion on the retina 

increases and tau decreases. Therefore, if the object is moving at a constant velocity, the 
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angle () subtended  by  the  object  on  the  retina  increases  exponentially  with  time  and 

tau  specifies TTA of the object at the point of observation. 

This temporal information is cited as an optical invariant because it specifies time-to-

arrival across changes in the object’s size as it approaches (given certain constraints). 

Invariants have been identified and shown to visually guide actions in a variety of contexts 

including steering to a goal (Wann & Land, 2000), braking (Lee, 1976; Yilmaz & Warren, 

1995), catching fly balls (Michaels & Oudejans, 1992), and intercepting moving objects 

(Peper, Bootsma, Mestre, & Bakker, 1994). However, the pickup of specifying, invariant 

information has not always been found. A number of studies by ecological psychologists 

have revealed that when faced with a novel task/environment, actors pickup informational 

variables that relate ambiguously to the to-be-perceived environmental feature. Jacobs, 

Runeson and Michaels (2001) note how participants, when faced with an unfamiliar task 

(judging the relative mass of colliding balls), start with less useful kinematic variables for the 

perception of the kinetic properties of the balls. Only through practice did participants learn 

not to rely on a particular non-specifying variables if the conditions rendered such variables 

useless. Similarly, Smith, Flach, Dittman, and Stanard (2001) investigated how actors learned 

to time the release the pendulum so that it would make contact with an approaching ball at a 

fixed point on trajectory. In this scenario, the timing of the releasing action can be specified 

by the ball’s time-to-contact. Smith and colleagues pointed out several optic flow variables 

available to the observer which could be used to judge the temporal closeness of the ball. The 

observer could use angular expansion rate of the ball to judge the velocity of the ball which is 

merely correlated with (not specifying) time-to-contact or tau which is a ratio of angular 

expansion and angular size i.e. an invariant that allowed direct perception of time-to-contact. 

Only over the course of practice did participants shift from the use of non-specifying 

information (i.e. expansion rate) in favour of specifying information (i.e. tau).  
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These studies may shed light on why young children and older adults frequently 

misperceive an opportunity for action leading to higher-risk action decisions, particularly in 

novel, unfamiliar environments where the opportunities for perceptual learning have been 

minimal. While research has shown children can perceive affordances from very young age, 

this ability is continually being fine-tuned throughout the lifespan (Adolph et al., 1993). 

Experience has been identified as a vital characteristic for the development of affordance 

perception (Adolph et al., 1993; Klevberg & Anderson, 2002) as it drives the changes in 

which informational variables actors rely upon (Jacobs & Michaels, 2007). Children are 

continually experiencing new environments with associated perceptual challenges (e.g. 

learning to cross a road when starting school). However, in these circumstances, they might 

not yet have converged onto useful, specifying information. Furthermore, their action 

capabilities are continually developing making accurately perceiving affordances particularly 

challenging. For instance, Gibson and Walk (1960) note that only infants who are able to 

crawl and thus explore the environment learn to become wary of heights, avoiding 

approaching a visual cliff which gives the illusion of affording falling.  

Similarly, older adults are at risk of attuning to non-specifying information due to 

being less physically active than younger adults (Schoenborn, Adams, Barnes, Vickerie, & 

Schiller, 2004). Since being in motion provides information about the body’s abilities, older 

adult’s affordance perception may be worse due to the fact they often move less frequently 

and efficiently than their younger counterparts. For instance, Oudejans, Michaels, van Dort, 

and Frissen (1996) showed pedestrians who were walking while making a perceptual 

judgement of a safe or unsafe affordance were more accurate than those who were stationary. 

As a result of reduced physical activity associated with typical ageing, older adults are only 

able to obtain impoverished information about the limits of their action capabilities in new or 

unfamiliar environments (Comalli et al., 2013). For instance, older adults are more likely to 
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fall in unfamiliar areas away from home (Fuller, 2000) where active exploration is required to 

attune to specifying information and perceive danger.  

The necessity of exploration is particularly relevant in situations where attuning to 

relevant information specifying affordances is difficult. Joh, Adolph, Campbell, and Eppler 

(2006) note that walkers rely on the shine on the ground to specify slip-ability despite being 

an unreliable visual cue for friction. The authors point out that since friction is an emergent 

force that is created only when the foot and floor come into contact, visual information alone 

may fail to specify slipperiness.  Instead, walkers must also become attuned to the particular 

shoe-floor relationship through exploration of variables that create changes in friction such as 

wear and tear of the shoe soles, the presence of contaminants on the floor, distribution of 

walker’s centre of mass etc. (Cham & Redfern, 2002; Marigold & Patla, 2002). Similarly, 

Cordovil et al. (2015) points out temperature is a difficult variable to become attuned to due 

to insufficient visual or acoustic information specifying the negative affordance of burn-

ability. Since it is a momentary, energetic state of an object, actors can only gain information 

about an object’s temperature through touch or by learning the effects on the body when 

touched. 

Additionally, children and older adults may be put at risk of misperceiving an 

affordance due to the biological consequences of ageing. Since sensory systems are still 

undergoing development at birth, young children are particularly prone to unintended injury. 

For instance, pedestrian accidents are the third leading cause of death for 5 – 9 year olds with 

children’s visual limitations in gauging speed and distance being cited as a major contributor 

(Toroyan & Peden, 2007). At the opposite end of the lifespan, healthy ageing is associated 

with a decline in perceptual abilities in multiple modalities (Kenshalo, 1986; Pitts, 1982; 

Schneider, Daneman, & Murphy, 2005). This age-related decline in sensory systems has been 
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linked to the increased prevalence of falls in older adults and collisions in traffic 

environments (Department of Transport, 2016; Hausdorff, Rios, & Edelberg, 2001).  

Visually, the efficient processing of motion stimuli is essential for safe interactions 

with the man-made environments we encounter in everyday life due to modern technological 

advancements significantly increasing the motion speeds humans encounter (Poulter & 

Wann, 2013). For instance, accurately gauging vehicle speed and distance is critical for 

judgements when pulling out of a junction or crossing a road. However, we have very limited 

optical cues to directly perceive absolute distance or speed. Research has shown a consistent 

underestimation of distance estimations in a variety of sensory systems (Mershon & Bowers, 

1979; Teghtsoonian & Teghtsoonian, 1969). Furthermore, estimations of these cues are prone 

to bias such as larger objects appearing closer than smaller objects. Hancock, Caird, Shekhar 

and Vercruyssen (1991) found drivers were less likely to initiate a left turn (right turn in 

United Kingdom) if the oncoming vehicle was large (e.g. a truck) compared to a smaller 

vehicle (a motorcycle) travelling at the same velocity.  By using optical invariants such as tau 

which provides reliable information about the vehicle’s TTA (given certain conditions), we 

can overcome these limitations in our instinctive dispositions.  

Although specifying variables like tau directly inform about TTA, some work has 

demonstrated that even when tau is available, other visual characteristics of an approaching 

object can influence TTA judgements by providing heuristic cues (Keshavarz, Campos, 

DeLucia, & Oberfeld, 2017). Similar to Hancock et al. (1991),  DeLucia (2004) showed that 

the effectiveness of invariants (e.g. tau) are determined in part, by limits in sensory processes 

with more easily detectable variables often influencing judgements. DeLucia demonstrates 

that an approaching object’s final optical size before it disappears can influence TTA 

estimates such that larger optical sizes are associated with arriving earlier. This “size-arrival” 

effect would not be present if participants were using tau as TTA would then be specified 
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invariantly across object size and speed. Such limits in sensory processes have been shown in 

both children (Wann, Poulter, & Purcell, 2011) and older adults (Poulter & Wann, 2013) due 

to age-related decline in sensitivity to optical looming (rate of approach) resulting in a 

reliance on more easily accessible optical information such as optical size (which strongly 

correlates with distance alone). These findings suggest children and older adult’s over-

representation in unintended injuries involving collisions can be explained, at least in part, by 

converging onto non-specifying information due to their limitations in their perceptual 

abilities. In the next section, I will highlight another potential explanation as to why these age 

groups may be more at risk of injury in dynamic environment: perceptual-motor calibration. 

2.4.2  The role of perceptual-motor calibration  on decision-making 

The relationship between the action capabilities of an actor and features of the 

environment is continually changing over short and long time scales. Under short time scales, 

opportunities for action can arise or vanish as a result of adding or subtracting large loads, 

changes in clothing, the addition of tools or biological processes such as fatigue. Over longer 

time scales, as the human body grows, develops and ages these changes are coupled with 

changes in coordination and strength. In addition to attuning to specifying information, the 

perception of positive affordances to avoid injury requires a scaling of actor’s action 

capabilities to allow a distinction between the possible and impossible actions available in a 

particular environment. This scaling is known as perceptual-motor calibration (Bingham & 

Pagano, 1998; Withagen & Michaels, 2007). 

Traditionally, it has been hypothesised that people adjust to changes in action 

capabilities via a representation of the body and its potential for action, known as a body 

schema (Head & Holmes, 1911; Head et al., 1920). This body schema is theorized to be 

learned early in life via proprioceptive, vestibular, and kinaesthetic senses and any changes to 
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the body or action capabilities are compared to the body schema stored in long-term memory, 

suggesting the brain uses multiple internal representations – each specialized for a specific 

sensory context (Head & Holmes, 1911; Iodice, Scuderi, Saggini, & Pezzulo, 2015). 

Interested in explaining how actors can accurately perceive affordances relative to their 

action capabilities at any given point without needing complex internal representations of the 

body, Bingham and colleagues proposed the ‘mapping’ theory of calibration (Bingham & 

Pagano, 1998; Bingham, Pan, & Mon-Williams, 2014). This theory states that embodied units 

of perception are matched with embodied units of action. As a result, motor control is 

governed by an actor’s perception of the environment in terms of their own perception-action 

system (van Andel, Cole, & Pepping, 2017). This ecological interpretation hypothesises that 

the body schema is neither innate nor learned but rather perceived. This account allows for a 

fluid and malleable body schema that can be continually perceived as the body moves and is 

equipped with different items (i.e. tools and clothes etc.) (Pagano & Turvey, 1998). 

Calibration can be perturbed when a change in sensory units occurs (e.g. changing the 

meaning of sensory information) and following action unit changes (e.g. altering reach length 

by holding a rod). Rather than incorporating these changes to the action capabilities into a 

body schema, Gibson (1966) theorized actors are able to perceive action possibilities when 

using items such as non-innervated appendages (i.e. tools) because actors do not simply 

perceive the tool but rather attune to information specific to what is at the end of the tool. 

Attachments or alterations to the body are experienced just as parts of the body are (Pagano 

& Turvey, 1995, 1998).  

When our action capabilities are adjusted either intentionally (e.g. using a tool to grab 

an object out of reach) or unintentionally (e.g. recovering from injury), our perception-action 

system must be flexible enough to adapt to these changes. Welch (1986) describes such 

adaptation as a semi-permanent perceptual-motor change that either minimises or eliminates 
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a discrepancy between sensory modalities, within a sensory modality, or the errors in 

behaviour due to the discrepancy. To achieve adequate adaptation, actors must undergo a 

period of recalibration, which occurs after a disturbance in either perception or action renders 

the current perception-action link inaccurate resulting in the rescaling of that link to meet the 

task demands (Brand & de Oliveira, 2017). For example, when a player’s throwing requires 

an updated scaling of the perceptual-motor coupling due to fatigue. Recalibration is a 

necessary process when an actor enters a new environment, uses different tools, and 

undergoes acute and long term changes in the musculoskeletal system. Over short time 

scales, people can generally adjust to new action capabilities with relative ease and even 

minimal movements may be sufficient for recalibration to occur (van Andel et al., 2017). For 

instance, Pepping and Li (2000) investigated if volleyball players were able to identify the 

boundary that separates a reachable from an out-of-reach ball when performing a blocking 

action before and after their weight was increased by 10%. The authors found after a short 

period of exploration (3 jumps and a 3 minute walk), the volleyball players were able to 

accurately able to perceive how the dynamics of the EAS have been altered and scale their 

blocking actions accordingly.  

In contrast, long-term disturbances of perceptual-motor calibration appear to be 

associated with increased difficulty in re-scaling action to perceptual information. Eagle, 

Nindl, Johnson, Kontos, and Connaboy (2019) found actors recovering from sports-related 

concussions had difficulty recalibrating the link between visual information and movement-

pattern selection for the perception of affordances. The authors attributed such difficulties in 

recalibration due to concussion-induced vestibular/oculomotor dysfunction and found even 

after normalization of neurocognitive function and returning to play, athletes’ perception-

action coupling was still weaker compared to athletes with no previous concussion history. It 

is clear how such a long-term disturbance in the scaling between perception and action can 
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contribute to the unanticipated actualization of affordances due to the high demands being 

placed on their perception-action systems. Athletes with a concussion history have shown 

impaired visuomotor control, decision-making and dynamic stability, all of which require re-

scaling of the perception-action link. These unintentionally induced deficits in the link 

between perception and action may cause athletes to place themselves in riskier situations or 

adopt riskier movement behaviours when returning to play. For instance, athletes recently 

returning from concussion are 2.5 times more likely to sustain a musculoskeletal injury 

(Lynall, Mauntel, Padua, & Mihalik, 2015).  

Similarly, Iodice et al. (2015) found that adapting to long-term changes to bodily 

dimensions is a relatively long and slow process. This is particularly relevant in older age, as 

age-related decreases in action capabilities have been linked to the occurrence of unintended 

injury such as falls (Luyat, Domino, & Noël, 2008). Luyat et al. (2008) hypothesized the 

higher incidence of falls in older adults could be the result of the misperception of 

affordances, instigated by inadequately calibrating to the declines in physical function that 

are associated with ageing. Similarly, Plumert (1995) recognised a link between decreased 

accuracy in the perception of action capabilities and accident proneness in children. Together, 

these studies suggest that poorer action decisions by children and older adults may be 

explained, at least in part, by an impaired capacity to calibrate to the ongoing changes in 

action capabilities throughout the lifespan. A recent literature review by van Andel et al. 

(2017) notes a general lack of research investigating calibration to changes in action 

capabilities in older age with none of the included studies incorporating a higher mean age 

than 33 years old. The authors continue to note that given ageing tends to degrade the quality 

of one’s sensory systems, it is uncertain whether what we currently know regarding 

calibration are transferable to older populations emphasising a need for future research 
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investigating older adult’s ability to calibrate when engaging in an activity or novel 

environment.  

2.5  Alternatives to looming information when making TTA judgements 

The fact that previous research has shown that actor’s judgments about TTA are 

calibrated to optical variables that specify such an environmental property does not preclude 

the possibility that such judgements are also being constrained by cognitive operations. This 

is especially the case in complex situations such as when several objects are being judged 

simultaneously (e.g. DeLucia & Novak, 1997) or when an object is out of view and its 

position must be stored in memory (e.g. Grechkin et al., 2014). Tresilian (1995) argued that 

task constraints affect whether judgements involve cognitive information processing and even 

whether TTA information is used at all. For instance, he proposed that prediction motion 

tasks may involve cognitive operations. In these tasks, an object approaches a target then 

disappears; requiring observers to respond at the time that they think the object would reach 

the target. One of the features of prediction motion tasks that implicates that cognitive 

operations are involved in TTA judgements is that observers can perform the response in the 

absence of visual information (Schiff & Oldak, 1990; Tresilian, 1995). The fact that 

observers can still estimate when an object will reach them without optic flow variables such 

as tau led DeLucia and Liddell (1998) to propose two classes of cognitive operations that 

may be involved during TTA estimation: motion extrapolation and clocking mechanisms. 

Cognitive motion extrapolation involves an internal or mental representation of the 

object’s visible motion. For instance, while viewing an approaching object, an observer may 

develop a cognitive model of the object’s motion and then use this model to extrapolate the 

object’s motion after it disappears to estimate TTA (Tresilian, 1995). Any observed errors in 

TTA judgements can then be attributed to an inaccurate internal model of the object’s 
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motion, rather than the ecological perspective of attunement to non-specifying information 

(Jagacinski et al., 1983). Imagery, eye movements, and attentional shifts may accompany 

cognitive motion extrapolation. For instance, observers may track the approaching object’s 

visual motion, and after it disappears, continue to move the eyes until the end point is reached 

by imagining the object’s location. Indeed, Rosenbaum (1975) noted in his informal 

observations of participant’s eye movements that when an approaching object was occluded, 

observers most often moved their eyes continually as if the target was still visible.  

A second class of cognitive operations that may be involved for predicting TTA 

involves a clocking, or timing, mechanism. Tresilian (1995) proposed that observers could 

use such a mechanism by making an initial estimate of an object’s TTA before its 

disappearance and then use a clocking process to count down the time remaining. Such a 

strategy is consistent with model-based approaches to action control highlighted in section 

2.3 of this chapter. Such a process can potentially explain how observers can time a response 

to coincide with judgements of TTA when there is limited perceptual information such as 

when a pedestrian is crossing a two-lane road and one gap is out-of-view for a relatively long 

period of time. Because the accuracy of these mental representations of TTA diminish 

rapidly, differences in action-based decisions in dynamic environments could reflect the 

sophistication of these cognitive processes.  

While these cognitive processes are no doubt an important element of TTA 

judgements when visual information is impoverished, the present thesis aims to follow the 

ecological approach to decision-making which attempts to explain, as much as possible, skill 

differs across populations without appealing to mental representations (Heras-Escribano & 

Pinedo-García, 2018). As a result, the focus will be placed on perceptual information, directly 

available from the environment, which specifies TTA and can be used for selecting and 

actualizing affordances (Stoffregen, 2000). Indeed, Tresilian (1999) points out that the 
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influence of a given perceptual variable is task dependent: one task might use one variable 

and another task may require a set or additional cognitive processes. Since the optical 

variable tau directly specifies TTA, it can act as a good model for understanding how 

perceptual information can be used to guide decisions about when and how to act without 

requiring motion extrapolation or clocking mechanisms. However, for tau to successfully 

guide actions, as Tresilian (1999) indicates, the task must satisfy a number of conditions. The 

next section serves to provide an overview of tau theory, including the necessary constraints 

needed for the variable to be specifying and how it evolved from a theory of time-to-contact 

perception to a general theory for the prospective guidance of movement. 

2.6  The evolution of general tau theory 

 While tau is traditionally associated with Lee’s (1976) conception of the ratio of the 

angle subtended by the object as it approaches the observer and its rate of closure (see section 

2.4.1 in this chapter), this is only the very specific case of an optic tau from a head on 

perspective. This conceptualization of tau is limited as a source of TTA information by four 

factors outlined by Tresilian (1999): (1) it neglects accelerations during approach requiring 

the object to move at a near constant velocity; (2) it provides information about TTA to the 

eye and not anything that extends beyond the body (e.g. a car); (3) it requires that an object 

be spherically symmetric and has difficulties accounting for irregularly shaped objects that 

are rotating slowly (e.g. rugby balls); (4) it requires that the object’s image size and 

expansion be supra-threshold and, on its own, cannot account for how people judge the TTA 

of very small objects. Therefore, for this formulation of tau to be a specifying source of 

information, the task (be it interceptive or avoidance) must satisfy these conditions.  

 Following several analyses that show that Lee’s TTA strategy may not uniquely apply 

to the perception of, and behavioural adjustment to, impeding head-on collisions (e.g. ; 
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Tresilian, 1991; Wann, 1996) led to researchers showing how Lee’s optic flow analysis could 

be generalized in the optical domain to other tasks such as non-head-on collisions (Bootsma, 

Fayt, Zaal, & Laurent, 1997). For instance, Bootsma and Oudejans (1993) define a tau-like 

variable which is equivalent to the head-on approach tau variant (ratio of optic size θ to rate 

of expansion �̇�): 

𝑇𝑇𝐴 ≈  
𝜃

�̇�
≈

𝛽

�̇�
         (Equation 2.1)  

Where the ratio of the current bearing angle (β) of the target with respect to an exocentric 

frame of reference to the change of bearing angles (�̇�) specifies the amount of time before the 

approaching object crosses an interception point. This extension of Lee’s tau to other types of 

rectilinear approach showcased how tau can extend to a far greater number of scenarios than 

originally thought. 

Indeed in 2009, Lee overviewed the research achievements of tau over the previous 

30 years and made a summary of how the semantic of tau has broadened. In general, tau 

represents not only an optical variable, but also the time of changing from a current motion 

state to goal motion state (hence the name: General Tau Theory; Lee, 1998, 2009). The goal 

of movement then, is the closure of the gap between two motion states. In this sense, general 

tau theory can guide any goal-directed movement. This broadening is reflected 

mathematically by the tau function of a variable x, defined as 𝜏𝑋 = 𝑥/�̇� where the dot 

signifies the first time derivative. Note this variable can be relevant to any sensory modality 

as it is the ratio of the momentary value of a changing stimulus array variable (angle, force, 

distance, pitch, energy) to the first time-derivative of that variable; this ratio yields time to the 

event endpoint (Cabe, 2011).  

In 1998, Lee proposed a theory on how actors could get to the right place at the right 

time by controlling the closure of action-gaps (Lee, 1998). Gaps often need to be closed 
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synchronously. These action-gaps may be extrinsic, in the sense that they are perceivable by 

an actor from outside of the animal from sensory arrays. For example, a bat landing on a 

perch needs to control the closure of the distance action-gap between itself and the perch, and 

the angular action gap between the direction line to the perch and the bat’s approach phase 

(Lee, van der Weel, Hitchcock, Matejowsky, & Pettigrew, 1992). The gaps can also be 

intrinsic, in the sense that they are intrinsic to the actor (e.g. in the nervous system). For 

example, a golfer when putting needs to control the closure of the extrinsic distance action-

gap between the club head and the ball, and the intrinsic action-gap between the start and end 

of the swing phase. A straightforward way of coordinating the closure of two gaps is by 

keeping them in constant ratio so they both become zero (closed) at the same time (for the 

exact equation, see chapter 6, section 6.3 in this thesis).    

The introduction of an intrinsic guide to tau theory was an important step as any 

theory that attempts to account for all goal-directed movements must include a theory on how 

actors fashion their movements to their purpose. By arguing that movements can be coupled 

to stationary objects by an actor generating, in its brain, an intrinsic action-gap (possibly 

through electrical energy levels) and regulating its muscles, while constantly perceptually 

monitoring the tau of the extrinsic action-gap, general tau theory can account for how 

movements can be perceptually guided to follow their planned course. The present thesis 

adopted general tau theory because it encapsulates how decisions are prospectively made: by 

using perceptual information that can guide actions by extrapolating movement into the 

future.  It is also biologically plausible and is formulated mathematically so it can make 

plausible predictions about behaviour and assess skill differences in guiding action-decisions 

in a precise quantitative way.   

2.7  Concluding remarks 
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It is reasonable based on the literature reviewed in the current chapter that taking 

ecological approach to decision-making may further our understanding of why errors might 

occur in dynamic environments, deriving from an unanticipated actualization of affordances 

when there is a potential misfit between an actor’s action capabilities and his or her 

environment. Rather than focusing on decision errors arising from an individual having 

insufficient knowledge structures for successful decision-making resulting in “at-risk” – 

accident prone - actors or focusing on features of the environment which might constitute as 

hazards, this chapter emphasises the interaction between the individual actor and the 

environment is central. This chapter proposes that errors in decision-making may derive from 

two possible problems: a) the pickup of informational variables that relate ambiguously to the 

to-be-perceived property (i.e. non-specifying information), and b) inadequate re-scaling of 

the perception-action link causing actors to misperceive possibilities for action based on their 

perceptual and motor capabilities. Furthermore, this chapter highlights how children and 

adults are particularly in danger of misperceiving affordances due to research indicating age-

related challenges associated with these two problems. Finally, the evolution of tau theory 

was outlined as it was adopted in the present thesis as a model for understanding age 

differences in skilful decision-making. 
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Chapter 3 

Understanding and influencing affordance 

perception and action decisions: how 

virtual reality can help 

3.1  Introduction  

Chapter 2 discussed how unintended outcomes of decisions could derive from the 

unanticipated actualization of affordances. The present chapter will highlight how virtual 

reality (VR) can be a valuable tool for studying affordance perception in contexts where 

errors in decision-making are often costly. This is due to the technology’s ability to: a) 

simulate ego-motion to allow actors to experience the same ‘optic flow’ information as if 

they were in the hazardous real life scenario; b) manipulate the action capabilities of actors to 

investigate the re-scaling of the perception-action link; and c) participate in the activity 

without risk of injury. Focussing on the context of affordance perception and action-

decisions, virtual reality as an experimental methodological setting, measurement device and 

training tool will be discussed. More precisely, the aim of this chapter is to demonstrate how 

immersive, interactive virtual environments can be adopted to maintain and manipulate the 

environment X individual interaction, allowing for the investigation of how the actualization 

of affordances occurs when there are multiple options and solutions to reach a goal. 

Furthermore, by discussing use of VR technology to manipulate constraints, this chapter 

illustrates how the design of virtual environments can be optimised to facilitate the process of 
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perceptual learning that is required for successful decision-making based on specifying 

information sources.  

3.2  What is virtual reality technology? 

 Virtual reality (VR) is a widely used term to describe a combination of technologies 

that allow for naturalistic interaction using a variety of senses (predominantly visually) via 

computer simulation of a real or imaginary environment. The specific definition of VR 

depends on a combination of factors including the technology being used to both display 

(perceive) and interact (move) within the virtual environment. The following chapter is based 

on the following definitions of virtual reality: 

“A computer generated 3D environment within which users can participate in real 

time and experience a sensation of being there” (McMenemy & Ferguson, 2007, p. 3-4). 

  “Virtual Reality entails the use of advanced technologies, including computers and 

various multimedia peripherals, to produce a simulated (i.e., virtual) environment that users 

perceive as comparable to real world objects and events” (Weiss & Jessel, 1998). 

 The increased availability and lower cost of immersive technology over the last 

twenty years has seen an increased use of VR in experimental research (Gregg & Tarrier, 

2007; Kozlov & Johansen, 2010; Schnall, Hedge, & Weaver, 2012; Scozzari & Gamberini, 

2011). Traditionally, researchers have aimed to understand how unintended injury occurs 

using video-based technology (e.g. films and videos of risk environments) or simulated live 

scenarios (e.g. pretend roads or demonstrations) where participants are asked to indicate (e.g. 

button press, verbal response) what choices they would make in a certain context. While 

these methods are still widely employed, not least due to their low-cost and ease of 

implementation, they have shown limited impact on altering behaviour, which suggests that 

they do not capture the processes that play out in real action-decision scenarios. For instance, 
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Lobjois and Cavallo (2007, 2009) compared road-crossing judgements of pedestrians in a 

simulator when required to either press a response button to indicate whether they would 

cross or not, or alternatively, physically cross the road. The authors found that when young 

adults are required to press a button, they collided with the virtual vehicles more frequently, 

had more tight fits (narrowly avoiding collision), and missed more safe opportunities to cross. 

To study how an individual interacts with their environment and thus gain an 

understanding of perception and action, Gibson advocated that ‘the laboratory must be like 

life’ (Gibson, 1979, p. 3). Therefore, an important factor when designing experiments is to 

maintain an interactive relationship between the actor and his/her environment, so that the 

behaviour observed in the experimental context mirrors, as closely as possible, the behaviour 

observed in the real environment (Cummins & Craig, 2016). For researchers, VR is 

compelling as it allows almost endless possibilities for the creation of recognisable, three-

dimensional virtual objects and surfaces in space. One of the most important potential 

benefits of virtual environments is the ability of the user to interact and explore within the 

environment. For instance, Mark, Jiang, King and Paasche (1999) demonstrate that when 

learners are in unfamiliar environments, they move their eyes, head and body before 

executing an action to ensure adequate pickup of information about their action capabilities. 

Therefore by adopting a fixed viewpoint (used in video-based methods), researchers are 

placing the participant at a disadvantage and removing the opportunity for essential 

exploratory movements needed for making perceptual judgements. 

3.3  The role of display and interaction technique  

 Due to the vast number of technologies available to simulate virtual reality, 

researchers must by wary of how different systems may impact the user-environment 

interaction, as the level of perceptual-motor coordination depends on the relationship between 
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the properties of the display and the interaction technique (Bowman, McMahan, & Ragan, 

2012). Poorly implemented “natural” interactions have been shown to decrease performance, 

make the opportunities for action less transparent, and cause issues with fatigue and simulator 

sickness (Grechkin, Plumert, & Kearney, 2014; Norman, 2010). Furthermore, the technology 

choices will significantly affect the affordances available to the user in a particular virtual 

environment which in turn, can influence how a user behaves using the technology. Three-

dimensional graphics generated by computer can be displayed on a head-mounted display 

(HMD), or a CAVE system (Computer Assisted Virtual Environment) consisting of three 

right-angled screens forming a three-walled room or desktop displays1. In each of these cases, 

the scale of the images projected and the means of navigating will influence the perceptual 

experience within the virtual environment (Craig, 2014). As a result, different technologies 

will afford the user different actions. For example, Bowman, Datey, Ryu, Farooq and 

Vasnaik (2002) explored the effects of using different virtual reality systems (CAVE versus 

HMD) and different modes of navigation (physical versus joystick controlled) to navigate 

through a virtual tunnel that contained many turns. Bowman and colleagues found the user 

preferences for navigation mode depended on the type of display. Using the HMD, users 

largely relied on physically turning around the corners in the virtual tunnel. In contrast, in the 

CAVE setup, users preferred consistent use of the joystick when attempting to turn in the 

virtual environment. This technology-dependent navigation preference can be understood 

from what the different VR systems afford the user. The CAVE system does not allow full 

physical rotation due to the missing back (fourth) wall, limiting the direct link between the 

user’s movements and the VR environment. This creates a scenario where turning is not 

                                                           
1 While 360 degree CAVEs also exist, I exclude them from the present definition as the research described in 

this thesis exclusively involves three-screened CAVEs with no back wall.  
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afforded via the current means of navigation, forcing the user to switch from physically-

controlled to joystick-controlled interaction to create the affordance of turn-around-ability. 

As the matching of an individual's action capabilities with what the environment 

offers defines what risky or safe behaviours may be (as argued in the previous chapter), it is 

vital that the properties of the VR display do not create ambiguity of the environment-actor 

fit. This could result in inducing action-based decisions that would not emerge naturally or 

under VR systems with tight coupling between the type of display and navigation technique. 

To illustrate, Grechkin et al. (2014) explored how different configurations of a VR system 

may affect user’s affordance perception in a train-boarding task. Participants were instructed 

to attempt to walk through a sliding see-through gate (alternating between open and closed) 

to board a moving train. The gate was located close to the edge of the platform and the train 

was composed of two types of railroad cars: a flat platform car (affording boarding) and a tall 

freight car (not affording boarding).  To successfully board, participants had to wait for a 

situation when they could pass through the open gate and then move forward to board the 

platform car that would be directly in front of them. Grechkin and colleagues found that the 

choice of display (CAVE versus HMD) and mode of locomotion (joystick versus walking) 

significantly impacted the perceptual-motor coordination of the participant with the 

HMD+Walking condition resulting in a higher occurrence of hits by the oncoming tall freight 

car and waited longer before entering the moving gate. However, more recent research has 

shown that in a virtual traffic environment, participants wearing HMDs time their entry into 

the roadway more tightly and have more time to spare when reaching the opposite curb when 

compared to participants crossing in a CAVE setup (Mallaro, Rahimian, O’Neal, Plumert, & 

Kearney, 2017). The authors argue the conflicting evidence in the literature is due to the 

advancements in HMD technology over recent years. Indeed, Grechkin et al. (2014) 

conducted their study using the NVIS HMD which is considerably more unwieldy than the 
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HTC VIVE used in the Mallaro et al. (2017) study which may have contributed to the timing 

differences. 

3.4  Level of immersion 

A clear advantage of using VR to understand action-decisions is it can place the user 

in a typically hazardous environment without the associated risk of that environment. This 

allows researchers the opportunity to understand affordance perception in contexts that would 

be normally too dangerous to study in real-life.  However, the removal of risk potentially 

makes the fidelity of the simulation uncertain, as the consequences of incorrect judgements 

are not directly comparable to real-life scenarios. To avoid inducing unrepresentative 

behaviour a result of a lack of real danger, researchers should prioritize the level of 

immersion created by the virtual environment.  

While immersion is a term that is almost synonymous with VR, there is surprisingly 

little agreement over a definition of what it entails. Ermi and Mäyrä (2005) propose 

immersion can be divided into three types: challenge-based, sensory, and imaginative. 

Challenge-based immersion is where the user often becomes less aware of their physical 

presence and the surrounding environment due to enhanced focus on the task being 

simulated. Sensory-immersion is the most widely known type with the level of immersion 

resulting from the perception of the environment by the user due to stimulating the user with 

artificial sensory stimuli that ideally becomes indistinguishable from the real thing. Finally, 

the third type of immersion Ermi and Mäyrä (2005) distinguish is imaginative immersion. 

This type of immersion is a state into which people enter when following a given narrative 

and can be likened to the experience of being absorbed into a good novel.  

Slater and Wilbur (1997) argue immersion is a way to describe the technological 

capabilities of a virtual reality system to facilitate a feeling of ‘presence’ – a term deriving 
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from Marvin Minsky’s “telepresence” (Minsky, 1980). Minsky first described this 

phenomenon when a human teleoperator controlling a robot in a remote location had the 

experience of being present in the same location due to the multi-sensory feedback provided 

by the technology. Virtual environments with a high level of presence will give the user the 

psychological feeling of “being there” or a feeling of “being in the place one perceives”. 

Many researchers have linked the sense of presence reported by the users to the effectiveness 

of virtual environment for learning and performance. Witmer and Singer (1998) note that 

users would have stronger ability to act/react in a virtual environment if they could 

completely forget about their surrounding environment (i.e. challenge-based immersion). To 

achieve this, the authors suggested that a HMD is instrumental as it enables isolation from the 

outside environment both visually (via goggles that cover the eyes preventing simultaneously 

experiencing two realities) and auditory (via headphones that reduce local ambient noise and 

replace with virtual environment-associated auditory input) stimulation. 

The perception of affordances has been proposed as a potential tool for the 

sensorimotor assessment of presence (Grechkin et al., 2014; Lepecq, Bringoux, Pergandi, 

Coyle, & Mestre, 2009). According to Sheridan (1992, 1996) presence is met according to the 

following criteria: (a) the fidelity of the display; (b) the ability of the user to freely modify the 

“viewpoint” of the eyes, ears or haptic sensors relative to the virtual environment; (c) the 

ability of the user to alter the configuration of the environment. From an affordance 

framework, b and c are simply two sides of the same coin i.e. two types of affordances found 

in the environment (Grabarczyk & Pokropski, 2016). Concerning display fidelity, while a 

certain level of detail needs to be achieved for a user to perceive what opportunities for action 

the virtual object/surface affords, picture realism is not a determining factor when trying to 

use virtual reality to understand realistic in-context behaviour (Bideau et al., 2003; Vignais et 

al., 2009). In an investigation of the role picture realism plays in perceptuo-motor abilities, 
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Vignais et al. (2009) compared handball goalkeeper’s ability to anticipate a virtual ball 

emanating from an animated player’s hand of five different graphical levels of detail. The 

authors found that the percentage of successful motor responses were not significantly 

different for any of the five different graphical categories, suggesting a decrease in the visual 

realism of a virtual environment does not affect the user’s level of presence. In fact, the 

concept of the “uncanny valley” suggests a fidelity threshold exists as virtual characters with 

a strong resemblance to humans induces an unpleasant feeling for the perceiver (Seyama & 

Nagayama, 2007).  Similar to the “uncanny valley”, highly realistic images may easily 

influence behaviour by leading to high expectations of the virtual environment’s affordances 

such as attempting to stand or sit on a virtual chair (Grabarczyk & Pokropski, 2016). After a 

certain threshold, picture realism stops being important and rather, it is the psychological 

fidelity (extent to which the user can interact with the virtual environment and respond as 

they would in the real world) that determines presence (Zahorik & Jenison, 1998).  

 Lepecq et al. (2009) investigated the body-scaled affordance of pass-through-ability 

(see Warren & Whang, 1987) in virtual environment by asking participants to walk through 

virtual doors of varying widths. The authors hypothesised that a high level of presence in the 

virtual environment would be reflected in the participant’s body orientation, which would be 

tailored to the width of the aperture and their own shoulder length. The results showed 

participants’ locomotor behaviour in relation to the virtual doors strongly resembled those of 

participants who were required to walk through real apertures. Furthermore, recent research 

has shown virtual doorways can induce freezing of gait episodes in Parkinson’s disease 

patients, a symptom impacting the control of gait, in the same manner as real doorways 

(Cowie, Limousin, Peters, Hariz, & Day, 2012; Gomez-Jordana, Stafford, Peper, & Craig, 

2018). In VR, users have been found to effectively extract visual information for the 

perception of affordances comparable to real environments for stand-onto-ability (Regia-
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Corte, Marchal, Cirio, & Lécuyer, 2013), pass-through-ability (Grechkin et al., 2014), step-

over-ability (Lin, Rieser, & Bodenheimer, 2015), step-off-ability (Lin et al., 2015), and pass-

through-together-ability (Buck, Rieser, & Narasimham, & Bodenheimer, 2019). As the 

previous chapter highlighted how the concept of affordances can capture the essence of what 

decision-making is, research showing affordance perception in virtual environments is 

comparable to the real-world suggests VR is a valuable tool for researching how decisions 

emerge in a variety of contexts. 

3.5  VR as a research tool for decision-making 

 Studying action-based decisions in real environments presents a significant challenge 

due to the lack of experimental control of visual information required to perceive affordances. 

For example, when investigating how unintended injury emerges in real situations, it is not 

possible to replicate the exact conditions that may cause an individual to misperceive an 

affordance and doing so may expose the participant to potentially dangerous scenarios. This 

limitation can be overcome using virtual environments where the situation can be simulated 

an endless amount of times. Hence, the visual information can be controlled in a systematic 

manner to ensure reproducibility between trials (Tarr & Warren, 2002). Moreover, the images 

presented to the perceiver can be adapted to their own body properties, such as eye-height 

and intraocular distance –a vital characteristic of the technology as these properties optically 

specify body-scaled affordances in the virtual environment (Cutting, 1997). 

3.6  Using VR to modify the environment-actor system 

If actors make riskier decisions due to a difficulty recalibrating the link(s) between the 

perceptual and motor system, VR can be a powerful tool for understanding how effectively 

different actors can re-calibrate when a change in an actor’s sensory or action units occurs.  
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Sensory units can be manipulated by disturbances of perceptual information, allowing 

for researchers to investigate how actors behave under certain sensory impairments such as 

oculomotor dysfunction associated with concussion (Eagle et al., 2019) or general decline in 

motion sensitivity associated with older age (Poulter & Wann, 2013). To understand if VR 

can facilitate a new mapping when sensory units are disturbed, recent research has 

investigated if participants can re-calibrate in virtual reality, similar to how they adapt to 

alterations to the perception-action link in the real world. Altenhoff et al. (2012) examined 

the contributions of effect of haptic and visual feedback on distance estimation in an 

immersive virtual environment – a perceptual judgement which has regularly been shown to 

be underestimated in VR. The authors found that participants made more accurate distance 

estimates after a calibration phase with visual and haptic feedback, suggesting calibration of 

depth estimates can occur in VR. Furthermore, Ebrahimi et al. (2014) investigated if actors 

can re-calibrate reaching responses in VR when the visual information during reaching is 

scaled differently than the physically reached distance. Over time, participants calibrated to 

the perturbed visual distances, meaning if the visually presented end effector was shown to be 

nearer, participants believed they were underestimating their reaches and if the end effecter 

was shown to be further, reaches were overestimated. Ebrahimi, Babu, Pagano, and Jörg 

(2016) investigated the contributions of visuo-haptic feedback to calibration in real and 

virtual environments. Interestingly, in the virtual environment, Ebrahimi and colleagues 

found the presence of haptic feedback does not seem to have any positive or negative effects 

on calibration suggesting visual feedback alone is sufficient for accurate reaching towards a 

target in VR. 

 As immersive virtual environments appears to be an effective method of giving 

actors an opportunity to recalibrate when sensory units are disturbed, VR could prove to be a 

useful tool for safety interventions targeted at individuals who need experience actualizing 
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affordances with their altered sensory systems to effectively calibrate. Older adults are a 

population which require plenty of experience to calibrate to the effects of ageing on their 

sensory systems. For instance, mechanorecepters required to perceive mechanical pressure or 

distortion for dynamic touch is subject to change with ageing including distribution density 

and morphology (Corso, 1981). Exploiting specifying mechanical variables is already a 

difficult task and such age-related changes places significant constraints on older learners 

(Withagen & Caljouw, 2011). Despite this, with enough experience, older adults are capable 

of producing perceptual judgements of equal accuracy to young adults (Chang, Wade, & 

Stoffregen, 2009; Turvey & Carello, 1995). VR provides older adults with an opportunity to 

gain adequate experience to aid recalibration of the age-related decline in sensory systems 

(particularly visual) in scenarios where the consequences of negative affordances are severe. 

For example, virtual environments are starting to be used to perceptually train older 

pedestrian’s ability to judge speed in an attempt to overcome dangerous distance-based 

judgement strategies (Coeugnet et al., 2017; Dommes & Cavallo, 2011; Maillot, Dommes, 

Dang, & Vienne, 2017). Furthermore, VR can help prevent the misperception of affordances 

for injury rehabilitation. In virtual environments, there is no possibility of physical contact 

with other objects and people. As a result, individuals who are at higher risk of re-injury due 

to weakened links between visual perceptual abilities and their action capabilities have 

endless amounts of opportunities to practice perceiving and actualizing affordances with their 

altered abilities before returning to the context the injury occurred in. 

Since visual information can be accurately represented and under certain conditions 

(although certainly not always) sufficient for re-calibration without haptic feedback, the 

second way VR systems can be used to study calibration is through manipulating action units 

through the enhancement or modification human abilities, thus altering the actor’s action 

units. To investigate how far VR can push manipulations to an actor’s action capabilities 
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without impeding calibration, Piryankova, Wong, Linkenauger, Stinson, and Longo (2014) 

used VR to experience having a very different body size from the participant’s own 

(significantly underweight or overweight). The authors showed that participants perceived the 

size of their virtual and physical body differently when walking through apertures suggesting 

an ability to dissociate visual feedback provided by the virtual body from proprioceptive 

feedback and memory provided from their physical body. Distortions of the perceived size of 

other body parts such as hands, arms and feet have shown similar effects on the perception of 

grab-onto-ability, reach-across-ability and step-across-ability (Jun, Stefanucci,, Creem-

Regehr, Geuss, & Thompson, 2015; Linkenauger, Bülthoff, & Mohler, 2015; Linkenauger, 

Leyrer, Bülthoff, & Mohler, 2013). This body of work suggests that perceptuo-motor 

calibration to avatars that possess different physical characteristics and action capabilities 

than your own body is possible (Day et al., 2019).  

As risk emerges from the interaction of specific actors in specific environments, 

researchers interested in injury prevention must understand how individuals take their action 

capabilities into account when making decisions, particularly under tight spatio-temporal 

constraints. To illustrate this point let us suppose a pedestrian is waiting to cross a busy road. 

First, they must choose an inter-vehicle gap out of a temporal stream of possibilities using 

information specifying the time-to-contact of the approaching vehicle. Next, they must 

initiate their actions at the right time and control their movement to avoid collision. If the 

pedestrian is moving in such a way that they will collide with the vehicle if both maintained 

their current velocity, then they may speed up to reach the opposing curb before the vehicle 

reaches the pedestrian’s line of crossing. However, if the speed needed to reach the curb is 

faster than the speed that the pedestrian is capable of moving, then the act of reaching the 

curb beforehand has no chance of succeeding. Accelerating in an attempt to avoid the 

approaching vehicle would result in taking time away from performing an evasive manoeuvre 
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and could potentially encourage the driver to not adjust their speed as they misperceive the 

possibilities for action of the pedestrian. The sooner the pedestrian perceives that the inter-

vehicle gap is not within their locomotor abilities to reach the opposing curb, the lesser the 

risk of unintended injury. To decide whether to continue crossing or take evasive action, the 

pedestrian must perceive the minimum speed needed to reach the curb (Vcurb) before the car 

in relation to the maximum speed the pedestrian is capable of moving (i.e. perceiving the 

maximum sustainable limits of one’s action capabilities, known as Vmax (Fajen, 2013).  

Traditionally, ecological psychology has considered this scenario as two separate 

problems: how the pedestrian accurately perceives the affordance of crossable/not crossable 

(i.e. affordance problem) and how the pedestrian controls their velocity to reach the curb 

before the vehicle (i.e. control problem) (Warren, 1988). How actors calibrate perceptual and 

action units has predominantly been investigated in the context of the affordance problem 

(van Andel et al., 2017). However,  Fajen (2005, 2007) notes that a reciprocal relationship 

exists between affordance and control problems (Fajen, 2013; Fajen & Matthis, 2011; Smith 

& Pepping, 2010) suggesting a combination of information about one’s own action 

capabilities and the state of the environment may be needed to optically specify action-scaled 

affordances and guide the control of action (Grechkin et al., 2014). To investigate if actors 

can calibrate to alterations in their perceived action capabilities, researchers have taken 

advantage of virtual reality to manipulate Vmax. Bastin, Fajen, and Montagne (2010) 

investigated how participants controlled speed and direction when approaching an 

intersection in a virtual vehicle. The authors used the virtual environment to impose various 

maximal action capabilities on different groups and found all groups controlled turning in 

such a way to maintain an ideal speed (i.e. speed required to intercept the target) below the 

participant’s maximum possible speed. Thus, VR can provide a tool to systematically alter 

the affordance properties in the perceiver’s environment, as well as the VR user’s capabilities 
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to act on these, entailing scientific study of the relevant decision-making processes as well as 

potential interventions for training improved performance. 

3.7  Using VR for immersive decision training 

The use of VR as a method of understanding or training behaviour is an area of 

growing interest in many fields and industries. VR training has already been applied to 

surgery (Gurusamy, Aggarwal, Palanivelu, & Davidson, 2008), sport (Gray, 2017; Neumann 

et al., 2018) and rehabilitation (Lucca, 2009). The purpose of learning or enhancing 

sensorimotor skills is to have the ability to produce, and consistently reproduce goal-

orientated movements, specific to achieving a task (Vidal, Meckler, & Hasbroucq, 2015). 

Virtual environments as a tool for sensorimotor training has been motivated by two potential 

benefits. First, virtual reality creates the opportunity to train under conditions that are 

impossible in the real world. For example, learning to how to navigate through the smoke 

within a burning building (Xu, Lu, Guan, Chen, & Ren, 2014) or one for which there is a 

conflict between perceptual information sources (Gray & Sieffert, 2005). Second, using a 

virtual environment allows for some key evidence-based principles of practice design 

(Hendry, Ford, Williams, & Hodges, 2015) to be more easily and effectively incorporated 

into training. These include adding a high degree of variability to practice conditions, 

systematically adjusting the level of challenge based on the actor’s performance and the use 

of feedback to guide perceptual attunement (i.e. converging onto specifying information). For 

instance, Maillot et al. (2017) when training older pedestrians’ to make safe road-crossing 

decisions in VR, scaled the task difficulty by beginning with a simple gap acceptance task 

with a one-way street and simple time gap combinations (same gaps on each line with only 

speed varying across trials). Gradually, difficulty was raised via complex gap-speed 

combinations until the final stage in which pedestrians were required to cross a two-way 

street with difficult vehicle speeds to perceive. Individualising training has been identified as 
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a key aspect of learning due to individuals responding differently to the environmental and 

task constraints manipulated (Greenwood, Davids, & Renshaw, 2012).  By using algorithms 

within virtual environments that detect when a user should receive certain feedback or face a 

change in constraints, VR can accommodate variations in each performer’s individual rates of 

learning, growth and maturation during skill development (Liu, Mayer-Kress, & Newell, 

2006; Stone, Strafford, North, Toner, & Davids, 2018). 

3.7.1  Augmented feedback in VR 

One of the pivotal results of research in learning is how feedback can aid and 

accelerate the acquisition of expertise (Wulf, 2007). Acquisition of new perceptuo-motor 

skills is only possible through feedback generated from movement through the environment 

which contains information about one’s actions (Todorov, Shadmehr, & Bizzi, 1997). When 

it is available, feedback is the primary means by which actors judge the success (or failure) of 

their actions and identify errors in motor performance. The types of feedback that have been 

studied can be broadly categorized as intrinsic or extrinsic (often referred to as augmented), 

depending on the learning context. Intrinsic feedback, as the name suggests, is information 

regarding performance that is normally present in the environment without external 

human/technological mediation. By using their sensory modalities, actors can judge the 

quality of movement performance by detecting differences between movement outcomes 

relative to a goal state, leading to a gradual refinement of performance with practice 

(Ericsson, Krampe, & Tesch-Römer, 1993). In contrast, augmented feedback is generated by 

an additional system (e.g. verbal commentary from a coach or cues displayed on a computer) 

which does not naturally emerge from the immediate task (Schmidt, 1991) and is frequently 

described as ‘augmented’ as it is intended to be more useful than intrinsic sources of 

information alone . 



59 
 

An interesting question regarding the use of VR for sensorimotor training is whether 

artificially generated (augmented) feedback, normally absent from the traditional learning 

environment can improve learning. Todorov et al. (1997) found that participants who learnt a 

multi-joint movement in a virtual table tennis environment with augmented kinematic 

feedback performed significantly better than those who received real-task practice or 

coaching. According to ecological psychologists, effective augmented feedback for 

perceptuo-motor learning requires developing a procedure that directs an actor’s attention 

towards the use of a higher-order variables (Gibson, 1966). Jacobs et al. (2001) found that 

optimising practice conditions involves selecting stimuli for which the use of non-specifying 

information sources leads to particularly inaccurate judgements, and hence to negative 

feedback. The negative feedback associated with the use of non-specifying information 

guides the actor to change the variable use towards higher-order sources of information 

(Jacobs & Michaels, 2007). 

 VR technology has been proposed as a tool to aid learning by becoming attuned to 

specifying information in a simulated performance environment due to the ability to facilitate 

and strengthen the lawful relationship between perception and action (Stone et al., 2018).  To 

investigate if augmented feedback can facilitate a shift in the perceptual variables, Huet, 

Camachon, Fernandez, Jacobs, and Montagne (2009) used a virtual environment where 

participants were required to adjust their walking speed to pass through a pair of rhythmically 

opening and closing sliding doors. Such a task requires actors to use perceptual informational 

to specify the participant’s current error to null the difference between the current and ideal 

walking speed. The authors note that while such information exists already in the 

environment, it is difficult to detect and perceptually learning to navigate this task could 

benefit from feedback that helps the learner discover an informational variable that integrates 

both the spatiotemporal vicinity of the doors as well as the cyclical characteristics of the 
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oscillation of the virtual doors. To achieve this, the study provided participants with an 

augmented gauge or “ghost doors” in the virtual environment that gave a real-time 

representation of current error in walking speed (i.e. the error that would be observed at the 

point of passing through the sliding doors if the walking speed remained constant). The gauge 

took the form of a vertical reference bar with the middle part of the bar being green to 

represent when the current walking speed for the upcoming passage is sufficient. In contrast, 

the lower and upper parts of the bar were red indicating the participant is at risk of colliding 

with the sliding doors early or late respectively if the current walking speed remained 

constant. Similarly, the ghost doors provided feedback regarding the sufficiency of the 

participant’s approach by representing the maximal door aperture of the doors at the point of 

crossing if their current walking speed was maintained. When the ghost doors were near 

enough or perfectly layered, they appeared green indicating the current walking speed 

specified safe passage. In contrast, if the ghost doors appeared red and in front of the real 

doors, this would indicate the participant would arrive too late. Finally, when the ghost doors 

appeared red and were behind the real doors, this would indicate the participant would arrive 

too early. The authors concluded that by giving readily available, augmented feedback, 

participants shifted towards more useful optic flow variables that accounted for both the time-

to-door crossing and time-to-maximal aperture specifying the current error in walking speed. 

3.7.2  Transfer between the virtual and real world 

While the improved accessibility of VR has enabled the wide-range of possibilities for 

training, a fundamental question remains about the transfer of skilled performance from the 

virtual to the real world. The primary criterion for any training virtual environment should 

always be the positive transfer of training to the real environment (Gray, 2019). A 

fundamental concern relating to the use of VR training to facilitate perceptual attunement to 

accurately perceive affordances and prevent unintended injuries is that if the informational 
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variables used in VR do not closely respond to the real world environment, learning in VR 

may be ineffective or even detrimental. Virtual environments have been shown to temporarily 

impair the ability to focus on a target due to a created conflict between binocular depth cues 

imposed by the fixed screens in HMDs (Hackney et al., 2018; Mosher et al., 2018). 

Furthermore, a short period wearing a HMD can result in temporary reductions in oculomotor 

stability (Yamada-Rice et al., 2017). These small technology-related challenges could 

conceivably have detrimental effects on performance, particularly in environments where 

impairments to balance or depth perception can lead to unsafe behaviours e.g. high balconies 

or roads. Furthermore, the practice conditions used in the virtual environment should be 

structured so not to encourage the attunement towards non-specifying information and 

inadvertently increasing the likelihood of unintended injury. While virtual reality is a 

powerful tool in that it allows actors to gain endless repetitions of circumstances which 

otherwise would be impossible, researchers and practitioner should design training in VR so 

that non-specifying variables are not sufficient for accurate performance (e.g. Jacobs et al., 

2001). For example, training pedestrian’s ability to judge the time-to-arrival of vehicles to 

specify pass-through-ability in VR should incorporate variations of both speed and distance 

to avoid the use of strategies using non-specifying variables. These strategies could include 

the use of distance (as specified by the size of the image on the retina) or speed (as specified 

by the rate of expansion of the image on the retina; Whyatt & Craig, 2013).  In these cases, a 

pedestrian would wait for the target to reach a set speed (i.e. certain angular velocity) or 

distance (i.e. certain visual angle) to initiate crossing, both of which result in increased 

likelihood of collision with the approaching car.  

Achieving positive transfer between the learning context and the performance context 

depends on whether the perceptual information that guides the assembly of movement actions 

and execution of actions during training is preserved in the transfer task (Snapp-Childs, 
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Wilson, & Bingham, 2015).  Therefore, virtual learning environments that prioritize 

psychological fidelity by allowing the user to engage with varying representative 

environmental conditions are increasing the likelihood that actors will use similar perceptual 

information to control their actions to the real-world task (Harris et al., 2019a). For instance, 

Lammfromm and Gopher (2011) found positive transfer in a juggling task from a low 

physical fidelity, two-dimensional virtual environment as it varied ball speed and was 

representative of the visual and spatio-temporal aspects of real-life juggling. Similarly, 

Thomson et al. (2005) showcased how virtual reality can, theoretically, be used to improve 

attunement to specifying perceptual variables in an applied, real-world task. Children aged 7, 

9, and 11 year’s road-crossing judgements were assessed, relative to controls, before and after 

training in a virtual traffic environment. All children who underwent VR training crossed 

more quickly, missed fewer opportunities to cross, and accepted smaller traffic gaps without 

increasing the number of risky crossings. The authors argued that the training simulation 

enabled children to abandon lower-order perceptual variables, and become more attuned to 

the affordances (specified by temporal information) presented in a real-world traffic 

environment.  Therefore, a valid virtual learning environment which is likely to produce real-

world transfer should display construct validity in that it provides a good representation of the 

task it intends to train and accurately reflect performance.  

One of the hallmarks of investigating if a simulated environment is a valid 

representation of skill is observing individuals with real-world expertise behaving expertly in 

the simulation (Bideau et al., 2009). This expert-novice comparison has been widely used for 

validating simulations in surgery (Vine, Masters, McGrath, Bright, & Wilson, 2012), sport 

(Correia et al., 2012; Harris et al., 2019b) and manufacturing (Jose, Unnikrishnan, Marshall, 

& Bhavani, 2016). By understanding how experts behave in virtual environments, we can 

understand the behaviours needed to perceive and actualize affordances in potentially 
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dangerous environments. Since inefficient or dangerous behaviours usually occur when 

people, especially, children, operate closer to the limits of their action capabilities (Smith & 

Pepping, 2010), VR can assess such expertise using analysis techniques that assess sensitivity 

to action boundaries. For instance, a pedestrian facing a stream of virtual traffic will have a 

boundary zone of TTAs in which relative to their action capabilities, there is an increased 

uncertainty about whether crossing is afforded. This boundary area is usually the most unsafe 

one. The pedestrians which have perceptually attuned to higher-order information that 

clarifies previously ambiguous transition boundaries from an impossible (and unsafe) to 

possible (and safe) will perform the best in this virtual environment. 

3.8  Concluding remarks 

As mentioned in chapter 2, the accurate actualization of affordances depends on two 

factors: using perceptual variables that specify the actor-environment relation (i.e. attuning to 

higher-order information) and scaling action to these informational variables (i.e. calibration). 

As this chapter has argued, virtual reality is a powerful tool for understanding both perceptual 

sensitivity to specifying information (via studies showing sensitivity to action boundaries in 

VR) and calibrating to changes in environments/action capabilities (via studies that disturb 

the perception-action link in VR). Therefore, immersive virtual environments can be 

manipulated by experimenters to examine the relative contribution of these factors towards 

unintended injury in these age groups. For example, providing a full-body avatar that 

faithfully represents the anthropometric dimensions of an actor allows the actor to behave in 

the virtual environment in a manner that is most similar to real world behaviours immediately 

suggesting minimal rescaling of the perceptual-motor system in VR (Lin et al., 2015). This 

would enable the researcher to safely simulate a hazardous environment to investigate how 

participants actualize affordances while minimizing the calibration process required when 

entering the VR system. Additionally, researchers could standardize actors maximal 
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movement speed in a virtual environment, removing the age-related differences in action 

capabilities. As a result, researchers can simulate a constrained risk environment where the 

success or failure of a task depends on the ability of the actor to attune to specifying 

information to actualize affordances in the virtual environment (see chapter 5). Similarly, 

within VR researchers can easily induce a disturbance in the perceptual or action capabilities 

of the actor, rendering the current perception-action link inaccurate and investigate how fast 

recalibration occurs in a simulated hazardous environment. 

The virtual reality technology in the present thesis will be used to manipulate action 

capabilities by standardizing walking speed across different age groups. Such methods have 

been previously described as ‘perception-only’ as the design separates the perceptual task 

from the execution of the movement (e.g. Craig, Berton, Rao, Fernandez, & Bootsma, 2006; 

Watson et al., 2011). Furthermore, I take advantage of the benefits of virtual reality to 

provide augmented feedback in Chapter 7 by providing instantaneous knowledge of results 

feedback along with cross-modal cues that lawfully relate to the visual flow information 

arising hazardous objects in the environment.  The aim of using this technology in the 

following experimental chapters is to address the question around how the ability to use 

information that specifies features of the environment influences the unanticipated 

actualization of affordances. Road-crossing was the selected context for these experimental 

chapters as it is a common, everyday task where pedestrians of all ages are required to 

perceive and act on affordances (i.e. select and execute decisions) involving speeded objects. 

The design of a virtual road-crossing simulator which served as the environment used to 

study action-decision making throughout the thesis will be described in the next chapter. 
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Chapter 4 

Design of a virtual road-crossing 

environment for action-decision 

investigation and training 

The previous chapter highlighted the benefits of virtual reality for studying decision-

making and affordance perception as it retains the principles of perception and action, 

egocentric viewpoint, immersion, and sense of presence. This chapter will briefly describe 

the design of a virtual reality road-crossing simulator that follows these principles for the 

studying skill differences across the lifespan in the present thesis.  

4.1  Maintaining an egocentric viewpoint 

In order to measure affordance perception and their actualization, a methodology that 

can adequately and accurately recreate this perception/action loop from the participant’s 

perspective is needed. In other words, to study action-decisions, a virtual environment must 

be presented through technology that can recreate a participant’s (egocentric) 3D viewpoint 

of an unfolding traffic event that can be updated in real-time. As noted in chapter 3, this 

egocentric viewpoint is essential to provide participants with the relevant perceptual 

information necessary to act in a naturalistic, prospective way. To achieve this, I adopted a 

head-mounted display combined with a low latency tracking system (Oculus Rift with an 

Intersense IS-900 ultrasonic positioning system). This methodology has been adapted for use 

in other contexts such as gap perception in rugby (Watson et al., 2011), cricket batting 
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(Dhawan, Cummins, Spratford, Dessing, & Craig, 2016) and goalkeeping (Craig, Bastin, & 

Montagne, 2011). The use of an Oculus Rift (field of view of 100°) provided a significant 

improvement over some previous research using HMDs that had a limited range of 48° (e.g. 

Simpson, Johnston, & Richardson, 2003). This enhanced field of view allows the participants 

to make better use of their peripheral vision when tuning into looming information. 

Additionally, the higher resolution (1080 x 1200 per eye) compared to previous HMDs and 

current CAVE systems, gives a greater advantage when judging inter-vehicle gap closures. 

Indeed, Mallaro et al. (2017) note how the greater pixel density per visual angle in modern 

HMDs may provide superior TTA cues than traditional CAVE systems.  

4.2  Immersion  

Following the grouping of immersion into challenge, sensory, and imaginative in 

chapter 3, I sought to create an immersive environment that (hopefully) satisfied these 

categories. For challenge-based immersion, the virtual environment was configured to load in 

different sized temporal gaps. The program that ran the simulation consisted of a main 

manager class which handles game mechanics. As a result, the level of challenge was 

controlled by the experimenter, as they specified how large and small the range of inter-

vehicle gaps presented to the participant would be. Previous affordance research has shown 

that the degree of difficulty of a task is directly related to how close an opportunity for action 

is to the limits of the action capabilities of the actor (Smith & Pepping, 2010). In other words, 

the decision to reject or accept a gap between vehicles becomes more difficult if the time 

remaining until the inter-vehicle gap closes is close to the time it takes for the pedestrian to 

successfully cross the road. Therefore, if the experimenter wished to raise the level of 

challenge-based immersion, they would simply create a range of inter-vehicle gaps that were 

close to the limits of the action capabilities of the actor.  
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Sensory-based immersion is related to the technical capability the system has. To 

ensure quality of the simulation and that the display presented accurate timings, I opted to go 

for lower poly (i.e. lower graphical quality) assets in the virtual environment e.g. vehicles, 

trees, roads, etc. As chapter 3 notes, while this may result in a lower level of sensory 

immersion, it may not impact the level of presence since graphical quality does not appear to 

influence movement behaviour (Vignais et al., 2009).  

Finally, imaginative immersion is less related to the technology used and more to the 

instructions of the task itself. Road-crossing creates an obvious advantage in this aspect 

compared to more ‘removed’ tasks where the participant is unfamiliar with the created 

experimental situation. This has important implications for information usage, as if the actor 

is familiar with the virtual environment, they can then set up their perceptual systems to 

detect an optical variable they have previously used in a similar, real-world environment (see 

Jacobs & Michaels, 2007). This was demonstrated by Watson (2010) who found that actors 

were more attuned to tau differential information when selecting a gap to pass through in a 

virtual environment when the obstacles were familiar (i.e. rugby players) compared to 

unfamiliar (i.e. moving blocks). 

4.3  Presence 

In contrast to some aspects of immersion which are limited to the technical capability 

of the hardware used (e.g. sensory-based immersion) or how a virtual environment should be 

set up (e.g. challenge and imaginative immersion), presence is less prescriptive as it is the 

subjective experience of the participant “being in the place one perceives”. However, a 

number of factors were combined into the design to improve the sense of presence based on 

the recommendations of Schuemie, van der Straaten, Krijn, and van der Mast (2001): 
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 Multi-modal presentation: Both visual and auditory information was incorporated into 

the simulator to increase the representativeness of the virtual traffic environment. This 

included a two-lane street from which realism was enhanced visually by trees, 

shadows, and textures, taken from a 3D model of a street in New Jersey, USA, and 

aurally by realistic sounds of traffic (e.g. engine sound becoming louder as cars get 

closer). 

 Mode of interaction: The system was designed so that the experimenter is responsible 

for any initial input to the system (e.g. entering user ID or ordering of trials). As a 

result, participants were able to focus entirely on completing the task of selecting a 

safe inter-vehicle gap to cross. Two modes of interaction for the participant were 

incorporated into the system. Mode one involved a button press which translated the 

participant across the road at a fixed speed. The second mode reflected the most 

natural mode of interaction with the virtual traffic environment – full body movement.  

 Reduction of distraction features: As the virtual environment was presented in a head-

mounted display with attached headphones. As a result, the virtual environment 

accounts for all the visual and auditory information presented to the participant. This 

is in contrast to CAVE systems to which the participant can often see features of both 

the real and virtual environment increasing the odds of outside distraction. 

4.4  Perception and Action  

 In traffic contexts (along with many others), pedestrians are active (rather than 

passive) perceivers who constantly engage in exploratory behaviours that allow them to pick 

up important information to guide their decisions about when and how to act. For instance, 

Braly (2020) notes that when viewing an approaching vehicle, even minimal head 

movements vastly improve judgements of TTA. This egocentric perception of what the 

environment affords a pedestrian, at a given moment in time, allows behaviour to emerge in 
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context. The virtual traffic environment maintains the perception-action loop by allowing 

pedestrians to actively scan and explore their environment with the participant’s movement in 

the real world having a one-to-one mapping with the participant’s movement in the virtual 

world.  

4.5  System Design 

The system was developed using the game engine Unity v5.6.0f. Third party assets 

were used which included urban roads (RoadKit), vehicles (AE Cars), and mountains 

(ParksAndNature). A number of specialised classes were created to support the main 

manager class that handled game mechanics. This included classes that handed audio, user 

interface, and vehicle-participant collision. Configuration patterns were provided to control 

the system which included timing (trials beginning and end), default participant position 

relative to the virtual environment, and each vehicle’s position and speed. A Microsoft 

Windows 7 PC (Intel Core i7-6800, NVIDIA GTX 1080 series card, 32GB RAM) was used 

to run the program connecting the Oculus Rift via USB. Due to the nature of the system (all 

aspects of 3D rendering in Unity are not directly controlled), the frame rate of the system was 

not constant. However, a semi-fixed time step was implemented to ensure no delays between 

rendering the environment and the participant’s actions. Motion capture of the head was 

recorded during the simulation using Unity at a 30 Hz sampling rate. For motion capture of 

the feet (in the full-body movement mode of interaction), a 12 Qualisys infrared motion 

capture system (Qualisys Ltd., Göteborg, Sweden) tracked the position of a unique 3 marker 

configuration rigid body attached to each foot of the participant (see chapter 6). The position 

of the rigid bodies were tracked at 100Hz and streamed via a LAN cable to the desktop PC, 

which rendered the feet in the virtual environment as solid white blocks using the Qualisys 

Unity Plugin.  
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4.6  Conclusion 

This chapter aimed to showcase the underlying design principles I adopted for the 

creation of a virtual traffic environment for the following three experimental chapters. Since 

concepts such as presence are well understood to not be limited by technological 

implementation, I incorporated elements that could potentially increase levels of presence and 

ability to judge the affordances embedded in a dynamic virtual environment.  The Unity 

project along with all the code developed for the present thesis can be found in appendix B.  
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Chapter 5  

Age-related differences in the perception of 

gap affordances: Impact of standardized 

action capabilities on road-crossing 

judgements 

5.1  Introduction 

Worldwide, there may be as many as 400,000 pedestrian fatalities every year and 

make up 25% of all road related fatalities in the UK (Department of Transport, 2016; Zegeer 

& Bushell, 2012). International bodies including the World Health Organization (WHO), the 

United Nations (UN), and the European Union (EU) by implementing pedestrian safety 

interventions and campaigns (e.g. European Commission, 2010; United Nations, 2010; World 

Health Organization, 2018) have acknowledged the seriousness of this problem. Older adults 

and children have been identified as among the most vulnerable road users. For instance, 5-14 

year olds have the highest percentage of pedestrian injuries of any age group, despite 

regularly crossing the road unsupervised from as young as 5 years old (Rivara, Bergman, & 

Drake, 1989). Similarly, elderly pedestrian accidents have an increased risk of fatality due to 

increased fragility associated with age-related declines in both physical and mental health 

(Fairfax, Hsee, & Civil, 2015; Yee, Cameron, & Bailey, 2006). In the EU, elderly people are 

involved in 40% of fatal traffic injuries, despite only representing 15% of the total population 
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in some European countries (Nagata, Uno, & Perry, 2010). These accident and fatality 

statistics suggest our ability to make safe, action-based decisions in traffic environments 

changes drastically during lifespan. Additionally, road-crossing acts as a model system for 

studying ageing and affordance perception in an ever-changing environment due to the 

spatio-temporal constraints it imposes on the actor (Plumert & Kearney, 2018). This chapter 

will begin by outlining the task of crossing traffic-filled roads and identify age group 

differences in the ability to safely navigate through them. 

5.2  Road-crossing as a perceptual-motor avoidance task 

Our approach to understanding the underlying processes in road-crossing behaviour 

and potentially identifying why certain age groups are of increased risk of injury starts with 

considering road-crossing as a perception-action task with two main components. First, the 

pedestrian must identify a gap that affords safe passage. The second, involves coordinating 

movement through the selected gap without colliding with any vehicles (Grechkin, Chihak, 

Cremer, Kearney, & Plumert, 2013). These two components are intertwined – gap choices 

constrain crossing actions and action capabilities constrain gap choices. Perceiving and acting 

upon affordances in a road-crossing task requires both accurate pick-up of specifying 

information to accurately gauge the time available to cross the spatio-temporal gap and 

accurate calibration as the pedestrian needs to perceive if the current gap is sufficient, given 

their maximal crossing speed. One of the key reasons why road-crossing presents such a 

significant perceptual-motor challenge is due to the transient nature of the opportunities for 

action. When objects are moving, the possibilities for action change over time – available for 

one moment and not the next. When a pedestrian is faced with a stream of continuous traffic, 

a pedestrian is required to move between moving vehicles. As these vehicles approach and 

pass by the pedestrian, opportunities for crossing can switch from a gap affording safe 

passage to an impenetrable barrier (Fajen et al., 2009; Lee, Young, & McLaughlin, 1984). 
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This dynamic nature of such affordances impacts how decisions are made, how actions are 

performed, and how decisions and actions are coordinated in time (O’Neal et al., 2018). For 

example, the ability to use optical information that specifies passabilitiy of an inter-vehicle 

gap ahead of time will determine what course of action the pedestrian takes.  

5.3  Prospective information for the perception of dynamic affordances in a road crossing 

context 

Lee et al. (1984) notes that crossing between inter-vehicle gaps first entails finding an 

inter-vehicle gap that affords safe crossing. A gap affords crossing if the pedestrian’s 

(projected) crossing time is less than the temporal size of the gap so that:  

(𝜏𝑇𝑎𝑖𝑙 −  𝜏𝐿𝑒𝑎𝑑) >
𝑑

𝑣
 

, where τLead and τTail correspond to the TTA of the first and second vehicles to the 

planned crossing line, d is the distance required to travel for the pedestrian, and v is the 

pedestrian’s average walking speed. In order to cross safely, pedestrians must accurately 

judge both the size of the temporal gap and the time required to cross the gap between 

sidewalks. Basically, to perceive the affordance in a road-crossing scenario, a pedestrian has 

to become proficient at perceiving TTA in terms of time to act. This ability is fundamental to 

the control of many goal-directed actions including attacking forehand drives in table tennis, 

insects landing, and seabirds plunge diving (Bootsma & van Wieringen, 1990; Lee & 

Reddish, 1981; Wagner, 1982). In all of these tasks, actors are required to use TTA 

information to act prospectively i.e. sufficiently ahead of time. Lee (1998) notes how optical 

tau captures the rate of closure of motion gaps and can therefore provide robust temporal 

information that allows for the prospective control of the actions of an actor without the need 

for any complex calculations of speed or distance. A motion gap is defined as any gap 

between a current and goal state (Craig, Lee, & Grealy, 1999). Whereas, the tau of a motion 
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gap specifies the time that gap would take to close under constant velocity (Lee, 1998). For 

the accurate perception of the affordance of an inter-vehicle gap, pedestrians must be 

sensitive to the relevant information encapsulated in the tau of these motion gaps which can 

be picked up through changes in the sensory array. Importantly, for avoidance tasks, tau can 

specify the time to arrival of an object but can also specify whether an upcoming collision is 

going to occur if the current course of action is maintained (Bootsma & Craig, 2003; Coull, 

Vidal, Goulon, Nazarian, & Craig, 2008). 

5.4  Age-related challenges in perceiving dynamic affordances 

For older pedestrians who often experience a decline in both perceptual abilities and 

physical capabilities (Corso, 1981; Doherty, Vandervoort, & Brown, 1993) tasks such as 

driving a car or crossing a road can present a particular challenge. Research has shown how 

older adults alter their decision-making to compensate for this decline. Cesari, Formenti and 

Olivato (2003) note how older adults with the same leg length as younger adults significantly 

differed in how they judged which steps afforded climbing or not. The authors attributed 

these differences in judgement as being due to a decline in leg dexterity. Furthermore, 

Zivotofsky et al. (2012) showed that knowledge of your own action capabilities appears to 

falter with age with elderly participants’ road-crossing estimations and their actual crossing 

times differing significantly due to a failure to recognise the decline in walking speed over 

the lifespan. Indeed, walking speed appears to be a highly influential predictor of unsafe 

crossing behaviours, implying an age-related decline in knowing the limitations of the body 

when making action-decisions in dynamic environments (Butler, Lord & Fitzpatrick, 2016; 

Dommes, Cavallo, & Oxley, 2013; Geraghty, Holland, & Rochelle, 2016; Holland & Hill, 

2010). For instance, Butler et al. (2016) found that in a road-crossing task, older adults 

overestimated their walking speed by more than 20% in one-quarter of the walks and 

underestimated by more than 20% in one-third. Additionally, older adults have been shown to 
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be more conservative in their gap selection and adopt strategies such as a quicker initiation 

when crossing to allow more time to get across the road and compensate for their slower 

walking speed (Lobjois & Cavallo, 2009; Oxley, Ihsen, Fildes, Charlton, & Day, 2005).  

Conversely, children can take advantage of their wider range of action capabilities 

and have shown an ability to systematically adjust their walking speed when crossing the 

road if their current walking speed would result in a collision (Morrongiello, Corbett, 

Milanovic, Pyne, & Vierich, 2015a). However, a greater reliance on evasive skills may 

suggest children are poorer at tuning into the specifying information in the optical array. 

Wann et al. (2011) show that children under 11 cannot reliably detect the discrete changes in 

optic flow i.e. optical looming in cars approaching at over 20 mph. Since the rate of looming 

is vital for the successful use of tau, any lower thresholds for successfully detecting this 

information should be reflected in a lower adherence to tau when detecting gap affordances. 

Despite decreased sensitivity to looming and the use of evasive action, recent research 

adopting virtual reality paradigms demonstrate that children appear to choose similar 

temporal gaps to adults suggesting both age groups use similar perceptual information when 

detecting gap affordances (Morrongiello, Corbett, Milanovic, & Beer, 2015b; Plumert, 

Kearney, & Cremer, 2004; Plumert, Kearney, Cremer, Recker, & Strutt, 2011). The present 

study aims to address the question if children and adults use the same perceptual information 

to inform decision-making and if the optical variable used directly specifies time remaining 

until an approaching car arrives (TTA). This research will further our understanding of 

children’s ability to estimate TTA and determine if age is a factor that prevents children from 

using perceptual information that specifies gap affordances in a road-crossing scenario. 

As older adult’s movements lack flexibility and speed, the elderly cannot simply take 

evasive action whenever they have misjudged the TTA of an approaching object. This places 
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a greater importance on the visual system’s ability to accurately detect action-relevant 

information, with inaccurate judgements potentially having serious implications for safe road 

crossing. Research has shown that time-to-arrival estimates appear to be less accurate in older 

adults who underestimate the time it takes a moving object to arrive significantly more than 

young adults (Scialfa, Guzy, Leibowitz, Garvey, & Tyrrell, 1991). Older adults appear to 

compensate for this decline in estimation accuracy by adopting simplifying heuristics e.g. 

‘the further the car is from me, the safer the gap’ (Oxley et al., 2005). This results in the 

conclusion of a heavy reliance on their distance from the object rather than a specifying 

variable such as TTA (Dommes, Cavallo, Dubuisson, Tournier, & Vienne, 2014; Lobjois & 

Cavallo, 2007; Oxley et al., 2005). Petzoldt (2014) suggested that a more reasonable 

explanation was that instead of using heuristics based on physical distance, older adult’s gap 

selection was more likely a result of distorted time-to-arrival estimates.  When these factors 

are considered, it is understandable why older adults are more conservative in their gap 

selection and make more unsafe decisions when crossing a road (Butler, Lord, & Fitzpatrick, 

2016). 

5.5  Virtual reality methodology in road-crossing 

As noted in chapter 3, many of the original studies investigating the impact of age on 

making decisions about whether the road is safe to cross or not, have used various 

methodologies to capture behavioural responses. These include asking participants to press a 

button or give verbal responses when viewing stimuli on two-dimensional screens or 

simulated live scenarios (e.g. Lee et al., 1984; Oxley et al., 2005). Some have questioned the 

lack of ecological validity of some of these methods, with more recent studies turning to 

immersive, interactive virtual reality environments such as a CAVE or head mounted 

displays to present an egocentric viewpoint of the approaching cars and offer participants the 
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ability to act more realistically (e.g. Azam, Choi, & Chung, 2017; Tzanavari, Matsentidou, 

Christou, & Poullis, 2014). Lobjois and Cavallo (2009) compared gap selection of older 

adults in an estimation task (perception only) and an interactive task that required actual 

crossing (perception coupled to action). As expected, young adults adopted a different 

strategy in the actual crossing task, as they were able to calibrate their actions and adjust their 

walking speed according to the perceptual information specifying the time to arrival of the 

approaching car. However, no significant differences were found between estimation and 

actual crossing tasks in the older adults’ group. This age-related difference observed in tasks 

when perception and action are coupled could be attributed to the poorer action capabilities in 

the adult group. A potential error that is worsened by incorrect estimations of their own road 

crossing times (Zivotofsky et al., 2012). Alternatively, these findings could be the result of 

older adults using non-specifying perceptual variables to estimate time to arrival and 

consequentially are unable to adjust their actions correctly as the perceptual information they 

are using is unreliable (non-specifying). 

5.6  Aims and research questions 

The present study was conducted to further investigate how age affects the accuracy 

of road-crossing judgements. As noted, in tasks where the perception-action loop is 

maintained, older adults have been shown to be poorer at calibrating their own movements to 

those required to interact effectively with what is happening in the surrounding environment. 

Children, on the other hand, have been found to take evasive action (e.g. speeding up or even 

running) to ensure task success and avoid a collision with a car (Lobjois & Cavallo, 2009; 

Morrongiello et al., 2015a). A two-lane virtual reality scenario was used where participants 

crossed the road at a fixed speed and therefore, controls for potential differences in action 

capabilities between participants. This was achieved by pressing a button on a joystick which 

translated the participant across the road at 1.42 M/S. This configuration allowed for the 



78 
 

evaluation of how participants of different ages (children, young adults and older adults) are 

able to calibrate their perception of the crossability of the gaps between cars to the 

standardised road-crossing speed imposed by the virtual reality simulation. The approach of 

the cars had been controlled in such a way that tau specifies the TTA of the approaching cars. 

As successful decision-making depends on the pick-up of specifying information (e.g. Craig 

& Watson, 2011), the analysis was conducted to examine how well participants tune into and 

use this information. The present experiment aimed to answer the following questions: 

(i) How well can each age group judge the ‘crossability’ of gaps between oncoming 

traffic in a road-crossing task when action capabilities are standardised (fixed 

movement speed)? 

(ii)  How does age impact on the ability of participants to use specifying information 

(tau) to inform road crossing decisions? 

This experiment aimed to determine whether there are age differences in detecting the 

‘crossability’ of a road (perceptual judgements) when the physical task of crossing the road 

(action) is standardized for all participants. By standardising the time to cross the road (action 

response), the ‘crossability’ of the gap between vehicles specified by tau (the time to arrival 

of the cars) will be the same for all participants. This means variability in action capabilities 

will not impact on task success and can conclude whether performance differences across age 

groups is due to poorer detection of the perceptual information that specifies the ‘crossability’ 

of the gap between cars.  

5.7  Method 

5.7.1  Participants. 

A total of 45 participants were recruited for the study. This included 15 children (5 

boys, 10 girls) aged between 10-12 (M = 11 yrs, SD = 0.85), 15 adults (8 men, 7 women) 
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aged between 18-39 (M = 23.5 yrs, SD = 4.1) and 15 older adults (5 men, 10 women) aged 

between 65–91 (M = 73.5, SD = 8.9). Older adults were recruited from local fitness classes 

and were required to be able to walk for an extended period without an aid. The International 

Physical Activity Questionnaire (IPAQ) was used to assess older adult’s weekly levels of 

physical activity (Tomioka, Iwamoto, Saeki, & Okamoto, 2011). Participant’s own action 

capabilities were assessed by physically walking across a road 3 times with a large temporal 

gap between cars (8.9s) while wearing a head-mounted display with a motion tracker from 

which average walking speeds were extracted (see table 5.1). This allowed the experimenters 

to assess walking speed under naturalistic road-crossing conditions. Ethical approval was 

granted by the University’s Psychology ethics committee. 

Table 5.1 

Summary of means for each age group’s average walk speed (SD) including its, max, min, range and differential between 

actual and imposed walk speed (SD). 

Age Group 

 

Walk Speed 

(m/s) 

Max Min Range Walk Speed 

Differential 

(m/s) 

Children 1.39 (0.23) 1.98  

 

1.14  

 

0.85 

 

-0.03 (0.23) 

Adults 1.44  (0.17) 1.82  

 

1.15 

 

0.66 

 

0.02 (0.17) 

Older 

Adults 

1.41 (0.16) 1.61 

 

1.09 

 

0.52 

 

-0.01 (0.16) 

 

5.7.2  Apparatus. 

The immersive, interactive virtual road-crossing environment was presented in an 

Oculus Rift DK2 stereoscopic head-mounted display (see figure 5.1a). The HMD had a 

resolution of 1920x1080 with a refresh rate of 100 frames per second with a diagonal field of 

view of 100 degrees. A head mounted display was preferred to a CAVE system as it allowed 

for active perception and has been found to produce more accurate judgements when judging 

gaps in previous studies (e.g. Mallaro, Rahimian, O’Neal, Plumert, & Kearney, 2017). To 
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allow precise updating of head orientation in real-time while navigating through the virtual 

environment, the ultrasonic Intersense IS-900 motion tracking system was used to track a 

participant’s movement through the environment.  Crossing was initiated when a participant 

pressed the ‘A’ button on an Xbox One controller. 

 

 

Fig. 5.1. (a) A photograph of a participant wearing the Oculus HMD with an Intersense head tracker attached to update the 

viewpoint in the virtual world in real time. The participant is holding the Xbox controller in his hand to record his responses. 

(b) A schematic diagram showing the axes of movement of the two lanes of cars and the gaps between them. The participant 

has to close the gap in the Z-axis before the gap in the X-axis closes (i.e. before the trailing car in the far lane crosses the z 

axis).  

5.7.3  Design. 

The virtual environment consisted of a two-way street, six-metres wide from 

sidewalk-to-sidewalk (see figure 5.1b). Each lane of traffic was symmetrically aligned (i.e. 

cars in the near and far lane will arrive at the pedestrian’s line of travel at the same time) to 

ensure only one gap was presented to the participant in each trial. In the near-lane, traffic 

approached from the right, and in the far-lane, traffic approached from the left. The task 

consisted of mirrored bi-directional traffic moving at three constant speeds (32, 48 & 64 KPH 

(20, 30 & 40 MPH)). The distance between the cars that afforded crossing varied between six 

distances (30m, 40m, 50m, 60m, 70m, & 80m). The varying speed and distances were 

(a) (b) 

Intersense 

Head Tracker 

Xbox 

Controller 
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combined to give 18 different time gaps (time-to-arrival) to cross the road. The movement 

speed of the participant was fixed at 1.42 m/s based on an average adult’s walking speed 

(Mohler, Thompson, Creem-Regehr, Pick, & Warren, 2007). Given the width of the road 

(six-metres) the time to cross the road was fixed at 4.2 seconds. The combination of walking 

speed and the TTA of the cars meant that in 50% of the trials the gaps between the cars 

afforded crossing and 50% of the time they did not. 

5.7.5  Procedure. 

Consent was given prior to experimentation and assent was received from the parents 

of the children’s group who were present at the time of testing. The experimenter placed the 

HMD on the participant’s head. A familiarisation period was conducted, where participants 

were encouraged to look around and get used to the feeling of being immersed in the virtual 

road-crossing environment. Next, participants were asked to press the button on the controller 

to cross the road for without traffic. Participants were seated in a chair and were handed the 

Xbox One controller and instructed as to which button to press to make a decision. Once they 

were familiar with the controller, the experimenter placed the HMD on the participant’s head. 

A familiarisation period was conducted, where participants were encouraged to look around 

and get used to the feeling of being immersed in the virtual road-crossing environment. Next, 

participants were asked to press the button on the controller to cross the road without traffic. 

When participants pressed the button, they were automatically translated (similar to that of 

being pushed in a wheelchair) through the environment at a fixed speed of 1.422 m/s taking a 

total of 4.2 seconds to cross the six-metre road. Participants were given the following 

instructions before the practice block: 

“You will now gain practice crossing the road without any vehicles approaching. A 

trial will start when you hear a beep. Once you hear this beep, press the green button to 
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begin crossing. You will then be moved across the road at a fixed speed. You cannot change 

your decision once the button is pressed and you will not be able to speed up or slow down”. 

A link to a video illustrating the speed and type of movement the participants 

experienced in the virtual environment can be found in Appendix A. This familiarisation 

period allowed the participants to experience how fast they would move through the 

environment when crossing the virtual road. Participants experienced this virtual translation 

through the environment for five trials. 

A calibration period followed which consisted of 18 trials with randomised rates of 

gap closure between the cars that were not included in the main analysis. This provided 

participants with an opportunity to calibrate their perception of the TTA of the approaching 

cars to the timing of the pressing of the button to trigger the standardised movement to cross 

the road. This exploration was deemed an important means of enabling rapid calibration of 

perception to action capabilities by establishing action boundaries that specify what is and is 

not possible (see van Andel, et al., 2017, for a review).  

During the calibration phase, when a trial began, a stream of 11 vehicles in two lanes 

(travelling at the same speed and equal distances) approached the participant. Embedded 

within the traffic was a discernible gap between two cars that the participant was instructed to 

decide whether it allowed enough time to safely cross or not. If the participant accepted a gap 

that did not afford safe crossing (TTA less than 4.2 seconds), the virtual cars would pass 

through the participant providing feedback that a collision occurred. Each trial ranged 

between 13 and 18 seconds. The responses from the 18 trials recorded in this training period 

were not included in the main analysis but were used in an analysis to determine how quickly 

participants adapted to the imposed walking speed.  
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When the participants completed the calibration phase, the main experiment began. 

This consisted of 54 randomised trials representing 18 different time-to-arrival conditions 

repeated three times, resulting in 27 trials (50%) affording safe passage and 27 trials 

affording collision (50%). The participant observed the approach of the cars and was 

instructed that if they felt the gap between the cars was sufficient to cross the road then they 

should press the button. If they felt it was not then they should not press the button and wait 

for the trial to end. Participants were given the following instructions: 

“Your job now is to cross the road without getting hit by a car. So you need to decide 

when it is safe to cross given your fixed walking speed. When the trial starts, you will see a 

stream of cars coming from both your left- and right-hand side. Some of the spaces between 

cars will be too small to get across without getting hit, and some will be big enough to get 

across without getting hit. If you see a space between cars that is big enough, press the green 

button and you will start crossing. If you don’t see a space between cars that is big enough, 

don’t press any button and wait for the next trial to start”. 

Although participants were informed that they could take a break at any point, a 

compulsory break was imposed half way through the experiment. During the breaks, the 

HMD was removed, and the participant was offered refreshments. The time of the button 

press along with the coordinates of the participant’s head movements and that of the cars 

were recorded 100 times per second. These data were used to measure the timing of the 

decisions with respect to the movement of the cars.  

5.7.6  Measures & Data Analysis.  

The following measures were collected prior to the experimental trials: 

Walk speed. Walking speed was calculated by asking the participant to physically 

walk across the road (with no approaching traffic) in the virtual environment 5 times, which 
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was then averaged (see chapter 6 for more details on how participants walked in the virtual 

traffic environment while wearing the HMD).  

Walk speed differential. The walk duration differential was calculated as 4.22 s 

(time taken to cross the road in the present experiment) subtracted from each participant’s 

average crossing time in the virtual environment. Any negative differential values were 

converted to a positive to calculate the absolute difference and assess if there was a linear 

relationship between the magnitude of the differential and success rate. In other words, the 

walk speed differential measures if a greater difference between the fixed walking speed of 

the simulator and the participant’s average walking speed predicts less accurate performance 

in the present task. 

Next, for each of the experimental trials, measures were calculated from the time 

series positional data (i.e. the 3-dimensional x, y, and z coordinates) in the VR simulation of 

(a) the participant waiting at the curb, (b) the lead vehicle that opens the gap, and (c) the tail 

vehicle that closes the gap. This positional data was recorded every frame and used to 

calculate the following: % of correct responses, % of crosses % of collisions, % of safe 

errors, response time, and information for gap selection.  

Percentage of correct responses. A response was considered correct if: 

 The participant accepted a gap (i.e. pressed the button) when the time available to 

cross between the lead and tail vehicle is greater than the time required to cross (4.22 

seconds). 

 The participant rejected a gap (i.e. did not press the button) when the time available to 

cross between the lead and tail vehicle was less than the time required to cross (4.22 

seconds). 
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Correct decisions were calculated as a percentage of the total number of trials in 

which the participant accurately judged the ‘crossability’ of the gap. This was then compared 

across age groups to identify any differences in dynamic affordance perception. 

Percentage of crosses. A cross was registered if the participant pressed the button 

(i.e. accepted a gap) when the inter-vehicle gap was open (i.e. the lead vehicle’s rear bumper 

had passed the participant’s line of crossing and the tail vehicle’s front bumper had not yet 

passed the participant’s line of crossing). The number of crosses was calculated as a 

percentage of the total number of trials. This allowed a comparison between age groups in 

how often they perceived a gap to afford safe passage. 

Percentage of collisions. A cross was categorised as a collision if the participant 

pressed the button (i.e. accepted a gap) when the time available to cross between the lead and 

tail vehicle is less than the time required to cross to reach the opposite curb safely.  

Percentage of safe errors. Safe errors were categorised as the percentage of rejected 

crosses where the gap between cars would have afforded crossing (i.e. the time taken to cross 

was smaller than the time remaining until the inter-vehicle gap closed). 

Response time. When participants did decide to cross, response time was calculated 

as the time (in seconds) it took to press the button (i.e. initiate crossing) once the rear of the 

lead vehicle (i.e. the vehicle opening the gap) passed the participant. 

Difference in tau values (specifying information) as an explanation for gap 

acceptance. A gap between cars is considered as opening as soon as the rear bumper of the 

leading car passes the participant and closed as soon as the front bumper of the closing car 

reaches the participant (see figure 5.1b). A tau value was calculated by taking the current size 

of the gap divided by its current rate of closure, mathematically represented as: 

𝜏𝑋 = 𝑥/�̇�         (Equation 5.1) 
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This tau value is negative until it reaches zero when it is closed. As the velocity of the 

participant and cars in the present paradigm is constant, this can be summarised as: 

If the value of the tau of gap Z (between the participant and the other side of the road) 

is greater than the value of the tau of gap X (between the oncoming car and the participant), 

i.e. 𝜏 (Z) > 𝜏 (X) then the gap affords safe crossing. This means that the Z gap will close 

before the X gap. 

If however, the value of tau of gap Z (cars and the participant) is less than the value of 

the tau of the gap X (participant and the other side of the road), i.e. 𝜏 (Z) < 𝜏 (X) then the gap 

does not afford safe crossing as the gap between the oncoming car and the participant will 

close before they can cross the road. 

Subtracting tauX from tauZ for all the different experimental conditions gives 18 

unique tau differential values that specify the ‘crossability’ of the road gap (see figure 5.2). 

This information allows the actor to assess whether the gap between cars affords crossing or 

not and creates a continuous scale on which accepted and rejected crossing decisions can be 

plotted (Watson et al., 2011) (see table 5.2). As the movement speed of both the cars and the 

participant is fixed, and therefore both gaps close at a constant rate, the difference in tau 

values will not change as the trial unfolds. A negative tau differential value denotes an unsafe 

opportunity for crossing as the gap between cars would close before the gap between the 

participant and the opposite sidewalk is closed. If the value is greater than zero this would 

afford a safe opportunity to cross provided the participant pressed the button in time. Note 

that the greater the tau differential is above zero then the more time the participant has to 

cross and the easier the decision. The same is true for tau differential values that are more 

negative. Tau differentials around zero will be more difficult to judge. 
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Fig. 5.2. A graph showing the taus (normalised to 100 samples) of the inter-vehicle gaps or motion gap between the two 

vehicles i.e. tauX (dotted lines) for the 18 different experimental conditons. The solid green line denotes tauZ or the tau of 

the motion gap between the two sidewalks. As the walking speed in the simulator was fixed, tauZ remained constant across 

the 18 different experimental conditions. Y = 0 marks the instance that the gap was considered closed (either the pedestrain 

reaching the opposite sidewalk or the tail vehicle reaches the pedestrian’s line of crossing).     

Event duration (non-specifying information): Event duration is classified as the 

time between the trial starting and the gap closing. The different experimental conditions 

yielded 18 unique event duration values from which gap selection can be plotted against. 

Distance differential (non-specifying information): The distance differential states 

how far the car would be away from the participant after the crossing duration. This was 

calculated by taking the distance of the vehicle (in metres) away from the starting distance, 

4.22 seconds into the trial. This resulted in 18 unique distance differential values from which 

gap selection can be plotted against.  
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Table 5.2 

Table displaying the speed, distance between the tail and lead vehicle (in metres), the resulting time-to-arrival (the time 

remaining until the tail vehicle’s front bumper reaches the pedestrian’s line of travel once the lead vehicle’s rear bumper 

passes the pedestrian’s line of travel), the tau differential, the gap with the greater tau value and if crossing was afforded 

(yes/no).  

 

5.8  Results 

5.8.1  Data Analysis Strategy. 

Given that the theoretical basis of this chapter is around age group differences in 

perceiving affordances (i.e. information pick-up), independent of any differences in their 

ability to actualize them (i.e. action capabilities), it is important to understand if one age 

group was placed at a disadvantage from the fixed movement speed. This could be due to 

certain age groups natural walking speed being further away (either slower or faster) from the 

Speed 

(KPH) 

Distance Between 

Vehicles (M) 

Time-to-arrival 

(Speed/Distance) 

Tau Differentials Greater Tau 

Value 

Cross (Y/N) 

 

32 

 

30 

 

1.69 

 

-1.23133 

 

 

 

Z 

 

No 

48 30 2.24 

 

-0.98493 

 

Z No 

32 40 2.25 

 

-0.98014 

 

Z No 

32 50 2.81 

 

-0.73156 Z No 

48 40 2.96 

 

-0.65265 

 

Z No 

64 30 3.36 

 

-0.49129 

 

Z No 

32 60 3.37 

 

-0.4819 

 

Z No 

48 50 3.73 

 

-0.3204 

 

Z No 

32 70 3.93 

 

-0.23168 

 

Z No 

64 40 4.47 

 

0.009143 

 

X Yes 

48 60 4.48 

 

0.014513 

 

X Yes 

32 80 4.49 

 

0.017713 

 

X Yes 

48 70 5.22 

 

0.347295 

 

X Yes 

64 50 5.59 

 

0.509402 

 

X Yes 

48 80 5.97 

 

0.680958 

 

X Yes 

64 60 6.71 

 

1.009448 

 

X Yes 

64 70 7.83 1.505605 

 

X Yes 

64 80 8.95 2.009754 X Yes 
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fixed walking speed than other age groups. Alternatively, certain age groups may require 

more practice before they calibrated to the new scaling of action to the perceptual 

information. To test these theories, I begin the results section by conducting a one-way 

analyses of variance (ANOVA) for walk speed. Furthermore, a simple linear regression was 

used to determine the relationship between the walk duration differential values and the 

percentage of correct responses for each age group. If participant’s were basing judgements 

on their own walking speed, participant’s with the lowest magnitude of difference between 

real and imposed action capabilities should be the most successful due to similar gap 

affordances being presented. The linear regressions were able to model whether participants 

with higher walk speed differentials had a significant negative relationship with the 

percentage of correct responses. A repeated measures t-test was conducted to compare each 

age group’s performance during the practice and experimental trials. If there significant 

differences between the age groups, this would suggest some age groups require more 

practice to calibrate to the fixed walking speed.   

Next, to analyse behavioural responses, I conducted one-way ANOVAs for % of 

correct crosses, % of crosses, % of collisions, % of safe errors, response time, and response 

time with collision, with age group as a between-subjects factor. Tukey HSD was used for all 

post-hoc comparisons and to adjust for multiple comparisons. This enabled a comparison 

between age groups in how successful they were in navigating the road-crossing task. 

Finally, to measure how accurately both specifying and non-specifying sources of 

information predicted gap selection, logistic functions were fitted against the data. This 

method of curve fitting was chosen as a typical psychophysical function was expected in 

accordance with previous affordance judgement research (see Bootsma et al., 1992; Peper et 

al., 1994). That is, an S-shape form in the data should emerge when the percentage judged as 

crossable is presented as a function of the informational quantity used for making the 
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judgements (see figure 5.3). This method of curve fitting was chosen as it captures how 

abrupt the transition was for each participant according to the predictor variable (i.e. the 

informational quantity). Since participants are likely to consistently reject small gaps and 

accept larger gaps, fitting an S-shape gives an indication of how abrupt the transition from 

reject to accept gap was. This is in contrast to fitting a linear function where the percentage of 

gaps would gradually increase as the temporal for window action increases. 

 

Fig. 5.3. Two example graphs showing differences in a logistic (S-shaped) fit. The top graph indicates a good fit of the 

predictor variable to the data with a steep S-shaped curve giving an indication of an abrupt transition from rejected gap to 

accepted gap. This suggests that the informational quantity was a good predictor of participant’s crossing decisions. In 

contrast, the bottom graph shows a weak fit of the predictor variable to the data with a shallow S-shaped curve indicating a 

more gradual switch between rejecting and accepting a gap. This suggests the informational quantity was not a good 

predictor of participant’s action-based decisions. 

Since I did not know a-priori what informational quantity best explained gap 

acceptance judgements for each age group, logistic functions were fitted onto both specifying 

(tau differential variable) and non-specifying (event duration and distance differential) 

sources of information using SPSS Curve Estimation. The Cox and Snell R² values generated 

from the logistic curve fitting represent how closely the response data fits the ‘S’ shaped 

curve. This will reflect the extent to which each informational quantity is used. Since the 
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focus of this experimental chapter was to establish if there were differences in information 

usage across age groups, any differences in R² values across age groups should indicate 

differences in the informational quantity being used to inform crossing judgements. As a 

result, a logistic function was fitted to each age group to obtain these R² values for 

comparison. As noted, the predictor variable (i.e. the informational quantity) that best 

captures the transition from reject to accept gap should produce the best S-shaped fit. The 

logistic equations were also used to calculate the Critical Value (CV) or threshold points 

where participants’ cross rates exceeded 50%. As tau provides temporal information, critical 

values should provide an indication of how accurately participants perceived when the 

motion gaps of the cars would close faster than the participant could get across the road. 

Therefore, critical values at 50% response rate that are closer to a tau differential of 0 suggest 

a greater sensitivity to tau information. The following equation (adapted from the logistic 

equation in IBM Knowledge Center, 2017) was used to calculate the critical value where u is 

the upper bound, β0 and β1 are constants and X is the variable in question:  

𝑋 =  −𝑙𝑜𝑔(
𝛽0

1

50
−

1

𝑢

)/𝑙𝑜𝑔(𝛽1)      (Equation 5.2) 

5.8.2  Did the fixed walking speed of the simulator influence behavioural responses? 

To assess if there were significant differences between age group’s walk speeds, a 

one-way between-groups ANOVA was conducted. It revealed no main effect of age on 

walking speed, (F(2,44) = .484, p = .620, ηp² = .02) suggesting no particular age group was 

placed at a disadvantage by adopting a fixed walking speed. Additionally, in order to 

determine if participant’s were scaling the gaps according to the fixed walking speed and not 

their own action capabilities i.e. accepting/rejecting gaps based on their own walking speed, a 

simple linear regression was calculated for all 3 groups. The walk speed differential was not a 

statistically significant predictor in any age group including children (p = .895), adults (p = 
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.262) and older adults (p = .234). This suggests that participants were not scaling gap 

affordances to their own action capabilities but rather the fixed walking speed imposed in the 

present experiment. 

A comparison of practice calibration trials against recorded trials was analysed to 

assess if the differences between groups in terms of the percentage of correct decisions was 

impacted by a longer learning/calibration period. The percentage of correct decisions in the 

initial practice trials was recorded with adults performing the best overall (M = 75.4%, SD = 

7.2), older adults following in second (M = 60.3, SD = 14.2) and children recording the 

lowest number of correct decisions (M = 55.1, SD = 16.38). A repeated measures t-test was 

used to compare each age group’s practice calibration trials and the main experimental 

session trials and revealed no significant differences for adults (p = .965) or older adults (p = 

.108). However, significant differences were found between children’s practice and recorded 

trials t(18) = 5.28, p = .004. This suggests a longer learning period was required for the 

children to calibrate to the fixed walking speed. This could also be due to children’s greater 

use of action capabilities to take evasive action when crossing the road compared to other age 

groups (Morrongiello et al., 2015a). 

5.8.3  Impact of age on behavioural responses & outcomes. 

Firstly, the relative success of the participants in the different age groups in the road-

crossing study was assessed. Table 5.3 presents the mean percentage of crosses, collisions, 

safe errors and response times (with and without collisions).  
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Table 5.3 

Summary of means (SD) for each age group including percentage of correct decisions (rejecting unsafe gaps and accepting 

safe gaps), accepted crosses (pressing the button while the inter-vehicle gap was open), collisions resulting from crosses (the 

inter-vehicle gap closing before the participant completed crossing) and safe errors (rejecting a safe opportunity to cross).  In 

addition, mean response time (time in seconds between the inter-vehicle gap opening the participant pressing the button to 

cross) with and without collision is summarised. 

Age Group 

 

% Correct % Crosses % Collisions % Safe error Response time 

(s) 

Response time  with 

collision (s) 

Children 72.2 (7.1) 53.7 (11.5) 

 

28.1 (11) 

 

24.3 (8.3) 

 

0.48 (0.2) 0.5 (0.2) 

Adults 80.4 (6.7) 46.9 (9.4) 

 

17.6 (11.3) 

 

19 (8.7) 

 

0.57 (0.1) 0.6 (0.2) 

Older 

Adults 

67 (7.8) 40 (12.8) 

 

34.9 (12.8) 

 

30.2 (9.1) 

 

0.75 (0.2) 1.1 (0.4) 

 

Percentage of correct responses. A decision was deemed correct if the participant 

rejected a cross that was too short to afford safe crossing and pressed the button to cross a gap 

that was long enough to afford safe crossing. Adults performed best in the task overall (M = 

79.9%, SD = 6.8) with children following in second (M = 71.7%, SD = 7.2) and older adults 

recording the lowest number of correct decisions (M = 66.3%, SD = 8).  An ANOVA 

revealed a significant main effect of age on the percentage of correct decisions (F (2, 44) = 

13.261, p <.001, ηp² = .38). Post hoc tests with Tukey correction showed significantly higher 

percentages of correct decisions for adults compared to children (p = .01) and for adults 

compared to older adults (p = <.001). However, no significant differences were found 

between children and older adults (p = .118) highlighting how age impacts on task success. 

Percentage of crosses. As 50% of the trials in the simulation afforded crossing, 

groups closer to the 50% mark would suggest that they performed better. Older adults 

adopted a more cautious approach crossing less frequently (M = 40%, SD = 12.8) than the 

children’s group (M = 53.7%, SD = 11.5) (see table 5.3). Although children were closer to the 

50% mark, they accepted more crosses than the simulation afforded suggesting a more risky 
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approach resulting in more collisions with the cars. An ANOVA revealed a significant main 

effect of age on the percentage of gaps accepted as ‘crossable’ (F (2, 44) = 5.490, p =.008, ηp² 

= .20). Post hoc tests with Tukey correction revealed children crossed significantly more 

times than older adults suggesting developmental differences in how many gaps were 

perceived to afford crossing (p = .005). However, no significant differences were found 

between children and adults (p = .240) or adults and older adults (p = .228).  

Percentage of collisions. Interestingly for % of collisions, although older adults 

crossed fewer times than the other participant groups, Table 5.3 shows how older adults 

performed worse than the other age groups registering a high percentage of collisions (M = 

34.9%, SD = 12.8). Children also performed poorly with over a quarter of their crosses 

resulting in collisions (M = 28.1, SD = 11). Adults were substantially more accurate in their 

performance recording the lowest collision rate of 17.6% (SD = 11.3). An ANOVA revealed 

a significant main effect of age on the percentage of collisions registered in crosses accepted 

F (2, 44) = 8.214, p =<.001, ηp² = .27. Post hoc tests with Tukey correction confirmed adults 

had significantly fewer collisions than older adults (p = .001) and children (p = .048) 

suggesting the ageing process has a significant impact on the accuracy of judgements. 

Although there were no significant differences between older adults and children (p = .267).  

Percentage of safe errors. In addition to collisions, safe errors were also calculated. 

Consistent with the crossing data, older adults were more conservative in their gap selection 

with 30.2% (SD = 9) of rejected gaps affording crossing. An ANOVA again revealed a 

significant main effect of age on the percentage of safe errors F (2, 44) = 6.192, p =.004, ηp² 

= .22. As expected, post hoc tests with Tukey correction showed that older adults make 

significantly more safe errors than adults (p = .003) suggesting that adults were much more 

confident in accepting gaps that afforded crossing. However, no significant differences were 

found between children and adults (p = .234) nor older adults and children (p = .163). 
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Response time. For response time, Table 5.3 shows a large difference in mean 

response times between older adults when they collided with the cars (M = 1.1s) than when 

they crossed safely (M= 0.75s). An ANOVA revealed a significant main effect of age on 

response times F (2, 44) = 8.671, p <.001, ηp² = .28. Post hoc tests with Tukey correction 

showed that older adults hesitated significantly more than adults (p = .028) and children (p = 

.001) with no significant differences being found between children and adults (p = .336).   

Response time with collision. To investigate if response time contributed to the 

number of collisions in each age group, a Two-Way Between Subjects ANOVA examined 

the effects of both age group and collision (yes or no) on response times. As every participant 

recorded at least one collision, this analysis compared the average response time when the 

participant collided with the car (coded as 1 in SPSS) to trials with no collision (coded as 0 in 

SPSS) across the three age groups. The results revealed a significant interaction between age 

and collision and response time F (1,88) = 5.393, p = .023, ηp² = .06). Furthermore, 

significant main effects were found for both collision F (2,88) = 3.819, p = .026, ηp² = .08 

and age F (2,88)=23.303, p = <.001, ηp² = .35. Tukey post hoc tests showed a significant 

difference in response times with older adults waiting significantly longer to make a decision 

than children (p = <.001) and adults (p = <.001).  However, no significant differences were 

found between children and adults (p = .317). This shows that a slower response time was a 

major contributing factor in older adults failing to cross safely but not for children and adults 

(see figure 5.4). 
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Fig. 5.4. A graph showing the mean response times in seconds with respect to whether a Collision resulted or not (Yes/No) 

for each age group (Children, Adults, & Older Adults). The error bars represent the 95% confidence intervals. From the 

graph it can be seen that older adults showed a greater response time in the trials where they crossed unsuccessfully with a 

minimal difference for children and adults. 

 

5.8.4  Impact of age on specifying information usage for gap selection. 

The present experiment aimed to understand if age affected the ability to judge 

whether a gap between cars afforded crossing or not. Previous research has shown that tau is 

a variable that blends space and time and can provide reliable information that specifies the 

rate of closure of the motion gaps at its current closure rate between cars. As this information 

is directly available to the observer through the optic flow, I wanted to see how well 

participants ‘tuned’ into or used this information to inform their decisions to cross. By 

plotting each age group’s average percentage of accepted crosses against the tau differentials, 

we are able to see how well this informational variable can explain the variability obtained in 

the results for each group and will show if age impacts on the ability to use this information 

to make judgements about whether the gaps between the two cars affords crossing. If 

participants are tuning into the tau differential information and using it to inform their 
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decisions, we would expect a strong relationship between the two variables. The more 

negative the tau differential then the closer the number of crosses should be to 0% and the 

more positive the tau differential then the closer the number of crosses should be to 100% 

giving an ‘S-Shaped’ curve. When the tau differentials become close to the ‘critical value’ of 

0 and the motion gaps close around the same time, responses should be around 50% 

reflecting the difficulty in accurately detecting an opportunity to cross. 

Figure 5.5a shows that 85.1% of the variance in the children’s data could be explained 

by adherence to tau information when judging whether the gap between cars afforded 

crossing. Furthermore, the children’s group’s critical value was very close to 0 (-0.04) 

showing that they began to switch to accept gaps when it was still unsafe to cross (the car-

participant gap would have closed before the participant-sidewalk gap). The slope of the 

curve between 25% and 75% was also calculated. This indicates how rapid the switch 

between the rejected crosses and the accepted crosses was for the tau differentials. A steeper 

gradient suggests the participant’s switched more rapidly between accepting gaps that did not 

afford safe crossing to those that did. Conversely a flatter gradient suggests a more gradual 

switch indicating less certainty in crossing judgements. Children recorded a slope value of 

0.392 indicating a strong discrimination between affordances of the gaps based on tau 

differentials. 

Similar to the results for the children, figure 5.5b demonstrates that adults 

predominately use the tau differential variable (i.e. the difference in tauZ and tauX) when 

deciding to cross the road with 83.6% of the variance in the data being explained by the tau 

differential. The adults’ critical value was also close to zero (0.14), indicating that adults 

tended to cross when the motion gaps of the cars were larger, indicating safer crossing 

decisions. This adherence to tau is reflected in the slope value of 0.313 with adults switching 

rapidly from rejected to accepted crosses when the tau differential goes above zero. 
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Interestingly, older adults did not appear to use the tau differential when crossing the 

road when compared to the other two age groups. Figure 5.3c shows the tau differential only 

explained 59.1% of the variance in the decision response data. The critical value for the tau 

differential was also much higher (0.41) suggesting that older adults crossed only when the 

motion gaps of the cars were considerably longer than the gap required to safely cross, 

indicating a greater degree of cautiousness in their decision-making. As older adults do not 

utilise tau as effectively, the group’s slope value is higher (0.612) indicating a more gradual 

switch between rejecting gaps that did not afford crossing and accepting gaps that did. This 

suggests older adults were less certain of when to switch judgements from ‘no’ to ‘yes’ and 

vice-versa. 
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Fig. 5.5. Figures showing the logistic functions for the tau differential (the difference between tauX and tauZ) and the % 

average cross responses for children (a), adults (b) and older adults (c). The R2 (percentage of variance explained by the 

regression line), CV (critical value when the responses switch from collision to no collision) and the slope values for each 

group are also displayed. 

5.8.5  Are participants using other non-specifying informational variables? 

In order to establish whether participants were tuning into other sources of perceptual 

information to decide whether the road afforded crossing or not, a logistic function was fitted 

to other non-specifying informational variables that included differentials of the event 

duration and distance.  

R2 = 0.851 

CV = -0.04 

Slope = 0.392 

R2 = 0.836 

CV = 0.14 

Slope = 0.313 

R2 = 0.591 

CV = 0.41 

Slope = 0.612 

(a) 

(b) 

(c) 
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Event duration is classified as the time between the trial starting and the gap closing. 

This does not reliably predict safe crossing as a small gap with slow cars can take longer to 

close than a large gap with fast cars. The distance differential states how far the car would be 

away from the participant after the crossing duration (4.2 seconds) from the beginning of the 

trial. This informational quantity was considered as participants could theoretically calibrate 

the change in optical size (i.e. distance) of the tail vehicle from the start of the trial to their 

fixed walking speed.  However, this fails to account for how the inter-vehicle gap (the 

temporal window for action) is dynamically changing over time. Similar to the tau 

differential, the R² values will reflect how closely the response data fits the ‘S’ shaped curve. 

Event duration accounted for 63% of the variance in crossing decisions for children, 65% in 

adults and 25% in older adults. Conversely, distance differentials accounted for 72% of the 

variance in children, 71% in adults and 48% in older adults. These variables could act as a 

heuristic for predicting crossing decisions. For instance, a gap takes a long time to close from 

the start of the trial is likely to afford crossing, but adherence to the information provided by 

these variables alone is not enough to produce accurate results. Therefore, it is not surprising 

that the specifying tau differentials explain most of the variance in all age groups.  

5.9  Discussion 

In the present experiment, I aimed to see whether there are age differences in ability 

to detect whether a gap is perceived as being sufficient to cross a road when road crossing 

speed is standardized for all participants. By controlling for the action capabilities of the 

participant, any age-related differences in the perception of affordances can be attributed to 

poorer detection of information that specifies the time-to-arrival of the approaching cars, 

rather than an ability to regulate action as an event unfolds. The analysis focused on two 

questions: (i) How well can each age group judge the ‘crossability’ of gaps between 

oncoming traffic in a road-crossing task when action capabilities are standardised (fixed 
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movement speed)?, and, ii) How does age impact on the ability of participants to use 

specifying information (tau) to inform road crossing decisions? 

Concerning the impact of age on task performance, the results demonstrated that older 

adults performed the worst overall making significantly fewer correct decisions when 

compared to both the groups of adults and children. When these results were broken down, 

older adults made more unsafe errors (colliding with cars while crossing) and safe errors 

(rejecting a gap that was safe to cross). This was despite older adults crossing the least 

number of times compared to the other two groups. These results are in line with previous 

estimation studies that examined age-related differences in road-crossing performance. In 

these studies older adults selected gaps that were insufficiently large to safely cross the road 

but also missed many more crossable opportunities (Lobjois & Cavallo, 2007; Oxley et al., 

2005). It could be argued that these original findings were due to the utilisation of a 

methodology that did not preserve the integrity of the perception-action loop and as a result 

led to the activation of different neural pathways (Van der Kamp, Rivas, van Doorn, & 

Savelsbergh, 2008).  However, studies that did maintain the perception-action loop have also 

found that older adults made similar unsafe errors (Dommes et al., 2014; Lobjois & Cavallo, 

2009). A failure of older adults to perform well in the present experiment suggests that the 

poorer performance across estimation and perception-action tasks is not solely down to age-

related motor decline. This idea is consistent with a body of literature that investigated 

developmental differences in terms of the perception of action capabilities, with older adults 

being as good at determining their maximal height for stair climbing as younger adults 

(Konczak, Meeuwsen, & Cress, 1992) 

If the older adult group still performs worse in a task where action capabilities are 

standardised, this suggests that the older adult group is tuning into, and subsequently using to 

make their decisions, perceptual information that does not reliably specify whether a gap 
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between cars affords crossing or not. To investigate to what extent age related changes may 

influence an individual’s ability to use specifying information; the present road-crossing 

scenario was modelled as the relative rate of closure of two gaps, i) the gap between cars 

(perception) and ii) the gap between the participant and the other side of the road (action). By 

comparing the relative time to closure of these gaps, information about whether the gap 

between cars affords safe crossing can be picked up and used to guide the action based 

decision (i.e. press the button to cross the road). In terms of the present experiment, the use of 

tau as a prospective variable to decide if the gap affords crossing is critical as once the 

participant presses the button they are committed to crossing and are unable to adjust their 

movements online as a function of the approach of the oncoming cars. Mapping responses 

using an S-shaped logistic function allowed us to test how a differential variable such as tau, 

could explain the variance in the decisions made by the participants. The high percentage of 

the variance in the data explained by this function for both children and adults (85% and 

84%, respectively) suggested they were using this variable to inform decisions about whether 

to cross the road or not. The finding that children are effectively able to tune into a variable 

based on optical expansion of the approaching cars is not consistent with previous literature 

showing children aged 10-11 have a significantly lower perceptual threshold for looming 

(Wann et al., 2011). This reduced sensitivity would result in an increased difficulty to 

effectively tune into tau, information that is dependent on the change in optical size of an 

approaching object. Instead, these results are more in line with previous literature 

investigating children’s road-crossing behaviour in virtual reality showing children and adults 

choose the same temporal gaps indicating no discernible difference in the ability to perceive 

TTA information (Morrongiello et al., 2015a; Plumert et al., 2004; Plumert et al., 2011). The 

findings of the present study are novel in that they demonstrate how children are deciding 

whether the temporal gaps between cars affords crossing based on specifying information 



103 
 

(tau). This reinforces previous behavioural research which shows that children can perform 

reasonable well in a pretend road-crossing task as early as the age of 5-years-old (e.g. Lee et 

al., 1984).  

However, it is important to note that the critical point where the children were 

deciding when they would cross was below zero (criticial value (CV) = -0.04) meaning that 

children were deciding to cross when the gap of the approaching cars would close before the 

gap to cross the road would close, resulting in a collision with a car. This is reinforced by the 

finding that children collided with the tail vehicle significantly more often than adults. In 

contrast, the group of adults were deciding to cross when the critical value was above zero 

(CV = 0.14) meaning that the road-crossing gap would close before the cars arrived. This 

suggests that adults were better calibrated to the information and made decisions when the 

road was safe to cross, a strategy which was not present in the group of children. This finding 

is consistent with previous literature that examined age-related threshold points where 

children perceived the switch from an unsafe gap to a safe gap sooner than adults (Azam et 

al., 2017).   

In contrast, older adults appeared to be tuning into less reliable information with the 

tau differential accounting for only 59% of the variance (CV = 0.41). As older adults were 

not always effectively using information that specifies the TTA of the cars, it is not surprising 

that older adults performed worse in the task. To establish if older adults were using simpler 

non-specifying information that would be consistent with heuristics, event duration and 

distance differentials were included in the analysis. Neither of these variables explained as 

much of the variance in crossing decisions as tau (25% & 48% respectively compared to 

59%). This provides support for the Petzoldt (2014) hypothesis that older adults are still using 

TTA to inform decisions but this information is more prone to distortion. Indeed, the concept 

of one group relying to the same informational variable as another, but to a lesser extent, is 
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consistent with how Jacobs and Michaels (2007) describe the attunement process. Instead of 

discrete changes, or jumps, from the use of one candidate variable to the use of another, 

attunement can be considered as a continuous change in variable use. To represent this 

process, Jacobs and Michaels (2007) proposed the idea of information spaces – a 3D 

representation of all information available for the task at hand from both invariants to non-

specifying information sources. From this viewpoint, the process of attunement is a traversal 

of this information space until the observer has finally attuned to the most accurate 

information source. The findings from the present chapter suggest that the ageing process 

does not result in a discrete shift to a different, non-specifying optical variable but rather a 

continuous movement away from the invariant information source in the information space. 

In addition, when older adults made an unsafe decision to cross and ended up 

‘colliding’ with the cars, their response time for the next trial was significantly higher. 

Previous studies that have examined response times in older adults have found earlier 

initiation times to compensate for a slower walking speed (Lobjois & Cavallo, 2009; Oxley, 

Fildes, Ihsen, Charlton, & Day, 1997). Researchers theorised that an increase in response 

time was due to the altered action capabilities afforded by the fixed walking speed and as a 

result, older adults did not feel a need to compensate by initiating early. However, this 

appeared to be detrimental to performance as the longer it took participants to initiate 

crossing, the sooner the gap between cars would close and the less safe the choice. This 

response time can be attributed to the poorer use of information specifying the TTA of cars as 

older adults took longer to identify optically if the gap afforded safe crossing. Similar 

findings have been documented in older drivers who have been found to have a reduced 

sensitivity to visual looming leading to a 50% reduction in the time available to take evasive 

action (Poulter & Wann, 2013). Conversely, children and adult response times did not 

significantly differ. This finding is not consistent with previous literature which indicated that 
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children hesitate significantly more than adults in road-crossing tasks (Plumert et al., 2004). 

This was attributed to the fixed movement speed, as children were not able to regulate their 

movement and adopt evasive action meaning they cannot afford to wait longer, which has 

been shown to be a common strategy adopted in this age group (Morrongiello et al., 2015a). 

These findings show that children’s perceptual judgements of the crossability of gaps 

via TTA information is similar to that of adults when action capabilities are standardised. 

Children’s poorer performance in road-crossing scenarios appears to be reflected in the 

failure to adopt an effective strategy that coordinates self-movement with the approaching car 

(Morrongiello et al., 2015b). Plumert et al. (2011), for example, found children quickly 

entered a tight gap by incorrectly judging their maximum achievable time-to-cross to be less 

than the approaching car’s TTA. This type of miscalculation suggests children fail to regulate 

their crossing actions based on information in the optic flow that specifies whether the gap 

between cars affords crossing at its current rate of crossing, a strategy termed affordance-

based control (Fajen, 2007).  

Conversely, older adult’s judgements of gap affordances are poor when action 

capabilities are standardised due to less adherence to specifying information. This has 

important implications for road-safety interventions in identifying what to train in each age 

group. Children appear to be able to effectively tune into tau to inform their decision-making 

but potentially are unable to effectively regulate their movement using tau as an optical 

variable. Further research should establish if children can effectively adopt an information-

movement coupling strategy when crossing the road (see Chapter 6). This will help us 

understand if regulation of self-movement with respect to object-movement is a major 

constraint limiting children’s road-crossing ability. Older adults, however, need assistance to 

help them re-learn how to tune into and use the correct information (i.e. tau). This could be 

achieved by training older adults to rely less on informational variables that only weakly 
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correlate with TTA e.g. distance of approaching car when the gap opens and rely more on 

useful, specifying variables (i.e. tau), a process called the education of attention (Jacobs & 

Michaels, 2007; see Chapter 7). Recent research has identified that training in a full-scale 

simulation device that requires participants to physically cross the road enables older adults 

to become more sensitive to vehicle speed (Maillot et al., 2017). This suggests that feedback 

provided in environments that afford a calibration between perception and action, can aid 

older adults shift from non-specifying variables to information that encapsulates both speed 

and distance information.    

Although this study aimed to address the age-related differences between perception-

action and estimation, more research is needed to understand how older adults behave when 

action capabilities are standardised. As the experiment de-coupled perception and action, 

participants were not able to regularly assess the environment and alter their decisions, thus 

breaking the reciprocal relationship between individual and environment. For example, in 

perception-action tasks, participants could regularly assess the rate of closure of the gap 

between cars against how fast they were crossing the road to maintain a safety margin and 

ensure they safely crossed before the gap between cars closed (see Lee, 1998 for an 

explanation). As there was no ability to regulate behaviour as a function of the approaching 

cars, this may explain the high number of collisions across all groups suggesting calibrating 

movement to your own action capabilities is vital for successful road-crossing. It could be 

argued that this places children at a disadvantage who have been shown to utilize their action 

capabilities when coordinating self-movement with an external object (Cesari et al., 2003; 

Chihak et al., 2010; Morrongiello et al., 2015a). As a result, children’s perception of temporal 

information which specifies affordances in dynamic scenarios may not be as finely tuned as 

adults but are able to rely on their movement adaptability to ensure task doesn’t go beyond 

the limits of their action capabilities. For example, Chihak et al. (2010) found when 
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attempting to synchronize movements with an approaching car to intercept a moving gap, 

children often mistimed their approach speed and slowed down more than necessary. This 

resulted in a reliance in their action capabilities to produce enough acceleration in the closing 

seconds to prevent a missed opportunity for action or collision with the vehicle. However, the 

results in the present study are not consistent with this suggestion with children showing 

greater adherence to the optical variable tau to inform gap judgements compared to older 

adults. This showed children were able to recognize the task-demands, placing a greater 

reliance on tuning into reliable perceptual information as the constraint of a fixed walking 

speed prevented habitually adopting evasive action. In contrast, older adults who in real-life 

contexts have comparatively higher task demands due to the decline in action capabilities 

associated with age, were unable to increase their sensitivity to specifying information when 

the action component of crossing was standardized (Larsson et al., 1979; Öberg, Karsznia, & 

Öberg, 1993). 

 Additionally, these age group difference in performance could also be down to the 

choice of technology and how it was utilised. Children and adults may have had more 

exposure to virtual environments and this age-related unfamiliarity could have influenced 

older adult’s decision-making to be more cautious or risky than in a natural road-crossing 

context. Furthermore, while virtual reality is a useful methodological tool for safely studying 

road-crossing, research has found a consistent underestimation of distance when wearing 

HMDs (Willemsen, Colton, Creem-Regehr, & Thompson, 2009). The way to negate these 

distance effects is for active exploration of the virtual environment in the HMD (Richardson 

& Waller, 2007). It is not clear if the exploration via translation through the environment in 

this experiment by a button press was enough to avoid the technology impacting TTA 

estimations. However, the amount of variance explained in detecting gap affordances by tau 
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in adults (85%) and children (84%) suggest that the environment provided enough 

information in the optic flow to perceive TTA.  

Finally, as the present chapter only used a single independent variable (the 

informational quantity) and one dichotomous outcome (cross or no cross) to determine what 

age group was least sensitive to each information source, I was unable to directly compare the 

sources of information against each other. Future research should investigate the relative 

contribution of informational quantities (both specifying and non-specifying) towards road-

crossing judgements using a multinomial logistic regression. 

In conclusion, the experiment reported in this chapter demonstrates that age-related 

calibration is not simply due to older adults not being able to act upon the information but 

rather it may be that they are picking up and using non-specifying perceptual information to 

make their decisions. This may explain why older adults were not able to regulate their 

movement as accurately as children and adults who use a specifying perceptual variable such 

as tau. 

5.10  Moving the self in relation to other moving objects  

While the immersive interactive VR technology used in the present experiment 

allowed participants to actively perceive their environment by being able to track and choose 

where to look to pick up perceptual information, it is also important to consider individual 

differences in the movement strategies adopted during actual walking. As mentioned in 

Chapter 2, the geometry of the actor-environment situation does not solely define an 

affordance (Pepping & Li, 2000). Furthermore chapter 2 illustrates how decision-making 

requires not only action selection but also action specification – the process of specifying the 

spatio-temporal aspects of possible actions. Indeed, findings from the current perceptual 

judgement task suggest that although the affordance of passability in a traffic context could 
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be geometrically defined through the tau difference variable, it is not clear whether this 

variable is also used in order to guide subsequent action and if so, how walking pedestrians 

would account for their action capabilities while tuning into this information.  

Additionally, as the present experiment required the perception of a safe gap, 

independent of the ability to act upon the gap, it could be argued that it only draws upon one 

of the two separate, neuro-anatomically and functionally different visual systems (van der 

Kamp et al., 2008). Milner and Goodale (1995) claim the ventral system is involved in the 

perception of people, events, places, and affordances whereas the dorsal stream is used to 

visually guide movement execution. Consequently, studies that do not require the participant 

to physically move may be using a different stream of visual processing (ventral stream) than 

avoidance-style studies where perception is coupled to action (dorsal stream). Van der Kamp 

and colleagues argue that this may explain the discrepancy in results often found between 

judgement tasks that involve verbal or button-press responses compared to studies that 

require some form of movement response. Furthermore, van Doorn, van der Kamp, de Wit, 

and Savelsbergh (2009) have revealed significant differences in gaze patterns between 

perception-only and perception-action tasks, suggesting that the functional distinction 

between the two visual systems extends also to the detection of information. As a result, it is 

not clear whether older adults would continue to have difficulty safely navigating traffic 

environments and picking up specifying information to link decisions and actions if they 

could adjust their walking speed in accordance to the vehicle’s motion. The study reported in 

the next chapter aimed to address these questions through a virtual traffic environment that 

maintains the perception-action loop by requiring participants to select a gap that affords safe 

passage and then physically cross to the opposite sidewalk. 
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Chapter 6 

Differences between children, young and 

older adults’ ability to use perceptual 

information to guide action-based decisions 

when crossing a road  

6.1  Introduction 

The previous chapter reported on an experiment designed to investigate age-related 

differences in selecting gaps for road-crossing in a virtual reality scenario. However for 

obvious reasons, selecting gap opportunities are not the sole determinants for safe pedestrian 

behavior. It is also pertinent that the subsequent action is attuned to the motion of the 

approaching vehicles. Getting from point A to point B is typically not a simple matter of 

moving along a straight path through a static environment over a flat, obstacle-free surface. 

More often, than not, the environment contains moving objects, obstacles that must be 

avoided, stepped over, or dodged, and surfaces that vary in slant, friction, and compliance 

(Fajen, 2013). In such situations, vision plays a crucial role in achieving safe goal-directed 

movements (Patla, 1997). Learning to use vision to move the self in relation to moving 

objects is a critical component of perceptual-motor development. This skill can involve 

learning to avoid or intercept other moving objects such as crossing streets, catching a ball, or 

capturing prey. Errors in decisions or actions (or both) can result in failure to synchronize self 
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and object movement making perception-action tasks particularly difficult. Such errors can be 

costly, such as a rugby player losing a high-stakes game by missing a tackle or suffering 

serious injury by getting hit by an oncoming car.  

 As chapter 2 points out, these errors by pedestrians might derive from an age-related 

unanticipated actualization of affordances. This may occur by failing to appropriately adjust 

the parameters of movement to the spatio/temporal constraints imposed by the car (Cordovil 

et al., 2015). To understand why unintended collisions occur, it is important to understand 

what strategies (or lack of) pedestrians may be using to successfully pass through moving 

gaps. While the previous chapter addressed how the ability to use perceptual information 

determining when an approaching vehicle will reach the pedestrian may determine errors in 

selecting safe gaps to cross, we still do not know how actors behave in accordance this 

information when required to physically walk across the road. Stoffregen (2000) proposed 

information specifying an affordance could be used to guide both the selection and 

continuous fine-tuning of actions. This would require a single source of information that 

specifies the relevant properties of the environment-actor system (EAS) and allow an actor to 

adopt an information-movement strategy by using the information to null the error between 

the actor’s current and ‘ideal’ state (Fajen, 2005).  Based on this line of thinking, the present 

chapter will address how different age groups pedestrians use perceptual information to link 

the different components of road crossing: action selection (identifying a safe gap to cross), 

action initiation (cut in closely behind the lead vehicle), and action control (moving through 

the selected gap without colliding with any vehicles). As the topic of action selection was 

covered in the previous chapter, the next section will begin with action initiation. 

6.2  Initiating actions 
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In dynamic environments, actions must be fitted to decisions both spatially and 

temporally. When objects are approaching us, collisions can occur if we do not perceive the 

relevant spatio-temporal parameters from its unfolding trajectory that specifies the object’s 

current “future”. For example, when babies learn to blink to protect their eyes when 

something is about to hit their face, they must learn not to blink too early or too late (Kayed 

& van der Meer, 2000). If a baby blinks too early, they risk having re-opened their eyes 

before the collision has taken place. Conversely, if they blink too late, the object will have 

already collided with them and possibly have injured their eyes. Timing actions perfectly is a 

skill that requires a high degree of prospective control over movement and a strategy that will 

maximise the available time window for action. Indeed, when crossing the road, spending too 

much time judging the crossability of a gap may cause the affordance of the gap to change 

from a positive affordance i.e. affording an opportunity for safe passage to a negative 

affordance i.e. affording collision with the approaching car (Fajen, 2013). For instance, an 

actor can wait until the first vehicle has passed before judging whether it is possible to cross 

before the next vehicle arrives. However, such a strategy means wasting some of the temporal 

gap for crossing. A more efficient strategy is to determine ahead of time whether a gap is 

long enough and, if so, make optimal use of it by initiating crossing as soon as the rear 

bumper of the lead vehicle passes (Lee et al., 1984).  

6.2.1  Impact of development and healthy ageing on action initiation  

For the act of road crossing, the literature suggests that young children tend to opt for 

the less optimal strategy of waiting longer suggesting developmental differences in 

prospective control over movement (Lee et al., 1984; O’Neal et al., 2018). For instance, 

Plumert et al. (2004) using a virtual reality cycling task found 10-12 year-olds delayed 

initiation of crossing onto a virtual road significantly longer than adults. Similarly, 

observational studies have indicated that young children often squander as much as 3 seconds 
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of a gap, whereas adults generally have made a decision before the gap has opened (Grayson, 

1975). This suggests in dynamic environments, children have more difficulty than adults 

fitting their actions to their gap decisions and thus acting prospectively. Similarly, research 

has shown older adults exhibit difficulties in the timing of actions. Geraghty et al. (2016) 

investigated older adult’s delay between action selection and action initiation in a road-

crossing task by asking participants to notify the experimenter when they felt it was safe to 

cross the road at their normal walking speed (by saying “now”) then taking a step forward. 

The authors found that the delay between indicating it was safe to cross and physically 

moving was a strong predictor of unsafe crossings suggesting an age-related difficulty in 

linking different components of action decision-making. 

It has been proposed that children and older adults leaving a larger berth between 

themselves and the lead vehicle is advantageous as it compensates for age group differences 

in the variability of timing and prevents colliding with the lead vehicle (Plumert & Kearney, 

2018).  However, if such a strategy is to be adopted, it is important that the action does not 

start too late and the selected inter-vehicle gap does not go beyond the actor’s locomotor 

capabilities. Indeed, the affordance of a particular scenario depends not only on the 

environmental conditions but the individual’s ability to act in that environment. For example, 

when to start braking to stop at an obstacle depends not only accurate perception of the 

condition of the road surface but also the vehicle’s braking potential (Lee, 2006). This has 

important implications for pedestrians who don’t have the action capabilities to quickly 

accelerate. Indeed, to safely interact with our environment, actors need to bring to the task 

information picked up during previous experience. Declines in the motor components of the 

perceptual-motor system (walking speeds) mean older adults have a smaller window of 

opportunity to null the error between the current and ideal rate of closure of a motion gap 

before the speed needed to avoid an approaching vehicle exceeds his or her maximum 
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locomotor speed (Fajen, 2013; van Andel et al., 2017). As a result, it is of paramount 

importance that older adults identify strategies that account for their limited abilities 

including picking up information about the passability of a gap ahead of time to avoid 

remaining on a collision course for longer than is necessary.  

6.3  Information-movement coupling strategies (i.e. action control)  

To understand how movement is shaped using information constantly available in the 

surrounding environment to satisfy task constraints, ecological psychologists have focused on 

how actors use variables within the optic flow field to solve several kinds of everyday 

problems. These include how an outfielder coordinates their movements to catch a fly ball, 

reaching to grab an object, and even kissing (Chapman, 1968; Lee, 1998; Smith, Grealy, & 

Pepping, 2014; Wann, Edgar, & Blair, 1993). However, not all self and object coordination 

tasks are alike and are categorized on the basis of the desired objective of the action. Indeed, 

the control strategy an actor adopts depends on the goal of their movement and the 

constraints of the task (Tresilian, 2005). Road crossing has been conceptualized both as a 

horizontal interception task where the pedestrian’s objective is to intercept the open space 

between the rear bumper of the lead and the front bumper of the tail vehicle (e.g. Chihak et 

al., 2010) and as a perceptuo-motor avoidance task where the objective is to reach a crossing 

speed which guarantees arrival at a target location before the approaching vehicle does. 

Several compelling theories of how locomotion can be controlled to intercept or avoid 

moving objects have been put forward by ecological psychologists.  

Recently, an information-movement coupling strategy known as the constant bearing 

angle model has been put forward to explain how actors can avoid colliding with moving 

objects. This model states an actor in motion will intercept an object on a convergent 

trajectory so long as the exocentric bearing angle between the object and the current heading 
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direction of the actor is held constant. As the individual is constrained to a linear trajectory, 

displacement can be optically specified by the focus of expansion (the point from where the 

optic flow field expands) (Warren, Morris, & Kalish, 1988). Therefore, the single source of 

information required to intercept the moving gap is the visual angle between the focus of 

expansion and the inter-object gap which, if kept constant, will guarantee interception. This 

model was proposed as an effective information-movement coupling strategy to avoid 

moving cars due to Fajen and Warren’s (2004, 2007) work which investigated how actors use 

optic flow variables to intercept moving targets in obstacle free environments. The authors 

found that when steering to avoid moving objects, actors do not use a pursuit strategy, 

heading towards the objects current position but rather adopt an interception strategy, turning 

to walk ahead of the target’s current position.  

A key challenge for using such a model in a road-crossing scenario is how actors 

perform interceptive actions when their current heading direction is tightly constrained. 

Lenoir, Musch, Janssens, Thiery, and Uyttenhove (1999) investigated how actors intercept a 

moving object with an effector while riding in a straight line on a tricycle. They found actor’s 

behaviour was consistent with the CBA model. Moreover, participants maintained a CBA 

strategy for the effector and not their visual egocentre, consistent with Gibson’s (1966) theory 

that rather than simply perceiving the effector, actors attune to information specific to what is 

at the end of the effector to ensure interception. Furthermore, in a follow-up study, Lenoir, 

Musch, Thiery, and Savelsbergh (2002) found that actors were actually using the first-order 

derivative (change) of the bearing angle to temporally guide their actions. In other words, 

when an actor’s current heading direction was moving away from the bearing angle required, 

the actor accelerated and decelerated in order to keep the angular velocity of the object with 

respect to the effector near to constant. Such a control strategy is similar to findings by 

Yilmaz and Warren (1995) where the first derivative of time to contact (specified by optical 
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tau) could be used to control the sufficiency of breaking to avoid collision with an object in 

the path of motion (Lee, 1976). As this strategy allows for prospective control as an actor 

approaches an inter-vehicle gap, recent research has argued that perceptual information that 

specifies the TTA of an approaching vehicle is unnecessary when a road user is in motion 

(Mathieu, Bootsma, Berthelon, & Montagne, 2017). However, it is important to note that 

perceptual-based decision-making emerges from the interactions of individuals with 

environmental constraints over time towards specific goals (Araújo, Davids, & Hristovski, 

2006). In the case of the CBA strategy in traffic environments, the actor is already in motion 

and approaching an intersection from distance with the goal to intercept the centre of the 

inter-vehicle gap. Since the intention for this task is interception, the actor’s perceptual-motor 

systems are organized to detect an optical variable that can guide interception. However, 

crossing a road often requires the pedestrian to wait until a suitable inter-vehicle gap appears 

at the curbside and then coordinate their actions with the tail vehicle, rather than coordinating 

with the gap itself (O’Neal et al., 2018). Under these constraints, the goal is to avoid collision 

and so the perceptual-motor system must be set up to detect an optical variable that can guide 

avoidance (Jacobs & Michaels, 2007). Chapter 5 indicated that under these constraints 

(coupled with a fixed walking speed), participants opted to use optical information (i.e. tau) 

that specified the time-to-arrival of the approaching vehicle. 

Interestingly, Lee (1998) provided a description of an information-movement 

coupling strategy involving tau. As pointed out in chapter 2, General Tau Theory describes 

how tau might extend beyond time-to-arrival perception to regulate the kinematics of ongoing 

movements. Within this theory, two different types of actions were identified: movements 

that involve extrinsic guidance which are externally paced to synchronize self-motion with 

the motion of moving objects; and movements that involve intrinsic guidance which are 

internally paced to synchronize self-movement with stationary objects and surfaces. Lee 
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(1998) described how ongoing movement guidance can be achieved by coupling the taus of 

different motion gaps, that is, their time-to-closure at its current closure rate are held in 

constant ratio 𝑘 in a way that both gaps reach 0 (close) at the same time, so that: 

𝜏𝑋 = 𝑘𝜏𝑌         (Equation 6.1) 

 

This parameter 𝑘 relates to the velocity profile of tau-coupled movements. With 

higher 𝑘 values the closure of the gap between effector and goal are hard (𝑘 > 0.5) and with 

lower 𝑘 values (𝑘 < 0.5), the closure of the gap between effector and goal are soft with the 

peak velocity occurring earlier in the movement. The extent of tau-coupling (i.e. the strength 

of information-movement coupling) is expressed in terms of two variables: 1) the percentage 

of movement time in which the taus of the gaps are considered coupled (see Lee, 1998 for 

more details) and 2) the value of the parameter 𝑘 where lower values are considered as the 

gaps closing in a more controlled manner.  

Empirical evidence has found support for the intrinsic coupling of taus in a variety of 

tasks including pre-term infants (Craig, Lee & Grealy, 1999), balance control (Austad & van 

der Meer, 2007), gait initiation (van Andel, Cole, & Pepping, 2019), and guiding a putting 

stroke in golf (Craig, Delay, Grealy, & Lee, 2000). In terms of empirical evidence for 

extrinsic tau coupling, Lee, Georgopoulos, Clark, Craig, and Port (2001) show how actors 

could guide the contact of an effector towards a moving object using perceptual information. 

This was achieved by asking participants to move an onscreen curser using a mouse to 

intercept a moving object in a goal zone, similar to trapping a moving ball under the foot or 

hand at a particular location. Results indicated that participants achieved the task by keeping 

the tau of the gap between the cursor and the moving object coupled to the tau of the gap 

between the cursor and the goal zone. This suggests that participants coordinated the closure 

of two gaps between effectors and destinations by directing sensing the taus of the gaps and 
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moving as to keep these taus in constant ratio. More recently, Smith et al. (2014) investigated 

how actors maintained extrinsic tau-coupling under various spatial and temporal constraints 

by asking participants to intercept a small object from a toy train. Temporal constraints were 

manipulated by moving the train at various constant velocities, whereas spatial constraints 

were manipulated by specifying an interception point or leaving it unrestricted. Smith and 

colleagues found strong evidence for extrinsic tau-coupling across all conditions suggesting 

general tau theory is an effective information-movement strategy for the continual guidance 

of action when faced with various spatio-temporal task constraints, similar to what’s faced in 

a road-crossing scenario. However, similar to the CBA strategy, extrinsic tau-coupling is 

predominately an interception strategy designed for controlling contact with surfaces and 

objects. Indeed, general tau theory involves reducing all gaps to zero simultaneously meaning 

that contact can take place at the right place, at the right time. In avoidance tasks, it is 

frequently not critical where or when an actor ends the action, so long that the action is 

completed before the object reaches the individual.   

Another possible information-movement coupling strategy which could be used for 

avoidance and allows for a greater deal of variability of when and where the actor ends their 

movements is the required velocity model (Bootsma, Fayt, Zaal, & Laurent, 1997). This 

model proposes that for an actor to get to the right place at the right time, they must 

continually use optically specified information to identify the discrepancy between the 

current and required states of the EAS and adjust their velocity to the momentary required 

velocity (Peper et al., 1994). Te Velde, van der Kamp, and Savelsbergh (2008) described how 

the required velocity model could be made relevant for collision avoidance behaviour; 

making it a potentially viable information-movement coupling strategy for pedestrians under 

the environmental and task constraints imposed in chapter 5. Rather than adjusting velocity to 

ensure the difference in time between the moving vehicle and the actor at the interception 
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point is zero, the actor should maintain a velocity that exists within a region or range that’s 

above the lower velocity boundary (in relation to the tail vehicle) and below the upper 

velocity boundary (in relation to the lead vehicle). To ensure safe passage between two 

vehicles, this region of required velocities must be attained before the pedestrian enters the 

collision area. Thereafter, velocity requirements are only required once the pedestrians is 

about to pass beyond one of the velocity boundaries (Fajen, 2005). Indeed, Montagne and 

colleague’s (see Buekers, Montagne, de Rugy, & Laurent, 1999; Camachon, Jacobs, Huet, 

Buekers, & Montagne, 2007; Montagne, Buekers, Camachon, de Rugy, & Laurent, 2003) 

research has found that actors locomotive behaviour is consistent with this description when 

attempting interception in motion. When approaching an object, actors walk at their preferred 

walking speed for the majority of approach and only adjust within the last few metres when 

the constraints on maintaining optimal velocity are at their highest. Montagne et al. (2003) 

categorized this as a “funnel-like type of control” where actors only made adjustments to 

their approach velocity when the constraints of the task warrant, implicitly suggesting actors 

only took evasive action when the passing beyond a velocity boundary is imminent. 

However, whether pedestrians adopt this particular strategy is unclear as it would be 

considered advantageous to adjust walking velocity early, rather than towards the end of the 

movement, to ensure the gap between the pedestrian and the curb is closing faster than the 

gap between the pedestrian and the vehicle.  

In the present chapter, these information-movement coupling strategies will not be 

directly compared to see which best explains behaviour, but rather age group differences will 

be investigated across the various components of action decisions with perceptual 

information acting as a unifying framework. Indeed, the studies described above involved 

identifying information-movement coupling strategies, often independent of the task of 

selecting what action to execute. Such investigations imply that two distinct process of 
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selection and guidance exist, and that they occur in sequence so can be studied separately. 

This separation between affordance perception and the continual guidance of action is in line 

with Warren’s (1988) affordance and control problem described in chapter 3 where it is 

typically thought that information specifying affordances is distinct from information used to 

regulate action. For instance, Peper et al. (1994) investigated actor’s ability to judge and 

catch an approaching ball that will eventually pass the observer at a relatively small sideward 

distance. It was suggested that, while sideward catching movements were being regulated by 

the information specifying the required velocity, judgements did not appear to rely on 

information specifying future passing distance. Peper and colleagues concluded that 

estimating future passing distance (action selection) and catching (action control) must have a 

different informational basis. However, recent research has shown how affordance perception 

influences not only action selection and preparation, but also the guidance of action 

reinforcing the hypothesis that a single information source can be used for selecting and 

executing an action decision (Smith & Pepping, 2010; Smith et al., 2013). As the previous 

chapter identified how the tau differential variable can be used to select inter-vehicle gaps 

that afford crossing, the present chapter will investigate if the informational quantity can also 

theoretically be used to guide the continuous fine-tuning of crossing actions. 

6.3.1  Impact of development and healthy ageing on action control  

Much of the previous work on developmental differences in coordinating self and 

object movement via optic flow information has focused on school-age children’s ability to 

intercept moving objects (Chihak et al., 2010; Chihak, Grechkin, Kearney, Cremer, & 

Plumert, 2014; Chohan, Verheul, Van Kampen, Wind, & Savelsbergh, 2008; te Velde, van 

der Kamp, & Savelsbergh, 2008). In these tasks, children and adults are asked to time their 

movements relative to a single opportunity for action, such as intercepting a moving ball or 

gap. For example, Chihak et al. (2010) asked 10-12 year old children and adult cyclists to 
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intercept moving gaps on the run in an immersive cycling simulator. At each intersection, 

they attempted to intercept a gap between two car-sized blocks moving at fixed velocity 

across the street. Chihak and colleges found that both children and adults used an 

information-movement coupling strategy that maintained a constant bearing angle (CBA) 

between the actor’s current direction of displacement and the inter-object gap. However, 

children’s interceptive behaviour was less refined; leaving less time to spare, greater 

variability in safety margins, and more volatile approach profiles, generating more 

pronounced corrections in speed and projected time to spare. Similarly, te Velde et al. (2008) 

investigated five to twelve year-olds’ control of movement velocity in a collision avoidance 

task using a table-top, small-scale road where participants manually pushed a doll using a rod 

between an inter-vehicle gaps. The authors found that younger children struggled to 

continuously gear their movement velocity on the basis of the time available and distance 

required to travel to reach safety, often achieving the required velocity too late to avoid 

collision. In an investigation of how children link decisions and actions, Morrongiello et al. 

(2015b) found that while children choose similar temporal gaps to adults, their ability to 

adapt motor movements based on the dynamic perceptual information from the cars was 

poor, often resulting in close-calls or collisions. Together, these studies, along with the 

previous chapter in the present thesis, suggest that while children can pick up information for 

making out what actions the environment affords from an early age, skill in coordinating self 

and object movement continues to develop well into childhood. As a result, children have less 

time to spare to avoid collisions due to poorer exploitation of optical information for the fast 

and online control of movement. More research is needed to directly compare children’s use 

of prospective information for perceptual judgements compared to their use of prospective 

information for the continual guidance of action in order to identify what component of road-
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crossing puts children most at risk. This question has practical value, as it will better inform 

what perceptuo-motor skill should be targeted for young pedestrian safety training.  

In contrast, we know relatively little of the impact of healthy ageing on moving 

oneself in relation to other moving objects or surfaces. When actualizing affordances, the 

strength of information-movement coupling is regulated by the task demands, often imposed 

experimentally via spatio-temporal constraints (Cornus, Laurent, & Laborie, 2009). For 

example, Cornus et al. (2009) showed that when performing a running long jump, actors will 

scale the level of information-movement coupling to the task constraints, producing a weaker 

relationship between the required and produced step length when the level of spatial (obstacle 

width) and temporal (approach speed) constraints were lower. Research has shown children 

and adults regularly take advantage of their action capabilities, allowing greater adaptability 

in how affordances are actualized and requiring lesser regulation of the strength of 

perception-action coupling (Cesari et al., 2003; Chihak et al., 2010; Morrongiello et al., 

2015a; van Andel, Cole, & Pepping, 2018a). Conversely, declines in the motor components 

of the perceptual-motor system mean older adults do not have the same level of flexibility 

when executing action decisions. Van Andel, Cole, & Pepping (2017) notes that the age-

related declines to the motor systems experienced by older adults leads to higher task 

demands when actualizing affordances. Therefore, selecting and continually guiding actions 

through strong attunement to information that directly informs the perceiver about the 

adequacy of their current approach ahead of time is vital for older adults.  

Despite this, there is an absence of research investigating how age-related decline of 

perceptual-motor skills impacts older adult’s ability to prospectively guide action in dynamic 

environments. In static environments, research has shown how older adults effectively 

compensate for declines in the motor components of the perceptual-motor system by 

increasing the strength of information-movement coupling (Cesari et al., 2003; van Andel et 
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al., 2018a). For example, van Andel et al. (2018a) found when stepping onto a curb-like 

platform, older adults tightly linked the step adjustment required and step adjustment 

produced based on information generated from optic flow as the curb drew closer. In contrast, 

young adults were less constrained by their action capabilities showing greater adaptability 

and choosing when to shorten and lengthen their stride length. The authors concluded that 

this greater variability in the movement of the young adult group reflected the lower task 

demands due to increased tolerance of their action systems. Younger adults were able to 

operate well within their action boundaries for the majority of the task, requiring less 

stringent control and weaker (or more intermittent) information-movement coupling (Barton, 

Matthis, & Fajen, 2017). In contrast, van Andel, Cole, and Pepping (2018b) notes how older 

adults were required to exert stronger information-movement coupling as their action 

system’s tolerance was more at risk of being exceeded under the same task constraints.  

Of particular interest is how older adults are able to compensate for the temporal 

constraints imposed when actualizing affordances in a road-crossing context where the 

opportunities for action are transitory. Indeed, time spent judging the crossability of an inter-

vehicle gap, takes time away from time available judging the next (Fajen, 2013). Initiation 

and movement times are highly sensitive to the location of the action-boundary suggesting 

affordance perception extends beyond action preparation to influence the strength of 

information-movement coupling (Smith & Pepping, 2010). As chapter 2 points out, healthy 

ageing may influence the use of optical information to specify action boundaries in a dynamic 

environment. As a result, when objects are moving, older adults may not be as able to 

compensate for declines in motor function by varying the strength of information-movement 

coupling relative to the spatiotemporal demands of the task. 

As the previous chapter identified how older adults tuned less into the tau differential 

variable when selecting inter-vehicle gaps to pass through, the present chapter will 
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investigate if the informational quantity can also be used to guide the continuous fine-tuning 

of the crossing action. Indeed, TTA has been proposed to be an action-relevant informational 

quantity for not only deciding when to initiate a crossing, as well as to determine whether one 

needs to adjust the speed of movement during the crossing to avoid collision (Morrongiello et 

al., 2015a). Therefore, the present chapter aims to determine if the informational quantity tau 

can be used to guide decisions about both when and how to act in traffic environments. 

Consistent with Stoffregen (2000) and Smith (2009), the experiment presented in this Chapter 

hypothesises that TTA information (tau) can be used to guide both choice of whether to cross 

and self-object coordination during the act of crossing. Furthermore, as older adults exhibited 

poorer attunement to this specifying variable in chapter 5 for action selection, it was expected 

that this age group would act less consistently with this task-relevant information for the 

other components of action-decisions: action timing, and action control.  

6.4  Methods 

6.4.1  Participants. 

A total of 45 participants (the same cohort as chapter 5) were recruited through local 

schools, local fitness classes and personal contacts. Fifteen children (5 boys, 10 girls) ranging 

in age between 10-12 (M = 11 yrs, SD = 0.85), 15 adults (8 men, 7 women) ranging in age 

between 18-39 (M = 23.5 yrs, SD = 4.1), and 15 older adults (5 men, 10 women) ranging in 

age between 65–91(M = 73.5, SD = 8.9) were recruited to participate in the study. All 

participants were able to detect the oncoming vehicle at its farthest position. The present 

study received ethical approval from Queens University Belfast, Psychology ethics 

committee with parents of child participants giving informed consent and children giving 

informed assent.  

6.4.2  Experimental setup. 
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A virtual street consisting of a 6-metre-wide road was presented using an Oculus Rift 

DK2 stereoscopic head-mounted display (see figure 6.1). The Oculus allowed the virtual 

presentation to have a resolution of 1920x1080 refreshing at 30 frames per second. 

Importantly, this head-mounted display preserved an egocentric viewpoint, which is 

important for accurately perceiving the optic flow used when acting in real life (Craig, 2014). 

The visual scene consisted of a flow of oncoming traffic (18 vehicles of bi-directional traffic) 

with the direction of traffic following UK traffic rules (near side approaching to the right of 

the pedestrian). 

 

Fig. 6.1. Image of a participant viewing the virtual environment while wearing the head-mounted display (HMD). 

 Vehicle speed (32, 48, or 64 km/h) and distance (30, 40, 50, 60, 70, or 80 m) were 

varied to give 18 unique time gaps (see table 6.1). A time gap was calculated by the time (in 

seconds) remaining until the front bumper of the tail vehicle (the vehicle closing the gap) 

reached the participant’s line of crossing once the rear bumper of the lead vehicle (the vehicle 

opening the gap) passed the participant’s line of crossing. The time gaps between cars were 

chosen to reflect the average walking speed of an adult (1.42 m/s; Mohler et al., 2007) which 
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would result in 50% of the gaps/trials affording comfortable crossing (i.e. time-to-closure of 

the gap is greater than 4.2s) and 50% not (i.e. time-to-closure of the gap is less than 4.2s). 

The participant was placed on the edge of the sidewalk facing the virtual road. The HMD had 

a diagonal field of view of 90 degrees and the pedestrian could look either direction by 

rotating their head. To ensure movement was updated in real-time while navigating through 

the virtual environment, the ultrasonic Intersense IS-900 Motion tracking system was used to 

track the participants head movement and orientation at 120 Hz. In addition to the tracking of 

the head, participants were able to visualise the position of their feet (in the form of two white 

cuboid shaped boxes). This was created using a rigid body made up of three reflective 

markers attached to each foot and which was detected using a set of 12 Qualisys infrared 

motion capture cameras (Qualisys Ltd., Göteborg, Sweden) recording at 100 Hz (see figure 

6.2b). This allowed pedestrians real time feedback of their movements to increase the level of 

presence and also help with familiarisation of walking when immersed in a virtual 

environment.   
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Table 6.1 

Values for the 18 unique combinations of speed, distance, and the resulting time-to-arrival comprising the different car 

approaching scenarios presented to participants in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.2(a): Photograph (left) of a participant walking during a trial wearing the head-mounted display with the Intersense IS-

900 bar placed on top of the headset. An experimenter followed behind the participant carrying the cables to ensure safety. 

(b) One of the two rigid bodies attached to each foot to allow the participant to see a representation of their feet in the virtual 

environment. 

 

Speed 

(KPH) 

Distance (M) Time-to-arrival of the 

tail vehicle once the 

gap has opened (s) 
 

32 

 

30 

 

1.69 

48 30 2.24 

 

32 40 2.25 

 

32 50 2.81 

 

48 40 2.96 

 

64 30 3.36 

 

32 60 3.37 

 

48 50 3.73 

 

32 70 3.93 

 

64 40 4.47 

 

48 60 4.48 

 

32 80 4.49 

 

48 70 5.22 

 

64 50 5.59 

 

48 80 5.97 

 

64 60 6.71 

 

64 70 7.83 

64 80 8.95 

(a) (b) 
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6.4.3  Procedure. 

For each trial, participants were instructed to judge whether a gap within the flow of 

traffic would allow them enough time to safely walk across the virtual street, and to walk 

across the virtual street when they perceived the gap to be safe to do so. Participants were 

instructed to choose gaps in which they could cross the whole street at a comfortable speed 

and if they felt they needed to adjust their speed during the trial this was permitted. 

Participants were further instructed that if they felt the gap between cars was too small, they 

should just wait until the trial was over and see if the gap between cars in the next trial 

afforded crossing.   

Each session began with the experimenter explaining what the participant should do. 

Participants were then asked to put on the HMD and look around the virtual environment to 

explore their surroundings. Two experimenters were always present when the experiment was 

carried out. One walked alongside the participant holding the cable that connects the headset 

to the computer to ensure participant safety, while the other controlled the motion capture and 

virtual reality computer equipment. Once the participant felt comfortable wearing the HMD, 

a familiarisation period followed. Participants were instructed to cross the road 5 times with 

no traffic present to allow the experimenters to record the participant’s average walking 

speed. At the start of each trial, participants returned to the same side of the crosswalk at the 

same point, directly facing the opposite curb. Following familiarisation, the participant 

performed 13 practice trials in which the order of different rates of gap closure presentations 

was randomised and were not included in the main analysis. These gaps were always 

synchronised and thus simultaneously available in both lanes. Following this practice session, 

participants completed 54 randomly presented trials with 3 repetitions of each time gap.  The 

experiment took roughly 45 minutes to complete.   

6.4.4  Measures & Data Analysis.   
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The positions (i.e. the 3-dimensional x, y, and z coordinates in the experimental set-

up) of the participant were recorded every frame and used to calculate the following: action 

selection (accepted gaps, % of collisions, decision boundary, decision threshold, information 

for gap selection), action timing (timing of entry and variability of timing), and action control 

(crossing time, duration on collision course, and magnitude of safety) measures for each 

participant for each trial.  

Accepted gaps. Gaps between cars were recorded as accepted crosses when 

participants walked more than 1 metre across the 6 metre road. If the participant moved less 

than 1m gaps were classed as rejected crosses. 

Collisions. A collision was recorded if the inter-vehicle gap closed before the 

participant reached the opposite sidewalk. 

Decision thresholds and boundary. For each participant, crossing behaviour (i.e. 

accepted or rejected crosses) was expressed as a function of the 18 temporal gaps. Onto each 

dataset, the best possible logistic function was fitted using the equation: 

𝑦 =
1

1+𝑒−𝑘(𝑐−𝑡)         (Equation 6.2) 

This function determined at what point decisions transitioned from rejecting the temporal gap 

(the gap between the participant’s line of crossing and the tail vehicle once the rear bumper of 

the lead vehicle passes the participant’s line of crossing) to accepting the temporal gap. In 

this equation, t represents the values of the temporal gaps, k is the slope or steepness of the 

curve at point c, which is the size of the temporal gap when the participant switched from 

rejected crossings to accepted crossings (see Oudejans, Michaels, van Dort, & Frissen, 1996).  

The decision threshold (or slope) corresponds to half the difference between the 

function values of 0.25 and 0.75 and indicates how rapid the switch was between rejected and 
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accepted crossings. This was calculated for each participant. A steeper gradient suggests a 

more abrupt change between rejecting gaps that were perceived to not afford safe crossing to 

accepting gaps that were perceived to afford safe crossing (see figure 5.3 in chapter 5 for an 

illustration of a steep and shallow decision threshold). A steeper decision threshold also 

indicates the responses were less variable as it reflects a smaller range of inter-vehicle gaps in 

which the participant was unsure whether crossing was afforded or not. 

Additionally, point c in equation 2 indicates each age group’s decision boundary (or 

critical point) which is the point at which the probability of transitioning from one style of 

action to another (rejecting to accepting an inter-vehicle gap) was at 50%. This was 

calculated for each participant. This value provides an indication of when a participant’s 

perception of what the environment afforded changed (i.e. what size did the temporal gap 

need to be for the participant to perceive cross-ability). 

The use of prospective information for gap selection.  Tau theory is based on the 

concept of the rate of closure of motion gaps. A tau value (or ‘time-to-contact’) is calculated 

by taking the current size of a gap divided by its rate of closure, mathematically represented 

in equation 4.1 as: 

 𝜏𝑋 = 𝑥/�̇�         (Equation 5.1) 

where 𝑥 is the magnitude of the gap and 𝑥 ̇ is its first-order derivative with respect to time. 

Tau is negative and approaches zero as the gap closes. The various combinations of speeds 

and distances in the road-crossing simulator provides a continuous scale of 18 unique initial 

tau values. Initial tau value is defined as the tau value (or time-to-contact) of the second 

vehicle at the point the rear bumper of the first vehicle passes the participant (see chapter 5, 

figure 5.1b). The closer the tau value is to zero, the less time the pedestrian has to cross 

safely. 
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By plotting the initial tau value of the inter-vehicle gap as soon as the lead car passes 

against the response data (% judged as pass) we are able to see if participant’s crossing 

behaviour is consistent with this information. Ideally, assuming participants are sensitive to 

the prospective informational quantity tau, an ‘S shaped’ curve should emerge as it is 

expected that when the tau value is large, the % judged as crossable will be 100% and when 

the tau value is small, the % judged as crossable will be 0%. When the tau value is close to 

the participant’s critical value, the judgements should be more difficult and so, the % judged 

as crossable should reflect this and be around 50%. Next, I will investigate if the ability to 

prospectively judge the affordance of cross-ability in dynamic, traffic environments based on 

this time-to-contact variable is different across the various age groups 

Timing of entry. The time (in seconds) between the tail of the lead car of the gap 

passing the participant and the moment the pedestrian entered the path of traffic was 

recorded.  

Variability of timing of entry. Once the timing of entry was calculated, a variability 

of timing of entry score was calculated by taking the average standard deviation of each 

participant’s timing of entry across the 54 experimental trials. 

Crossing duration. The time (in seconds) between the participants entering the inter-

vehicle gap to reaching the opposite sidewalk.   

Duration of trial spent on a safe course of action. To assess if participants were 

tuning into the optical variable tau to adjust their walking behaviour while crossing the road, 

the current experiment modelled the scenario as the simultaneous closure of two gaps: one 

gap closes between the approaching vehicle the pedestrian (tauX) and another gap closes 

between the pedestrian and the opposite sidewalk (tauZ). For the participant to optically 

determine whether they are on a collision course and adjust their movement speed 
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accordingly, they must be sensitive to the difference between these two tau values. Similar to 

chapter 5, subtracting tauZ from tauX provides a continuous tau differential value which 

specifies the pedestrian’s ‘current future’ should both gaps continue to close at their current 

velocities allowing for the participant to optically determine the affordance of a dynamic gap 

at its current rate of closure (Watson et al., 2011). For instance:  

If the value of the tau of gap Z (between the participant and the opposite sidewalk) is 

closer to zero than the value of the tau of gap X (between the tail vehicle and the participant), 

i.e. |τ(Z)| < |τ(X)| then the participant’s current walking speed is sufficient and the gap affords 

safe passage. This is due to the ‘current future’ dictating that the participant-sidewalk gap 

will close before the inter-vehicle gap.  

If however, the value of tau of gap X (cars and the participant) is closer to zero than the value 

of the tau of gap Z (participant and the opposite sidewalk), i.e.|τ(X)| < |τ(Z)| then the 

participant’s current walking speed is not sufficient and the inter-vehicle gap affords 

collision. This is due to the ‘current future’ dictating that the inter-vehicle gap will close 

before the participant-sidewalk gap. 

To assess how long a participant spent on a safe course of passage, the percentage of 

the cross duration in which tau value of gap Z is closer to zero than the tau value of gap X 

was calculated. 

Magnitude of Safety. To assess the temporal margin of safety once a participant was 

no longer on a collision course (i.e. when the value of the tau of gap Z is closer to zero than 

the value of the tau of gap X), the (normalised) area under curve of the positive part of the tau 

difference was calculated. The inputs were tauZ and tauX (in that order), and the output is the 
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area under curve of the positive values only, having first interpolated the trial data into 100 

samples. A larger area under curve, calculated using the Trapezoidal Integration Method, 

represented a greater aperture between the two taus, hence the participant achieved a safer 

time-gap between themselves and the approaching car during the cross. Trapezoidal 

Integration Method involves dividing the total area under curve into trapezoids (1 trapezoid 

per sample for a total of 100 trapezoids). Next, the total area under curve is calculated by 

adding up the area of each of the 100 trapezoids. This method allowed an investigation into 

whether different age groups were maintaining the affordance of safe passage in different 

ways.  

Data was filtered using a dual-pass 5 Hz Butterworth filter in MATLAB ®. These 

measures allowed us to investigate how age impacts the ability to link decisions and actions 

in dynamic scenarios where the temporal window for action is ever-changing.  

6.5 Results 

6.5.1  Are there age-related differences in action capabilities (natural walking speed)? 

Given that the theoretical basis of this work is around age group differences in 

detecting information that can link decisions and actions, it is important to understand if one 

age group is placed at a disadvantage due to limitations in their action capabilities, 

independent of the ability to detect such information.  To assess if there were significant 

differences between age group’s average walking speed in the simulator causing age-related 

differences in action capabilities to influence the affordances of the varying temporal gaps 

(based on an average walking speed of 1.42M/S), a one-way between-groups ANOVA was 

conducted. The analysis revealed no main effect of age on average walking speed (F(2,44) = 
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.345, p = .710, ηp² = .02). On average the walking speed of children was 1.39 m/s (SD = 

0.23), adults, 1.45 m/s (SD = 0.17), and older adults, 1.41 m/s (SD = 0.16). 

6.5.2  Analysis Strategy. 

The main goals of the present experiment were to determine first if age is a significant 

constraint on perceiving and acting upon dynamic affordances and if so, are there age-related 

differences in the information used to specify these affordances. To investigate how the use 

of such an informational variable differs between people of different age ranges, crossing 

behaviour was organized into three main sections: 1) action selection, 2) action timing, and 3) 

action control. Action selection was investigated via accepted crosses, decision boundary, 

decision transition, and how consistent gap selection was with the informational variable tau 

that specifies the rate of closure of the gap. Action timing was assessed using movement 

timing variables of timing of entry and variability of timing. Finally, action control was 

assessed by comparing age group’s road crossing duration, ability to control the closure of 

gaps and avoid being on a collision course, and the use of tau information to maintain a 

temporal safety margin. These measures reflect a sequential investigation of how three age 

groups differed in terms of the perception of affordances, followed by how the age groups 

differed in their actualisation of chosen affordances.  

6.5.3 Action Selection. 

Accepted crossings. To investigate the influence of age on gap acceptance, the 

percentage of trials in which the participants crossed was calculated. Children accepted gaps 

between cars most frequently (M = 47.8%, SD = 13.3 %) with adults following in second (M 

= 44.8%, SD = 9.1 %) and older adults recording the lowest percentage of crosses (M = 
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38.8%, SD = 15.7 %). The analysis of variance (ANOVA) with age (children, adults, and 

older adults) as between participant factors on the percentage of accepted crossings revealed 

no significant main effect of age (F(2,44) = 1.875, p = .166, ηp
2 = .07).  

Collisions. The proportion of crosses that resulted in collisions was significantly 

different across age groups F(2,44) = 6.601, p = .003,  ηp
2 = .24) indicating that age 

significantly impacts the ability to safely navigate traffic environments (see figure 6.3). 

Adults recorded the lowest proportion of crosses resulting in collisions (M = 1.46%, SD = 

2.82, range: 0-29.41%) with 11 participants recording at least one collision, children 

recording the second most collisions, (7.23%, SD = 7.75, range: 0-9.52%) with 4 participants 

recording at least one collision and older adults recording the highest proportion of collisions 

(M = 15.99%, SD = 17.18, range: 0-50%) with 12 (participants) recording at least one 

collision. A post-hoc Tukey HSD test indicated there was a significant difference between 

adults and older adults in the number of collisions recorded (p = .002). In contrast, the 

proportion of collisions did not significantly differ between adults and children (p = .333) and 

between older adults and children (p = .087). 
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Fig. 6.3. Bar graph showing the average percentage of collisions for each age group. The asterisk denotes 

significant differences. 

Decision-boundary. To assess each age group’s transition point from not affording 

safe passage to affording safe passage, a decision-boundary was calculated. On average, older 

adults appeared to prefer a slightly larger safety margin, transitioning from not crossing to 

crossing at a temporal gap size of 5.21s (SD = 1.31) compared to adults (M = 4.52s, SD = 

0.55) and children (M = 4.43s, SD = 0.89). However, a one-way ANOVA showed no group 

effect of perceived action boundary F (2,44) = 2.901, p = .066,  ηp
2 = .12.  

Decision-threshold. To investigate how rapid the switch was between rejected and 

accepted crosses around the perceived action boundary, the slope of the curve between 25% 

and 75% was calculated for each participant. On average, adults recorded the steepest slope 

value of 1.79 (SD = 0.53) with children following in second with a slope value of 1.66 (SD = 

0.68). Older adults recorded the flattest gradient with a slope value of 1.19 (SD = 0.46). A 

one-way ANOVA revealed a significant main effect of age on slope values F(2,44) = 4.646 , 

p = .015, ηp
2 = .18. A post-hoc Tukey HSD test indicated that adults are significantly more 

certain of the gap affordances around the perceived action boundary than older adults (p = 

* 
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.016), whereas no significant differences were found between children and older adults (p = 

.071) or children and adults (.809).  

Use of prospective information for gap selection. To assess adherence to tau, a 

logistic (S-shaped) function was fitted between the tau of the inter-vehicle gap and the rate of 

gap acceptance data (see figure 6.4). The expected ‘S shape’ is revealed for children and 

adults where a high percentage of cross judgements are found for large tau values and a low 

percentage of cross judgment for small tau values. The r2 values, calculated by the logistic 

regression, show that both children and adults adhere to a tau-based strategy (73.1% and 

80.9% of the data respectively). In contrast, the tau value of the inter-vehicle gap only 

explained 56.8 % of the variance in the decision response data for older adults This suggests 

that ageing influences the ability to pick up and use tau-based information to make decisions 

about the passability of inter-vehicle gaps. 

 

Fig. 6.4. Figure showing the logistic functions (dashed lines) for the various tau values of the inter-vehicle gap when the gap 

first opens and the % average cross responses (circles) for children (blue), adults (red), and older adults (green).  

 

 

 

Child R2 = 0.731  

Child Slope = -1.8261 

Adult R2 = 0.809  

Adult Slope = -1.7534 

Older Adult R2 = 0.568 

Older Adult Slope = -1.6206 
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Table 6.2 

Means (SDs) for each age group for action selection measures, including percentage of accepted crosses, transition point, 

slopes of the individual linear relationships of gaps accepted as a function of approaching time, and collisions resulting from 

crosses for adults, children, and older adults in the road-crossing task 

 

Age Group 

 
% Crossed Transition  

Point (s) 

Gap Selection 

Slope 

% Collisions 

Children 47.8 (13.3) 5.21s (1.31) 

 

1.66 (0.68) 7.23 (7.75) 

 

Adults 44.8 (9.1) 4.52s (0.55) 

 

1.79 (0.53) 1.46 (2.82) 

 

Older 

Adults 
38.8 (15.7) 4.43s (0.89) 

 

1.19 (0.46) 15.99 (17.18) 

 

 

6.5.4 Action Timing. 

Timing of entry. If older adults are tuning less into information specifying whether 

the gap affords crossing or not ahead of time, this should be reflected in delays in initiation 

times. To investigate whether age impacts on the ability to time one’s action to cross between 

the two vehicles, a one-way ANOVA was carried out. The results revealed that the mean 

timing of entry varied significantly by age group (F(2,44) = 4.740 , p = .014,  ηp
2 = .18). 

Children recorded the tightest entry between the lead car passing and entering the inter-

vehicle gap (M = 0.52s, SD = 0.2), adults recorded the second tightest entry, (M=0.59s, SD = 

0.27), while older adults recorded the longest time before initiation of crossing (M =0.93s, 

SD = 0.59). A post-hoc Tukey HSD test indicated that both child and adult pedestrians timed 

their entry significantly closer behind the lead vehicle compared to older pedestrians (p = 

.017 and p = 0.05 respectively). However, adults did not differ significantly from children (p 

= .889).  

Variability of timing of entry. While older adults appear not to be attuning to the 

initial value of tau, when the inter-vehicle gap first opens, it is not clear whether longer 

initiation times are due to poorer adherence to prospective information or an age-related 
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decline in timing skills. To assess the differences between age groups in their movement 

timing precision, the variability of timing of entry for each participant was also calculated. 

Adults were the least variable in their timing of entry (M = 0.31s), older adults were the 

second least variable (M = 0.39s), and children were the most variable (M = 0.42s), however 

a one-way ANOVA revealed no significant main effect of variability of timing of entry for 

the three groups (F(2,44) = 1.119 ,p = .336,  ηp
2 = .05). These findings suggest that the age-

related differences in mean timing of entry were intentional perception-action strategies 

rather than a result of age-related differences in the variability of motor control.  

Table 6.3 

Means (SDs) for each age group for action timing measures, including initiation time, timing variability, crossing time, and 

time to spare for adults, children, and older adults in the road-crossing task 

 

Age Group 

 
Initiation  

Time (s) 

Timing 

variability (s) 

Crossing 

Time (s) 

Time to  

Spare (s) 

 

Children 0.52s (0.2) 

 

0.42 (0.24) 3.62 (0.42) 2.01 (0.77)  

Adults 0.59 (0.27) 

 

0.31 (0.17) 3.8 (0.62) 2.28 (0.42)  

Older 

Adults 
0.93 (0.59) 

 

0.42 (0.24) 3.82 (0.63) 1.77 (0.74)  

 

6.5.5 Action Control. 

Road crossing duration. Given that average crossing speed and crossing duration are 

highly correlated across all groups (r2
 = .769, p < .001), I opted to perform an ANOVA 

analysis with only the road crossing duration. A one-way ANOVA showed no effect of age 

for mean road crossing time (F(2,44) = .558 ,p = .576,  ηp
2 = .03). On average, children took 

3.8 seconds to cross the road (SD = .62), adults took 3.62 seconds (SD = .42), and older 

adults took 3.82 seconds (SD = .63). This suggests no age differences in the ability to scale 

their walking speed to the spatio-temporal demands of the task imposed by speed of the tail 

vehicle. Furthermore, to investigate if age affected the amount of time remaining until the tail 
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vehicle (the vehicle closing the inter-vehicle gap) reached the participant’s line of travel (see 

figure 5.1b in chapter 5); mean time to spare (seconds) was also calculated. A one-way 

ANOVA revealed no significant differences for mean time to spare across all three age 

groups (F(2,44) = 2.187 , p = .125,  ηp
2 = .09). On average, children had 2.01 seconds (.77) 

before the tail vehicle closed the gap, adults had the most time to spare at 2.28 seconds (.42) 

and older adults had the least time to spare at 1.77 seconds (.74).  

Duration of trial spent on a safe course of action. If older adults waited longer to 

initiate their crossing but had similar crossing times, one would expect that older adults had a 

smaller portion of the crossing event where their crossing afforded safe passage. This would 

mean that they would have more error to cancel out between the current state (current 

crossing speed affording collision) and ideal state (current crossing speed affording safe 

passage). It follows that if a participant’s current rate of gap closure between where they are 

currently and the opposite sidewalk (tauZ) is less than the current rate of gap closure between 

the tail vehicle and the participant (tauX) then the participant will be on collision course with 

the tail vehicle. A one-way ANOVA revealed that the average percentage of the trial in which 

the participant was on a safe course varied significantly by age group (F(2,44) = 7.621 ,p = 

.002,  ηp
2 = .27) indicating that age influenced the amount of time spent during crossing where 

their behaviour afforded safe passage. Adults recorded the highest percentage of the cross on 

a safe course of action (M = 92.7%, SD = 3.9), children recorded the second highest 

percentage, (89.77%, SD = 6.9), and older adults recorded the lowest percentage of the cross 

where the rate of gap closure afforded safe passage (M = 79.6%, SD = 14.7). A post-hoc 

Tukey HSD test indicated that older adults spent significantly less time on a safe course of 

action compared to both adults (p = .002) and children (p = .016). Adults did not differ 

significantly from children (p = .686) indicating that children and adults implemented a more 

effective perception-action coupling strategy that allows for safe crossing. 
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Magnitude of Safety. Once a participant uses tau information to reach a state in 

which they are no longer on a collision course (i.e. the tau differential is positive), I assessed 

if there were group differences in the ability to maintain safe crossing. If participants were 

using tau information to guide their crossing actions on-line, one would expect the participant 

to modulate their crossing speed in such a way to ensure they closed the action gap (gap 

between curbs) faster than the information gap (gap between vehicles) and then keep a large 

aperture between these gaps to guarantee safe passage. One strategy would be to accelerate 

early after an action is initiated to obtain a positive tau difference (and a sufficient crossing 

speed) and then maintain that crossing speed for the remainder of the cross. In contrast, 

participants who were less skilled in using such information would struggle to maintain a 

large aperture between the two taus and continually alternate between a positive and negative 

tau differential. For instance, figure 6.5a shows an example of a trial involving an adult who 

recorded zero collisions and a high average magnitude of safety (M = 3.27). The participant 

appeared to get a positive tau differential early during the crossing sequence, then control 

their crossing speed to maintain a large temporal safety margin. In contrast, figure 6.5b shows 

an example of a trial involving an older adult with a higher percentage of collisions from 

accepted crosses (50%) and a lower average temporal safety margin (M = 0.84). In this 

example, the participant struggled to maintain a walking speed that was sufficient and as a 

result the information gap (represented by tau X) closed before they could close the action 

gap (represented by tau Z). Indeed, analysis of the mean area under curve using the 

Trapezoidal Integration Method indicated that children (M = 2.28, SD = 0.52) and adults (M 

= 2.28, SD = 0.61) maintained a larger temporal margin of safety compared to older adults 

(M = 1.85, SD = 0.57). These findings are in keeping with the higher levels of successful 

crosses found in both these groups. However, that being said the main effect of group failed 

to reach significance (F(2,44) = 2.895 ,p = .066,  ηp
2 = .12).  
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Fig 6.5(a): Figure showing an adult’s successful cross represented by tauZ (action gap) closing (i.e. reaching zero) above 

tauX (information gap). (b) Figure showing an older adult’s unsuccessful cross represented by tauX (information gap) 

closing (i.e. reaching zero) above tauZ (action gap). 

6.6  Discussion 

The aim of the present experiment was to understand how ageing impacts on the use 

of higher-order optical information to support both action based decisions and the continuous 

regulation of movement when crossing a road in a dynamic traffic environment. Lee (1976, 

1998) presented a conceptual framework for understanding how information directly 

available to the observer (namely tau) can be used to fit actions into spatio-temporal 

windows. In the present task, tau theory was found to support both decisions about the ‘cross-

ability’ of various inter-vehicle gaps and the control of actions to ensure the gap between 

curbs was closed before the vehicle reached the participant. However, older adults showed 

greater difficulty tuning into this information before the inter-vehicle gap opened, an 

observation that was reflected in the initial tau value predicting only 56.8% of the variance 

found in gap acceptance, compared to 73.1% in children and 80.9% in adults. This lower 
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adherence to prospective information extended beyond action selection and directly 

influenced initiation times and how self-movement was controlled with respect to the 

approaching car. The present experiment furthers our understanding as to why different age 

groups performed differently in road-crossing tasks where the participant is free to regulate 

their actions based on the information they pick up through their movement. 

In the present study, tau theory was adopted to explain how action selection and 

action timing and control can be regarded as the one and the same dynamic process supported 

by adherence to a single source of information (Cisek, 2007; Smith, 2009; Stoffregen, 2000). 

For action selection, the initial value of the invariant tau specifies how the gap between the 

pedestrian and the vehicle is closing over time at the instant the inter-vehicle gap opens. For 

action timing and control, modelling the situation as the closure of two gaps, one between the 

pedestrian and the opposite curb and one between the pedestrian and the approaching vehicle, 

provides a parsimonious solution as to how pedestrians can cross the inter-vehicle gap (at the 

current closure rate), by tuning into the relative difference between these current gap closures. 

Of course, being able to demonstrate that tau can theoretically and mathematically explain the 

situation does not necessarily mean that it is an informational variable that we use or are 

attuned to when making such judgments (Watson et al., 2011). The fact that a rough ‘s 

shaped’ curve was revealed for children and adults when ‘% of gaps judged as safe to cross’ 

was plotted as a function of the approaching vehicle’s initial tau value, suggests that 

prospective judgments were indeed being made by these age groups when selecting an inter-

vehicle gap to cross through. Furthermore, the fact that children and adults initiated their 

actions sooner and modulated their crossing behaviours in a manner consistent with what 

would be expected according to tau theory (i.e. avoiding being on a collision course earlier 

and maintaining a large aperture between the two gaps) suggests that actions were being 

prospectively controlled.  
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Indeed, this road-crossing task emphasises the challenges faced by elderly populations 

when perceiving and acting on dynamic affordances involving whole body movement. When 

selecting gaps, clear age-related decline was observed in both gap thresholds and sensitivity. 

Consistent with chapter 5, despite crossing the least number of times, older adults recorded 

the highest number of collisions and were less discriminating than children and adults in what 

temporal gap afforded safe passage. Although the present task allowed a tau-based strategy 

by designing a scenario that involved the closure of two motion gaps (see previous chapter 

for a more detailed description) older adults adhered the least to this optical parameter when 

judging ‘crossability’. It was found that older adult’s lower adherence to initial tau-based 

information when selecting an appropriate inter-vehicle gap directly influenced how that gap 

was subsequently acted upon. Children and adults showed they could prospectively control 

their actions by tightly initiating their crosses as soon as the inter-vehicle gap opened. In 

contrast, older adults waited longer on the curb and exhibited less skill when regulating their 

crossing behaviour with respect to the approach of the oncoming vehicle.  

What might underlie children’s ability to use higher-order variables to link decisions 

and actions in the present virtual traffic environment? Research investigating developmental 

changes in interceptive actions suggests that the process of gradually converging onto the use 

of the information specifying the TTA of an approaching object begins during infancy as a 

method of preventing damage to the sensitive cornea of the eyes (Caljouw, Van der Kamp, & 

Savelsbergh, 2004; van der Meer, van der Weel, & Lee, 1994).  It seems plausible then, that 

the ability to judge when they are on a collision course with an approaching object begins to 

develop from a young age as an adaptive method of self-preservation from unintended injury. 

Furthermore, young children have been shown to use this temporal information for both the 

timing of movement initiation and online guidance of movement (Kayed & van der Meer, 

2009; van Hof, van der Kamp, & Savelsbergh, 2008). It could be that by the age of 10, 
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children have received sufficient exposure to traffic environments, having gained enough 

practice and experience in real life to fine-tune their attention towards the relevant 

information arising from the oncoming virtual cars for action selection and guidance. Indeed, 

unintentional accidents peak for children at ages 5-6, which is also the point when children 

are increasingly exposed to traffic (Peden et al., 2009; Routledge, Howarth, & Repetto-

Wright, 1976). Later, accidents decrease suggesting that children are converging on more 

mature action timing strategies using TTA information through a process of perceptual 

maturity, consistent with the theory of education of attention (Gibson, 1969, see chapter 7).  

This may explain why previous work has found developmental differences between school-

age children and adults in tasks which require intercepting a moving gap by maintaining a 

constant bearing angle (e.g. Chihak et al., 2010; Chohan et al., 2008). As participants had 

different intentions in these tasks (to intercept) compared to the present chapter (to avoid), 

their perceptual-motor systems may have been setup to detect an optic flow variable that they 

were less attuned to (e.g. focus of expansion) compared to optical tau (Jacobs & Michaels, 

2007; Jacobs et al., 2001). Indeed, a child with little experience crossing the road in such a 

manner cannot be expected to know what to look for in a traffic environment without having 

acted in a meaningful way with respect to traffic that would help them learn what to attend to.  

In contrast, the current experimental setup proved challenging for older adults. In 

general, coupling perception and action under tight temporal constraints, such as crossing the 

road, is particularly demanding for older adults due to age-related declines in the perceptual-

motor system. Perceptually, visual contrast deteriorates (Pitts, 1982), sensitivity of peripheral 

vision declines (Jaffe, Alvarado, & Juster, 1986), and discrimination between rates of 

looming depreciates (Poulter & Wann, 2013). Furthermore, ageing is associated with physical 

decline as muscles weaken resulting in a decline of maximum achievable movement speed, 

isometric and dynamic strength (Larsson et al., 1979). These declines in the perceptual-motor 



146 
 

system mean that older adults need to cope to the changing relationship between perceptual 

and motor function.  

The findings of the present study suggest that older adults may delay crossing behind 

the lead vehicle in an attempt to wait for the TTA information from the tail vehicle to become 

more obvious. For instance, if they wait longer to initiate crossing, they observe the vehicle 

for longer, which in turn might improve their ability to detect how fast the car is approaching 

(e.g. extracting vehicle velocity information from the change in optical size over time i.e. the 

expansion rate (Poulter & Wann, 2013)). As optical tau determines the TTA of an 

approaching object as the ratio of the instantaneous optical size of an object relative to its rate 

of expansion on the retina, any decrement in sensitivity to the rate of expansion would 

negatively impact upon the ability to pick-up tau information. Crucially, however, time spent 

judging the affordance of a gap takes time away from actualising the affordance by executing 

the action (Fajen, 2013; Plumert & Kearney, 2014a). It appears that in the present task, older 

adults were faced with a trade-off between timing their actions early to achieve the largest 

temporal window to complete the act of crossing and waiting longer to better cope with their 

limited sensitivity to the vehicle’s rate of looming. These findings suggest that older adults 

prioritise the latter, delaying the initiation of crossing to provide an indirect way of 

compensating for limited ability to detect higher-order information (explained by the lower 

adherence to initial tau to explain road-crossing decisions). This interpretation furthers our 

understanding of older adult’s delay between action selection and action initiation in traffic 

environments (e.g. Geraghty et al., 2016; Holland & Hill, 2010). Instead of simply being an 

inability to physically act out decisions due to age-related declines in mobility, this delay may 

reflect the actor’s level of attunement. Indeed, as a vehicle gets closer to the pedestrian, the 

visual information required to specify its TTA becomes more salient and easier to detect (e.g. 

Wann et al., 2011) and use to regulate action. Nevertheless, an older adult must continuously 
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balance the desire to delay crossing initiation with the fact that executing the act of crossing 

will take time. The present findings showed that older adults spent a smaller portion of the 

crossing event on a safe crossing course with respect to the approaching vehicle (i.e. 

maintaining a safe temporal margin). Movement initiation should therefore not only rely on 

features of the vehicle’s motion, but also on the to-be performed action. Indeed, an important 

factor when crossing the road is the ability to scale decisions and actions in relation to the 

information arising from the oncoming vehicle, a process known as perceptual-motor 

calibration (Bingham & Pagano, 1998; Warren, 1984; Withagen & Michaels, 2007).  

Despite the insights that can be drawn from this study, there were some limitations 

and further questions that need addressed. First, the present study only looked at children 

from a narrow age range in middle-childhood (10-12 years). Recent research suggests that 

childhood is associated with ongoing developmental refinement in how to perceive and act on 

dynamic affordances when crossing roads (Chihak et al., 2014; Plumert & Kearney, 2014b). 

Interestingly, around the age of 12, children appear to begin to adjust their gap choices to 

closely match their action capabilities in static (Franchak, 2019) and dynamic (O’Neal et al., 

2018) environments. O’Neal et al. (2018) notes that for the task of physically walking across 

the road, children younger than 10 years old have not yet gained sufficient movement skills 

required for the perceptual-motor system to be “aware” of its limitations. This suggests that a 

child’s movement competence limits the ability to map the perceptual information arising 

from the oncoming cars to the actor’s action capabilities that is still undergoing development 

until early adolescence.  

Second, although the present task involved crossing two-lanes of traffic, the vehicles 

were not accelerating and were synchronized to arrive at the same time to create an aligned 

gap (far gap opens with near gap). As a result, participants only needed to attend to the tail 
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vehicle in the far gap once the gap opened to ensure safe passage. Quite possibly, even 12 

year olds might have had more difficulty than adults when attuning to specifying information 

in more complex situations such as rolling traffic gaps (far gap opening after near gap). 

Grechkin et al. (2013) found that children preferred rolling gaps as they appeared to 

acknowledge that despite being the more complex crossing strategy, rolling gaps have 

potential for extending the total possible crossing time. Future research should investigate if 

older adults exhibit the same preference, timing their actions earlier when the gaps are not 

aligned to maximise the temporal window for action and counteract the delayed movement 

initiation found in the present study. 

In conclusion, the results of this study highlight the importance of considering how 

the characteristics of the individual and the properties of the environment jointly influence 

the ability to couple perception and action in the context of crossing roads. The findings show 

that the ability to use higher-order information to link decisions and actions is sensitive to 

age-related decline and as a result, impacts an older adult’s ability to select actions ahead of 

time and tightly time their entry into the roadway. To compensate for the reduced sensitivity 

to prospective information, older adults appear to wait longer, but with detrimental 

consequences in terms of using the time available to safely cross the road and avoid colliding 

with the oncoming vehicle. Age-related differences in using perceptual information which 

guides when and how to act, in conjunction with the relationship between perception and 

action coupling, should thus be considered in the contexts where errors in action-based 

decisions are likely to occur. 

6.7 Can older adults re-learn to pick-up invariant sources of prospective information? 

A major question that arises from these findings is whether older adults are able to re-

learn to detect this higher-order information used in the selection of a prospective action. 
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Once our ability to distinguish between possible and impossible actions degrades, are these 

effects long lasting or can they be reversed? Indeed, over the last 10 years, affordance 

research has moved into designing training interventions with the goal of improving 

sensitivity to what the environment affords us. For example, adults can improve their 

affordance judgements after a period of action practice that facilitated the shift to perceptual 

invariants (Braly, 2020; Cole, Chan, Vereijken, & Adolph, 2013; Franchak, 2017;  Franchak, 

van der Zalm, & Adolph, 2010). Moreover, combining the actual execution of the task with 

subsequent feedback on the accuracy of the preceding judgement seems to be a particularly 

effective method. To illustrate the combined importance of action execution and feedback, 

Braly (2020) compared four different groups ability to improve judgements of whether an 

approaching object would reach them - exploration with feedback, exploration with no 

feedback, no exploration with feedback, and no exploration, no feedback. After a period of 

training, the group that were allowed to explore the environment and receive feedback about 

performance were the most accurate and least variable in their judgements suggesting that 

exploration and feedback are both required to attune to specifying information.  

Crucially however, there is little experimental research on how ageing may affect the 

ability to improve the detection of prospective information specifying affordances. The next 

chapter aims to address this gap by designing a virtual traffic environment that provided both 

feedback on performance and auditory cues that either facilitated or hindered the detection of 

specifying information. To ensure participants had an opportunity to explore the 

consequences of their decisions and converge onto different optic flow variables, two training 

phases were introduced. 
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Chapter 7 

Educating older adults’ attention in a 

virtual road-crossing task: toward and 

away from gap-specifying information 

7.1  Introduction 

In the previous two chapters, age-related difficulties were demonstrated when judging 

whether a gap between cars afforded crossing: Chapter 5 demonstrated that older adults 

exhibit difficulty in tuning into information specifying whether an inter-vehicle gap afforded 

safe crossing, independent of action capabilities. Chapter 6 indicated that this age-related 

difficulty of affordance perception in a dynamic scenario extends beyond action selection to 

directly influence how affordances are actualized when individuals’ action capabilities are 

involved (i.e. actual walking). This chapter focused on training older adults’ abilities to 

perceive gap affordances by directing the attention of elderly pedestrians towards either more 

reliable or less reliable optical variables in a virtual traffic scene. In particular, this study 

compared the influence of cross-modal cues to educate attention towards perceptual 

invariants by adopting auditory cues which mapped onto either time-to-arrival information 

(specifying) versus auditory cues mapped onto distance-based information (non-specifying), 

as well as control participants who did not experience cross-modal cues during training.  

7.2  Perceptual Learning 
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 If a wealth of information resides in the ambient energy arrays sufficient for the 

selection and guidance of action, an important question remains as to how perceivers refine 

perception to take advantage of the informational richness of the environment (Jacobs & 

Michaels, 2007). Perceptual learning is described as increasing the ability to perform specific 

perceptual tasks as a result of increased experience (Gibson, 1969).  The ecological approach 

to learning began with rejecting traditional enrichment theories of learning, inspired by the 

information-processing approach, which attributed expert-novice differences to an enhanced 

ability to resolve the ambiguity of stimulus variables with respect to their environment (J. J. 

Gibson & E. J. Gibson, 1955). Such enrichment theories describe improved perceptual 

performance with learning as an increase in the sophistication of the enrichment process via 

increasingly detailed internal representations. For example, expert perceivers are able to 

outperform novices due to the accumulated task-specific knowledge which have been added 

to memory during the process of learning, allowing for more accurate inferences. In this 

view, perceptual learning involves producing percepts that decrease in correspondence with 

the available information.  

In contrast to enrichment theories, ecological theories, pioneered by Eleanor Gibson 

(1969), argue that perceptual learning should produce percepts that increase in 

correspondence with the available information. Rather than expertise in perception 

originating from increasing complexity of computational and memorial processes, expert-

novice differences can be explained via a process of ‘differentiation’ in which with 

experience, actors change which properties of the ambient energy arrays their perceptual 

systems respond to. This involves using information that was always present in the 

environment, just not previously detected. Gibson and Gibson (1955) describe differentiation 

as the process of observers getting closer in touch their environment, as a consequence of 

being able to filter and distinguish more and more objects, events and their properties.. To 
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illustrate perceptual learning through differentiation, one can consider wine tasting. A glass 

of wine consists of multiple, complex radiant and chemical signatures. From this, a novice 

wine taster may only be able to distinguish from these signatures such as: red, white, sherry 

and champagne. As a result, the novice will have “four percepts in response to the total 

possible range of stimulation” (Gibson and Gibson, 1955, p. 35). In contrast, a wine 

connoisseur can perceive differences between grapes, regions, and even harvest years, which 

vastly expands the number of wines and their characteristic properties she can recognise. 

Over years of practice, small differences between various wines have become more easily 

distinguished with access to potentially thousands of percepts in response to differences that 

truly exist within the chemical signatures of the different wines.  

Another example of differentiation includes the skill in demonstrated in the 

extraordinarily difficult perceptual task of sexing day-old chicks. It is reported that years are 

of extensive practice are required to acquire this skill and it took decades for psychologists to 

identify a perceptual basis for the discrimination between male and female (Biederman & 

Shiffrar, 1987). Despite this, professional sexers can categorize up to 1,000 chicks an hour 

with 98% accuracy, spending less than a second looking at each chick. Through practice, 

sexers have shown to converge on the shape of the genital eminence (about the size of a 

pinhead) that specifies if the chick is male or female by differentiating whether the eminence 

is convex or concave respectively. Such a contrast in contour can be considered as invariant 

because regardless of viewpoint, convex regions will remain convex and concave regions will 

remain concave. Such invariant information was present all along to be differentiated and the 

learner through experience was able to detect the structure in the eminences that already 

exists rather than learning to add structure to the impoverished sensory information (Adolph 

& Kretch, 2015).  
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In the laboratory, Gibson and Gibson (1955) demonstrated that perceptual learning 

involves an increase in specificity through improvements in recognising a particular 

spiralling scribble when it was interspersed in a series of similar scribbles with subtle 

differences e.g. number of coils, - three, four or five, horizontal compression or stretching 

and orientation. Simply attempting to identify the target over a period of trials led to a 

decrease in the amount of scribbles that the elicited a matching response from the participant. 

Crucially, this learning occurred in the absence of feedback, challenging the idea that 

perceptual ability can only occur by building knowledge of results reinforced by feedback 

regarding the correctness of responses. The process of learning which variables to ignore and 

which to attend to from the vast pool of stimulation reaching our senses through practice and 

experience is described by Gibson as the education of attention (Gibson, Spelke, Mussen, 

Flavell, & Markman, 1983). 

7.3  Returning from non-specifying information 

 In the above examples, learners came to identify - with practice - informational 

variables that are “uniquely and invariantly tied to their sources in the environment” 

(Michaels & Carello, 1981, p. 19). That is, the education of attention enabled the exploitation 

of informational variables that are not ambiguous with respect to their environmental 

properties but instead relate one-to-one with said environmental properties (Withagen, 2004). 

If perceptual expertise is reflected in the ability to exploit specifying variables, then 

perceptual immaturity should involve the pick-up of informational variables that relate 

ambiguously to the to-be-perceived property to perceive or actualize affordances. A number 

of empirical studies have shown that participants early in the learning process have initially 

relied on a non-specifying variable and subsequently converged on an informationally 

specifying variable with practice (e.g. Jacobs et al., 2001;  Michaels & de Vries, 2000; Smith 

et al., 2001; Solomon & Turvey, 1988).  
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For instance, in the study of Smith et al. (2001), participants were asked to release a 

pendulum at the appropriate time so that it would make contact with an approaching rolling 

ball at a fixed point on the ball’s trajectory. In this scenario, the timing of the releasing action 

can be specified by the ball’s time-to-contact. Smith and colleagues pointed out several optic 

flow variables available to the observer which could be used to judge the temporal closeness 

of the ball. The observer could use angular expansion rate of the ball to judge the velocity of 

the ball which is merely correlated with time-to-contact or tau. As noted several times in this 

thesis, angular size and rate of expansion co-vary with an object’s size, and so are not 

invariant across different sized balls, while tau is. Over the course of practice at the task with 

balls of different size, participants abandoned the use of non-specifying information (i.e. 

expansion rate) and shifted to specifying information (i.e. tau).  

Another area in which ecological psychologists have found actors converging on 

invariant information is dynamic touch – the process of perceiving the spatial and functional 

properties of an unseen object through haptic feedback alone (Turvey & Carello, 1995).  For 

example, young adults can perceive a tennis racquet’s centre of percussion or “sweet spot” by 

simply grasping and swinging the object (Carello, Thuot, Anderson, & Turvey, 1999). The 

informative tissue deformation brought about by such movements occurs in the muscles and 

tendons allowing, over time, perceivers to judge many of an object’s dynamic inertial 

properties and corresponding affordances. Many instances of dynamic touch perception have 

linked to extracting physical variables from the rotational inertia of wielded objects – the 

resistance an object offers to rotational acceleration (Wagman & Shockley, 2011). This 

rotational inertia is a function of the distance of the centre of mass of the object from the 

point of rotation. Actors have shown perceptual sensitivity to this rotational inertia, 

perceiving variables including: mass (e.g., Amazeen & Turvey, 1996), form (Burton, Turvey, 

& Solomon, 1990), hammer-with-ability and poke-with-ability (Wagman & Carello, 2001). 
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Reliance of rotational inertia to perceive and realize affordances shows how actors can 

sometimes exploit non-specifying variables to perceive or actualize affordances. This is 

because rotational inertia is a function of the object’s mass distribution and as a consequence 

does not relate one-to-one with all physical properties of the object (Withagen, 2004). 

Carello, Fitzpatrick, Domaniewicz, Chan, and Turvey (1992) describe how rotational inertia 

relates ambiguously to distance reachable with a rod: “Given a moment of inertia of 41,666.7 

g · cm2, one could suppose that the object in question was 2g/250 cm, or 150g/28.9 cm, or 

10g/111.8 cm, or 500g/15.8 cm, and so on” (p. 291). In other words, the same values of 

rotational inertia occurs with different objects of different lengths. Despite this, people 

exploit rotational inertia to realize the affordance of reachability suggesting a period of re-

attunement is needed – the process of educating attention away from the current unreliable 

variable to more useful information. To achieve this, actors must become aware they are 

perceiving an object’s properties incorrectly indicating that a non-specifying variable is being 

exploited.  

7.4  Age-related constraints on perceptual learning 

 If perceptual learning is guided by tuning the sensory systems towards perceptual 

invariants, a significant challenge to older adults is overcoming the perceptual consequences 

of ageing. For instance, the mechanorecepters required to perceive mechanical pressure or 

distortion for dynamic touch is subject to change with ageing including distribution density 

and morphology (Corso, 1981). Such change is attributed to decline in the skin’s spatial 

acuity making it harder to detect vibrations, changes in temperature and weight (e.g. 

Kenshalo, 1986; Stevens, 1992). A prominent question remains if the haptic system’s quality 

is impacted by the ageing process, does this lead to reduced capabilities to pick up perceptual 

information? Carello et al. (1999) investigated if such declines in the haptic perceptual 

system impacted the ability to detect the sweet spot of a tennis racquet. The authors found 
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similar to young adults that averaged the age of 19 (e.g. Carello, Thuot, Anderson, & Turvey, 

1999), older adults (aged 62-79) can perceive the sweet spot without foreknowledge of the 

actual dimensions of the wielding racquets. This research provides evidence that although 

ageing may influence the ‘hardware’ components of the haptic sensory systems (i.e. physical 

differences in a system’s mechanical properties), older adults are still able to attune to 

information specifying an object’s properties by simply wielding an object. 

Similarly, degradation in older adult’s general visual functions is well known. Visual 

functions such as acuity (Carter, 1982), stationary contrast sensitivity (Owsley, Sekuler, & 

Siemsen, 1983) and dynamic contrast sensitivity (Elliott, Whitaker, & MacVeigh, 1990) have 

been shown to deteriorate with age. Furthermore, coordinating actions in dynamic scenarios 

via information from optic flow can be more difficult with age due to reduced ability to parse 

retinal motion into separate categories of actor-generated and object-generated motion. For 

instance, determining your current heading direction requires tuning into the optic flow field 

to detect a single point in space where all optic flow vectors intersect, known as the focus of 

outflow (Gibson, 1950; Kuiaski, Lazzaretti, & Neto, 2011). In general, observers during 

translational self-motion can use the focus of outflow to determine their current heading 

direction with an accuracy of up to 1-2 degrees (Warren et al., 1988). This level of accuracy 

is paramount for avoiding obstacles in a variety of tasks involving high speed self-motion 

including driving, running and downhill skiing (Cutting, 1986). Age-related decline in 

perceiving heading direction is well-documented via simulated self-motion tasks which ask 

observers to judge whether the current heading direction. For example, Warren et al. (1988) 

noted an age-related increase in the threshold for both translational and curvilinear heading of 

about 1 degree resulting in potentially hazardous situations for the elderly when controlling 

high-speed locomotion. This age-related decline in the use of the optic flow field extends 

beyond self-motion to determining whether an approaching object will pass by or collide with 



157 
 

the observer, especially when self-motion is being simulated (Andersen & Enriquez, 2006) 

and gauging the time-to-passage of approaching objects (Schiff, Oldak, & Shah, 1992). In 

particular, a prominent Age x Vehicle Speed effect has been found in street-crossing and 

driving literature where older adult’s decisions to act are strongly affected by the approaching 

car’s speed (see Chapter 2). These effects can be attributed to degradation in the sensitivity to 

optical expansion (i.e. looming) required for speed discrimination, beyond the effect that can 

be attributed to a decline in visual acuity alone (Poulter & Wann, 2013). Poulter and Wann 

(2013) noted that such errors in motion processing can lead to a 50% reduction in time 

available to perform actions in high-speed scenarios such as performing traffic manoeuvres.  

Despite the considerable visual constraints imposed by the healthy ageing process, 

research suggests older adults can improve their perceptual judgements involving high-speed 

objects. Maillot et al. (2017) demonstrate in tasks where participants can adequately couple 

perception and action via a full-scale simulator, older adults can become more sensitive to 

speed information (specified by optical expansion) of the approaching vehicles indicating the 

convergence on time-to-arrival information in spite of well-documented age-related decline 

to the visual system. However, converging on specifying optical information for elderly 

populations is not always straightforward. Dommes and colleagues (Dommes & Cavallo, 

2012; Dommes, Cavallo, Vienne, & Aillerie, 2012) previously devised similar interventions 

to Maillot et al. (2017) aiming to rehabilitate the behavioural component of road-crossing 

through simulator-based training. Dommes et al. (2012) found that instead of abandoning the 

non-specifying variables that formed the basis of decision-making (in this case distance 

specified by the car’s angular size on the eye), participants shifted where they perceived the 

action-boundary or “critical distance” to be via this perceptual noninvariant. In other words, 

participants did not attempt to shift the perceptual variable used during training but instead 

‘doubled-down’ by increasing the perceived distance (via decreased optical size) of the car 
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they considered safe to allow crossing. This process implies that after training older adult’s 

intentions were not set up to attend to a more useful variable but rather change how the non-

specifying variable they previously intended to perceive is used to determine an opportunity 

for action. While this perceptual strategy did lead to a significant improvement immediately 

after training, the main objective of the intervention was not satisfied in that the Age x 

Vehicle Speed interaction effect was still present. The authors concluded that age-related 

perceptual difficulties may not be able to be remedied by behavioural training. The fact that 

older adults were able to educate attention towards more useful perceptual information in 

some cases and not others may instead point towards issues with the training cues adopted, 

rather than age-related limitations on the ability to pick up looming information from the 

vehicles. For instance, these training paradigms often adopt explicit instructions to attend to 

an approaching vehicle’s “speed”. Such cues fail to educate the elderly pedestrian’s attention 

towards information in the optic flow field that guides decisions about when and how to act. 

Rather, they highlight third-person physical variables that are not defined relative to the 

perceiver at the ecological scale.  

One method of training that has shown to be effective for perceptual learning in older 

adults is cross-modal cueing. When an event is perceptually accessible to multiple sensory 

modalities, event information can be integrated across the senses to inform actions, especially 

when unisensory information alone is unreliable (e.g. Ernst & Banks, 2002). Given that 

ageing is known to be associated with both visual and auditory deterioration (Allard, Lagacé-

Nadon, & Faubert, 2013), it has been suggested that older adults may derive greater benefit 

under training conditions which combine information across visual and auditory modalities. 

Indeed, auditory cues can be designed to highlight specifying information while preserving 

the task’s spatio-temporal structure, rather than creating new variables which might be 

independent of how a task would be performed without feedback (Dyer, Stapleton, & Rodger, 
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2017). That is, augmented auditory information presented to participants in training may 

educate visual attention to relevant co-occurring optical events that would be present in the 

scenario anyway. However, the question remains as to whether multi-sensory cues aid 

perceptual learning in older adults. For motion perception tasks where the participant must 

identify an independently moving object, older adults appear to not benefit from audiovisual 

cues (Roudaia, Calabro, Vaina, & Newell, 2018).  In contrast, older adults have shown 

significantly greater improvement compared to young adults in simple reaction time tasks 

when the stimuli was audio-visual when compared to only visual (Peiffer, Mozolic, 

Hugenschmidt, & Laurienti, 2007). The study reported in the present chapter aimed to further 

our understanding of using multi-modal cues with older adults and if the information these 

cues highlight can be either beneficial or detrimental to task performance. 

7.5  The current study 

The current study was designed to investigate if older adults can perceptually learn to 

detect information in the surrounding environment that specifies the time-to-arrival of an 

approaching vehicle ahead of time and if cross-modal cues can aid or obstruct this process, 

depending on what optical features of the scene they are mapped onto. To investigate this, 

participants took part in a virtual road-crossing task and were asked to press a button if a safe 

opportunity to cross between two inter-vehicle gaps was present. When the button was 

pressed, the participant’s avatar was moved across the virtual road at a fixed speed (see 

chapter 5). This method of interaction with the virtual environment was chosen as it allows 

for an investigation into attunement to information, independent of differences in action 

capabilities. By removing individual differences in the active control of the crossing phase, 

any group differences in behavioural responses can be attributed to the training provided, 

rather than simply improving coordination in the virtual environment. Indeed, previous 

research has shown that training in a full-scale simulation device that requires actual walking 
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significantly alters older adults behaviour in traffic environments, making them more 

cautious compared to a small-scale simulation device that required a button press (Maillot et 

al., 2017). One potential reason as to why older adults have difficulty in full-scale simulation 

devices is the need to maintain balance, often watching their steps to avoid falling (Avineri et 

al., 2012). This reduces their ability to scan and detect TTA information of the approaching 

vehicles (Woollacott & Pei-Fang, 1997). As this study aimed to understand if training could 

have a significant impact on the detection of this TTA information, I adopted the same mode 

of interaction as chapter 5, where the participant did not need to coordinate self-movement to 

the approaching vehicles. Instead, participants needed to focus entirely on identifying a safe 

inter-vehicle gap to cross. There were also practical considerations at play, training with a 

virtual environment that requires physical walking would significantly reduce the number of 

trials available for training. To avoid effects of fatigue and give the participant’s enough trials 

to allow the training to implicitly educate their attention towards certain perceptual variables, 

a button press (or ‘perception-only’) task enabled the training procedure to occur more 

quickly (participants can automatically be reset to the starting position) and be less physically 

demanding (participants were seated).   

  The study was divided into 5 phases: a pre-test, two training phases, a post-test, and 

a retention test. In order to avoid a ceiling effect due to the increased number of trials, the 

experimental conditions in the present task presented more difficulty to the participant than 

the experimental conditions reported in chapter 5. In particular, the temporal gaps (the time 

remaining until the tail vehicle reached the participant’s line of crossing once the lead 

vehicle’s rear bumper passed the participant) were closer to the time available to cross. This 

resulted in more time gaps which narrowly afforded safe passage or narrowly afforded 

collision, causing a smaller margin of error in action-based decisions than the study reported 

in chapter 5. Additionally, as this study was primarily interested in attunement, the width of 
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the road was slightly reduced (from 6 metres to 5.6 metres) in an attempt to reduce the 

demand of calibrating the inter-vehicle gaps to the imposed fixed walking speed.  

During the training phases, the vehicle closing the gap’s distance (non-specifying) or 

time-to-arrival (specifying) was highlighted by auditory cues. It was hypothesised that the 

cross-modal cues in the non-specifying group will draw participant’s attention away from 

information in the optic flow field that reliably specifies a safe opportunity to cross. In 

contrast, older adults in the specifying group will benefit from the use of reliable cues and 

their crossing behaviour will be more consistent with time-to-arrival information. 

7.6  Methods 

7.6.1  Participants. 

Thirty-nine older adults aged 61-82 (26 female, 13 male) participated in the study. 

One potential participant was excluded from participating after screening for symptoms 

related to simulator sickness before being assigned a group (see materials section). They were 

randomly allocated to three experimental groups of equal size (n = 13): specifying cues group 

(Mage = 68.85 years, SD = 6.1 years); non-specifying cues group (Mage = 71.69 years, SD = 

7.8 years); control group (Mage = 70.38 years, SD = 6.4 years). Although all participants 

reported having normal or corrected-to-normal vision, 30.77% of the specifying cues group, 

23.08% of the non-specifying cues, and 30.77% of the control group still scored below 

average on a Snellen test for visual acuity (lower than 20/25) while wearing their corrective 

lenses. However, all participants were able to detect the presence of the oncoming vehicle in 

VR from its furthest position. None of the participants required hearing aids for the study and 

all reported they could hear the quietest sounds used in the experiment (-21 dB relative to the 

maximum output of the Oculus Rift headset). Ethical approval was granted by Queens 

University Belfast, Faculty of Engineering and Physical Sciences ethics committee, and all 
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participants gave written consent before testing began. Participants were naïve with respect to 

the specific hypothesis of the study.  

7.6.2 Materials. 

The simulator sickness questionnaire (Kennedy, Lane, Berbaum, & Lilienthal, 1993) 

was completed before testing began to ensure the participant was not at an increased risk of 

sickness while wearing the VR headset for extended periods of time. The questionnaire 

assessed the participant’s history of motion sickness, claustrophobia, dizziness, nausea and 

migraines. Any participant reported these symptoms prior or during testing was excluded 

before being assigned to a group (N = 1). The virtual environment (representing a traffic-

filled road) was presented in an Oculus Rift DK2 stereoscopic head-mounted display with a 

resolution of 1920 x 1080, a field of view of 100 degrees, and updated 90 times per second. 

Real-time tracking of the head orientation while navigating through the virtual environment 

was ensured using the Oculus Sensor which was placed in clear line of sight of the 

participant. Pictorial realism was enhanced by modelling the virtual environment after a street 

in urban New Jersey that contained trees, shadows and textures.  To initiate crossing in the 

environment, the participant pressed the ‘A’ button on an Xbox One controller connected to 

the same PC computer which ran the VR simulation and recorded participants’ response data. 

7.6.3  Design.  

The virtual scene consisted of a two-lane road, 5.6 metres wide from sidewalk to 

sidewalk. Every trial included bi-directional traffic with two cars of different colours in each 

lane (a blue leading car and a red trailing car).  Each lane of traffic was mirrored to ensure 

only one gap was presented to the participant in each trial (see Figure 7.1).  



163 
 

 

Fig 7.1. Screenshots from the pedestrian’s perspective of the vehicles approach in both the near lane 

(top panel) and far lane (bottom panel). 

The task consisted of a combination of 18 unique speeds and distances producing 18 

different time gaps (times-to-arrival) to cross the road (see table 7.1). Conditions were 

designed such that information relating to either the tail car’s distance gap, or this gap’s rate-

of-change, were not reliable cues for safe/unsafe gaps by themselves across multiple trials, 

due to variation in these parameters across trials (see Figure 7.1). The movement speed of the 

participant in the virtual environment was fixed at 1.42m/s reflecting the walking speed of an 

elderly pedestrian at a crosswalk (Coffin & Morrall, 1995). Given the width of the virtual 

road (5.6 metres), the time to cross the road was fixed at 3.94 seconds. The combination of 

walking speed and the TTA of the cars resulting in 50% of the gaps presented affording safe 

passage and 50% of the gaps affording collision with the tail (red) vehicle.  
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Table 7.1 Combinations of the different conditions for virtual cars’ speed, distance, the resulting time-to-arrival, and the 

tau differential 

.  

 

 

The experiment consisted of a practice block, pre-test, two training blocks with cross-

modal cues, a post-test and a retention test which were divided into three stages and carried 

out on separate days. The first stage consisted of a familiarisation period and practice block 

followed by a pre-test and finally, the first training block. The second stage consisted of the 

second training block followed by a post-test. These stages were carried out on consecutive 

days. The retention test was conducted to test whether any induced changes across the three 

groups were relatively permanent. This test was carried out 9 days after the post-test. 

7.6.4  Feedback and cues for perceptual learning. 

Speed 

(M/S) 

Starting Distance (M) Distance At Gap 

Opening (M) 

Time-to-arrival (s) Tau Differentials 

 

9.44 

 

160 

 

23.78 

 

2.52 

 

-0.64 

10 164 27.6 2.76 

 

-0.53 

 

11.67 175 33.26 2.85 

 

-0.49 

 

7.22 146 21.95 3.04 

 

-0.4 

11.11 171 36.77 3.31 

 

-0.28 

12.78 182 42.56 3.33 

 

-0.28 

 

13.33 185 48.12 3.61 

 

-0.15 

12.22 178 44.36 3.63 

 

-0.14 

 

5 157 18.3 3.66 

 

-0.13 

 

7.78 150 31.35 4.03 

 

0.03 

8.33 153 35.07 4.21 

 

0.12 

6.11 139 25.72 4.21 0.12 

 

3.89 125 16.42 4.22 

 

0.12 

 

10.56 167 46.25 4.38 

 

0.19 

 

6.67 142 29.41 4.41 

 

0.21 

 

4.44 128 20.2 4.55 0.27 

 

8.89 132 40.72 4.58 0.28 

 

5.56 135 38.86 6.99 1.36 
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During the two training blocks, all three groups received knowledge of results (KR) 

feedback for both rejected and accepted gaps. When a participant rejected a gap, they would 

receive augmented KR feedback in the virtual environment in the form of an ‘X’ or a ‘tick’, 

indicating whether their response was correct (see figure 7.2). Furthermore, when a gap was 

accepted, augmented KR feedback was presented in the form of a safety margin gauge 

indicating where the tail vehicle was with respect to the participant at the moment they 

reached the opposite curb. When a participant successfully avoided collision with the tail 

vehicle, the safety margin expressed on the right-hand side of the gauge was green, indicating 

a safe judgement.  In contrast, when the tail vehicle collided with the participant before the 

opposite curb was reached, the safety margin expressed on the left-hand side of the gauge and 

was red indicating an unsafe judgement.  
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Fig 7.2. The KR feedback received in both training phases. If participants rejected an opportunity that afforded 

safe passage, they received a red ‘X’. If participants rejected an opportunity that afforded collision, they received a green 

tick. If a participant crossed they received a safety margin gauge. The non-specifying group received feedback in the form of 

distance of the approaching vehicle once they reached the opposite curb. The specifying group received a gauge in seconds 

to spare. The bar was green if the participant safely made it across without collision and red if they collided with the 

approaching vehicle. As a result, participants received KR feedback that informed them if their attempted cross was 

successful (inter-vehicle gap was still open when they reached the opposite curb) or not (inter-vehicle gap was closed and 

they had not yet reached the opposite curb). 
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To test for an effect of auditory cues on training attention to different gap-related 

optical information variables, two of the groups were provided auditory cues which mapped 

to either the tail vehicle’s time-to-arrival to the intersection point i.e. the participant’s line of 

crossing (specifying group) or distance from the intersection point (non-specifying group). 

Auditory cues consisted of isochronous repetitions of a pre-recorded sound of a woodblock 

being struck; digitally increasing iteratively towards the maximum sound intensity of the 

Unity audio playback by two decibels (from -21 to -1 dB, relative to the computer audio 

output set to 50% volume and the maximum output of the Oculus Rift headset. over 10 

repetitions). This sound type was chosen to have a very clear temporal onset (attack phase of 

the amplitude envelope). For the specifying group, the auditory cues (consecutive sound 

playbacks) were triggered when the time-to-arrival (seconds) of the tail vehicle corresponded 

to the ranking of intensity of sound (e.g. TTA = 10s, sound intensity = 10th loudest (-21dB), 

TTC = 9s, sound intensity = 9th loudest (-19dB), etc.). In contrast, the non-specifying cues 

were triggered when the distance (metres) of the tail vehicle corresponded to the ranking of 

intensity of sound (e.g. distance = 100M, sound intensity = 10th loudest (-21dB), TTC = 90M, 

sound intensity = 9th loudest (-19dB), etc.). As a result, the specifying auditory cues had a 

lawful relationship to the optical tau of the pedestrian-vehicle gap (gap X) due to consecutive 

sounds’ onsets mapping onto interval changes in the ratio of the car’s optical angle relative to 

its angular rate of change. In contrast, the distance-based auditory cues coincide with interval 

changes in non-specifying optical information which are variant across different car speeds. 

Therefore, the distance-based auditory cues track a changing pattern in the optic flow field 

that is not invariant in relation to time-to-arrival cross different transformations in speed and 

distance and hence cannot singularly specify the ‘crossability’ of a gap  (see figure 7.3).  
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Fig 7.3. Tau values for each auditory cue trigger used in the experiment as the vehicle approached the participant. 

As each trial presented at least 8 auditory cues, I plotted the tau value (which optically specifies the current time to arrival) at 

the moment the auditory cue was triggered across the 18 different experimental conditions.  Figure 7.3a shows a near-

identical linear relationship across trials between the onsets of the auditory cues and the tau value of the approaching vehicle 

(as calculated from the ratio of the car’s optical angle and this angle’s rate-of-change in the VR presentations of these 

conditions). Conversely, figure 7.3b shows variable linear relationships across conditions between the auditory cue onsets 

and the concurrent tau values of the approaching vehicle.  

7.6.4  Procedure. 

As the virtual environment was presented in a portable head-mounted display and 

headphones, it ensured all participants received the same visual and auditory experience 

despite the physical location of testing. As a result, older adults were given a choice of testing 

in a laboratory on campus or a home visit.  At the first phase, once consent was given, 

participants completed the visual acuity test and the auditory detection task. Next, 

participants were asked to put on the HMD and sit in a chair within the tracked space of the 

Oculus sensor. A familiarisation period allowed the participants to get familiar with the 

virtual environment by turning their head to look around and get used to both the HMD and 

the feeling of being immersed in the environment. Participants were instructed to cross the 

road 5 times without any oncoming cars to familiarise themselves with the movement speed 

(a) (b) 
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of the simulator. Next, participants received the practice block consisting of 18 randomly 

presented trials encompassing all of speed and distance combinations faced in the virtual 

environment resulting in 9 crossable gaps and 9 not crossable gaps. Participants were given 

the following instructions before the baseline block: 

“You will be participating in a training study. Your aim is to be as successful as 

possible in the simulation by rejecting the gaps that aren’t safe to cross and accept the gaps 

that are safe to cross. So you need to decide based on how fast you can move in the 

simulator, when you think it is OK to cross. At the intersection, you will see two cars coming 

from your left and right-hand side. To assess your ability to judge gaps, you must wait until 

the blue (lead) car passes you and then either accept the gap and cross while the red car is 

still approaching or reject the gap and wait until the red car passes and the trial ends. Some 

of the spaces between cars will be too small to get across without getting hit, and some will 

be big enough for you to get across without getting hit”. 

After the practice block, each subsequent block consisted of 54 trials, giving rise to a 

total of 270 trials. In between blocks, participants were offered breaks and refreshments by 

removing the headset. Within blocks, the 18 specific distance-speed-TTC combinations were 

presented separately three times and the order of presentation was randomized. In the training 

conditions, all groups received the following instructions: 

“You will receive feedback regarding the choices you make. When you reject a gap, 

you will receive either a red ‘X’ or a green tick, informing you if your decision was correct. 

Also, when you accept the gap and finish crossing, you will see a bar indicating how close 

the car was once you reached the opposite curb. A red bar indicates you collided with the car 

after crossing and a green bar indicates you avoided the car after crossing. The fuller the 

bar, the greater your safety or error margin is”. 



170 
 

The two auditory training groups received additional instructions from the 

experimenter. To ensure participants were naïve to the nature of the sounds, an experimenter 

additional instructions: 

“For the purposes of training, the movement red car will now be accompanied by 

sound information generated from the red (tail) vehicle with the sounds getting louder as it 

comes closer. Try to factor these in when making judgements to cross or not”.  

7.6.5  Measures & Data Analysis.   

For the purposes of the present study, the analysis included the time series positional 

data of (a) the participant waiting at the curb (tracked via the Euclidean X, Y, and Z 

coordinate of the user’s position in the virtual environment, provided by the Unity software), 

(b) the lead vehicle that opens the gap (tracked via it’s Euclidean X, Y, and Z coordinates in 

the virtual environment), and (c) the tail vehicle that closes the gap (tracked via it’s Euclidean 

X, Y, and Z coordinates in the virtual environment). The time period considered as the key 

period for decisions is the moment the lead vehicle’s rear bumper passed the participant and 

the gap between the tail vehicle and the participant began to close.  

7.6.6  Candidate variables for the optical specification of dynamic affordances. 

Next, the following candidate information variables which are potentially influencing 

the decision to cross or not were considered: (i) the difference in tau values between the gap 

Z (gap between participant and the other side of the road) and gap X (gap between the 

participant and the front bumper of the tail vehicle; for a more detailed description see 

Chapter 5). As tau informs us about how a motion gap is closing it can also be regarded as 

affording information about a future course of action (Lee, 1980). The motion gaps under 

analysis was the distance motion gap between the participant and the tail vehicle (in the x-

axis only) and the distance motion gap between the participant and the opposite curb (in the 
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z-axis only). This distance gap was calculated using the time-series positional data, in each 

frame of the approach. 

By considering this scenario as the simultaneous closure of two motion gaps, tau 

theory can provide a model where, potentially, the pedestrian could pick up optical 

information regarding the difference in the rate of closure of the two gaps, and use this 

information to inform prospective judgments as to the passability of the gap. This model is, 

however, based on first-order extrapolations i.e. vehicles and pedestrians maintain the same 

motion path, at the same velocity for the duration of the trial. Modelling this simplified 

scenario (in two lanes of traffic, inter-vehicle gaps often arrive at an intersection at different 

points in time, see Grechkin et al., 2013) according to tau can provide an elegant, 

parsimonious solution as to how judgements could be made. However, tau is not the only 

information that pedestrians could tune into to specify the affordance of passability. Other 

sources of (non-specifying) information pedestrians could use to inform their judgements is: 

(ii), the magnitude of the gap (as specified by the size of the car image on the retina), 

obtained by the difference in the x-coordinate of the front bumper of the tail vehicle at the 

corresponding frame of the positional data time series. Finally (iii), the experimenters 

considered the rate of closure of the inter-vehicle gap (as specified by the rate of expansion of 

the image on the retina) i.e. the instantaneous velocity of the tail vehicle.  

7.6.7  Informational variables and gap selection. 

By plotting the different candidate informational variables against the behavioural 

responses, we can identify the quantity that explains the response data (% judged as pass) 

best. As each informational variable (i.e. tau differential, gap magnitude, and gap rate of 

closure) has a unique value across the 18 conditions, it can therefore provide a continuous 

scale by which responses can be plotted. Whenever an informational variable provides a 
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satisfactory fit to the data, an ‘S-shape’ function is expected. For instance, if participants are 

using the perceptual invariant tau to inform their gap judgements, then it is expected that 

when there is a large, positive tau differential value (i.e. gap X will close far sooner than gap 

Z) the % judged as crossable will be 100% and when there is a large, negative tau differential 

value (i.e. gap X will close far sooner than gap Z) the % judged as crossable will be 0%. 

When the tau value of the two gaps is close to the critical value and the two gaps will close at 

similar times, the judgements should be more difficult and so, the % judged as crossable 

should reflect this and be around 50%. As the present experiment is designed as a training 

study, to ensure task difficulty most of the inter-vehicle gaps have been designed to be close 

to this critical value (see table 7.1).  

Conditions were designed to avoid participants being able to simply specify the 

affordance of passability on a single parameter that does not encapsulate the spatio-temporal 

changes of the tail vehicle.  Such sources of non-specifying information include the 

magnitude of the gap, where if cross responses were plotted as a function of this variable it is 

expected that when the gap between the pedestrian and the tail vehicle at the point of the rear 

bumper is large, the % judged as crossable should be 100%, and when the gap between the 

pedestrian and the tail vehicle at the point of the rear bumper is small, the % judged as 

crossable should be 0%, irrespective of the rate of closure  of the gap. Furthermore, if 

participants are using the non-specifying information of rate of closure (ẋ), then it is expected 

that when the closure of gap X is fast, the % judged as crossable should be 100%, and when 

the closure of gap X is slow, the % judged as crossable should be 0%, irrespective of the 

magnitude (x) of the gap. 

7.6.8  Statistical Analysis. 
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To compare gap selection differences due to training and between the three groups, 

intra-individual means of safe (i.e. unnecessarily rejected), and unsafe errors were submitted 

to separate analyses of variance (ANOVA) with repeated measures on test phase (pre-test 

,post-test, retention).  For all ANOVA’s, Greenhouse-Geisser adjustments for the degrees of 

freedom are reported in cases where the assumption of sphericity was not met. Post-hoc 

comparions were conducted with Tukey’s HSD test (P<0.05). 

To examine group differences in sensitivity to invariant information, and thus degree of 

attunement from the different auditory cues, the relationships between gap selection and the 

candidate informational variables was assessed. Onto each dataset, the best possible logistic 

function was fitted, represented by following the equation: 

 𝑦 =
1

1+𝑒−𝑘(𝑐−𝑡)         (Equation 7.1) 

In this equation, t represents the values of the temporal gaps, k is the slope or 

steepness of the curve at point c, which is the size of the temporal gap when the participant 

switched from rejected crossings to accepted crossings. The r2 values yielded by the logistic 

function (via Psychometric Curve Fitting) are determination coefficients indicating the fit of 

the curve to the data. The critical value (CV), variable c, where 50% of the responses are 

judged as cross was also calculated. If pedestrians were tuning into the tau differential 

between the car gap and the crossing gap, this CV value should be close to or slightly above 

0. Furthermore, the slope of the curve between 40% and 60% was examined. This value 

indicates how rapid the switch between one response (cross) and the other (not cross) about 

the critical value. A steeper gradient suggests a more rapid switch and a flatter gradient 

suggests a slower switch from crossing to not crossing indicating a greater range of uncertain 

judgements. In addition, a logistic function was fitted to each individual particiant to allow an 

inferential analysis between groups.  An analysis of covariance (ANCOVA) was conducted 
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to study if post-training and retention attunement measurements covaried with the pre-test 

measurement in the experimental and control groups. 

7.7.  Results 

7.7.1  Gap selection: did the different forms of cueing influence behavioural  

responses? 

Analysis of the percentage of accepted gaps (the number of times the participant 

crossed divided by the total number of gaps presented) was used to investigate how the 

different forms of auditory cues influenced how closely participant’s perceived action 

possibilities (crossable or not crossable) were tied to the actual action possibilities of the 

road-crossing environment (50% crossable). A comparison of the percentage of accepted 

gaps was carried out using a repeated measures ANOVA with test phase (pre-test, post-test, 

retention test) as a within factor and training group (specifying, non-specifying, control) as a 

between factor (the assumption of sphericity was not violated) revealed a significant main 

effect of test session F (2,72) = 4.099, p = .021, ,  ηp² = .01. This indicates that the percentage 

of crosses taken increased between the test phases (see figure 7.4). Post-hoc tests (Tukey 

HSD) demonstrated significant differences between the pre-test and the post-test (p = .05) 

and between the pre-test and the retention test (p = .013). No significant difference was found 

between the post-test and the retention test suggesting the effects of the training blocks on 

behavioural responses were long lasting.  



175 
 

 

Fig. 7.4. Bar graph showing the average percentage of gaps accepted for each test phase. The asterisk denotes significant 

differences. 

However, the absence of a significant interaction of Cues x Test F(2,72) = 1.012, p = 

.407) showed that the differences in gap acceptance across the different test phases were not 

significantly different across the cue groups. No significant main effect of cue condition was 

found F (2,36) = .020, p = .98) suggesting no overall differences in the perception of action 

possibilities between the groups.  

7.7.2  Gap selection accuracy: did the cross-modal cues influence performance in the 

virtual environment? 

To investigate the effect of cuing group on the accuracy of affordance perception, the 

proportion of correct responses were calculated. A decision was categorized as correct if the 

participant rejected an inter-vehicle gap that was too small to afford safe crossing and pressed 

the button to cross a gap that was large enough to afford safe crossing (see table 7.2 for 

summary of descriptive statistics). A repeated measures ANOVA with test phase (pre-test, 

post-test, retention test) as a within factor and training group (specifying, non-specifying, 

control) as a between factor revealed a significant main effect of test session F (2,72) = 

* 

* 



176 
 

11.142, p = <.001,  ηp² = .24. This indicates that the percentage of correct decisions increased 

between the test phases. Post hoc tests (Tukey HSD) demonstrated significant increases in 

response accuracy between the pre-test and the post-test  (p = .001) and between the pre-test 

and the retention test (p < .001). No significant difference was found between the post-test 

and the retention test suggesting the effects of the training blocks on response accuracy were 

long lasting. However, the absence of a significant interaction of Training Group x Test 

Phase (F (2,72) = 1.309, p = .275) showed that the differences in response accuracy across 

the different test phases were not significantly different across the cue groups 

To investigate if the cross-modal cues influenced the nature of the incorrect decisions, 

errors were divided into two categories: unsafe and safe errors. Unsafe errors were defined as 

the percentage of the accepted inter-vehicle gaps resulting in collision due to the tail vehicle 

reaching the participant before the cross was completed. In contrast, safe errors were defined 

as the percentage of trials in which the participant missed an opportunity to cross due to the 

time-to-cross between sidewalks being less than the time-to-arrival of the tail vehicle. A 

repeated measures ANOVA comparing unsafe error rate between test phases (pre-test, post-

test, retention test) as a within factor and training groups (specifying, non-specifying, control) 

as between factor revealed no significant main effect of training condition (F (1,36) = .235, p 

= .792, ηp² = .001), test phase (F (2,72) = .186, p = .830, ηp² = .02) or significant interaction 

between factors (F (2,72) = 1.974, p = .108, ηp² = .05). The rate of collisions was not affected 

by sound cue type nor knowledge-of-results feedback during training. 

To compare changes in safe errors rates (rejected gaps that could have been safely 

crossed), a repeated measures ANOVA with Test Phase (within factor) and Training Group 

(between factor) was conducted on this measure. A significant main effect of test phase (F 

(1.549,55.761) = 15.528, p = <.001, ηp² = .30) was found indicating that the percentage of 

missed opportunities decreased between the test phases. Post hoc tests (Tukey HSD) 
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demonstrated significant differences between the pre-test and the post-test  (p = .001) and 

between the pre-test and the retention test (p <.001). No significant difference was found 

between the post-test and the retention test suggesting the effects of the training blocks on 

reducing safe errors were relatively lasting. However, the absence of a significant interaction 

between Training Group and Test Phase (F (3.098,55.761) = .540, p = .662, ηp² = .03) 

showed that the differences in response accuracy across the different test phases were not 

significantly affected by the type (or presence) of auditory sound cues presented in training. 

Furthermore, no significant main effect of cues was found (F (1,36) = .550, p = .582, ηp² = 

.02) suggesting no overall group differences in the number of unsafe errors between the 

groups. 

Table 7.2 

Summary of means (SDs) for each cues group including % of gaps accepted, % of correct responses, % of unsafe errors, and 

% of safe errors across the three different test phases in the road-crossing task 

Cue Group 

 
  % Gaps 

Accepted 

% Correct 

Responses 

% Unsafe 

Errors 

% Safe  

Errors 

Control  Baseline 40.17% (16.1) 63.06% (9.1) 13.51% (9.7) 26.56% (10.35) 

 

17.88% (11.6) 

 

21.79% (9.1) 

Post-test 45.94%(18.8) 68.38% (9.8) 13.81% (9.5) 

Retention 43.45%(18.7) 70.94% (5.8) 11.11% (10.2) 

Non-specifying  Baseline 39.45%(11.5) 62.23% (6.7) 13.45% (6.2%) 27.83% (10.6) 

 

 

20.27% (10.5) 

 

21.65% (8.9) 

Post-test 45.3%(12.8) 63.87% (9.7) 14.87% (2.8) 

Retention 43.87%(7.72) 68.95% (10.6) 12.5% (7.1) 

Specifying  Baseline 39.6%(17.1) 63.39% (11.26) 13.25% (7.1) 26.92% (10.7) 

 

16.46% (8.01) 

 

16.68% (9.4) 

Post-test 42.3%(10.3) 73.54% (8.6) 10.22% (5.2) 

Retention 45.6%(12.6) 71.36% (12.44) 14.97% (6.2) 

 

7.7.3  Did the different forms of auditory cues educate attention towards or away from 

perceptual invariants? 

To investigate if participants’ attunement to different optical variables for selecting 

crossable road gaps varied with practice and/or between different types of auditory cueing in 
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training, each group’s crossing behaviour (i.e. percentage accepted or rejected crosses) was 

fitted as functions of tau differential values, distances, and speeds separately. Figure 7.5 

shows these fitted functions.  

Fig. 7.5. Figures showing the logistic functions for the % of gaps accepted for the three experimental groups 

during the pre-test phase, post-test phase, and the retention phase. For each phase, a logistic function was fitted 

for the three candidate informational variables: tau differential (the difference between tauX and tauZ), the 

magnitude of the gap, and the rate of closure of the gap. 

 

During the pre-test phase, figure 7.5a shows that tau explained the most variance in all 

three groups data, explaining 64% in the specifying group with a critical value of 0.14 and a 

slope of 0.45.  For the non-specifying group, tau explained 55.7% of the variance with a 

critical value of 0.16 and a slope of 0.45. For the control group tau explained 59.2% in the 

control group with a critical value of 0.15 and a slope of 0.44. In contrast, figure 7.5b shows 

the magnitude of the gap accounted for 36.2% in the specifying group, 50.8% in the non-

specifying group, and 48% of the variance in the control group. Finally, figure 7.5c shows the 

rate of closure of the gap which only accounted for 3.45% of the variance in the specifying 

group, 0.01% of the variance in the non-specifying group, and 0.01% of the variance in the 

control group 
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While the training did not visibly appear to change the informational variable 

participants most relied on in terms of the fitted function lines, the different forms of training 

did influence the extent to which participants relied on specifying information. In the post-

test phase, figure 7.5d shows that tau explained the most variance in the specifying group, 

explaining 81.2% of the variance, which had increased relative to the pre-test, with a critical 

value of 0.03 and a slope of 0.25.  For the non-specifying group, tau explained a reduced 

47.2% of the variance with a critical value of 0.03 and a slope of 0.39. For the control group 

tau explained an increased 80.8% of the variance with a critical value of 0.03 and a slope of 

0.33. In contrast, figure 7.5e shows that variance in gap selection accounted for by the 

magnitude of the gap dropped to near 0 for both the specifying group, and the control group, 

while only decreasing to 36.9% for the non-specifying group. Finally, figure 7.5f shows the 

rate of closure of the gap only accounted for 0.05% of the variance in the specifying group, 

0.05% of the variance in the non-specifying group, and 0.05% of the variance in the control 

group. 

Finally, the retention test showed that the effects of the training were temporary or 

long-lasting depending on the type of cross-modal cues. Figure 7.5g shows that tau continued 

to explain the most variance in the specifying group, explaining 74.9% of the variance with a 

critical value of -0.05 and a slope of 0.27. For the non-specifying group, variance explained 

by tau increased back up to 58.1%, with a critical value of 0.03 and a slope of 0.34. This is 

likely because of real-world optical experience in the retention interval, returning to baseline 

levels of attunement. For the control group tau also continued to explain 81.4% with a critical 

value of 0.03 and a slope of 0.27. In contrast, figure 7.5h shows the magnitude of the gap 

continues to account for next to no variance in crossing decisions for the specifying and 

control groups, while still explaining a portion of variance (26.8%) in the non-specifying 

group. Finally, figure 7.5i shows the rate of closure of the gap only accounted for 0.02% of 
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the variance in the specifying group, 0.03% of the variance in the non-specifying group, and 

0.01% of the variance in the control group.  

Following an investigation of the r2 values at the group level across all participants, I 

analysed each participant’s degree of attunement for an inferential statistical comparison of 

the three groups. Each participant’s crossing behaviour (i.e. accepted or rejected crosses) was 

expressed as a function of the 18 tau differential values, distances, and speeds. I analysed the 

r2 values yielded by the logistic function for each individual to determine changes in the 

extent each variable was used during the pre, post and retention phase. An exploratory 

analysis was conducted using a one-way ANCOVA to determine if there was a statistically 

significant difference between the three auditory cue groups during the post-test phase on the 

amount variance explained in crossing judgements by the specifying tau differential variable. 

The r2 values for the tau-based variable during the pre-test phase were controlled for. A 

significant main effect of group was found F(3,39) = 4.115, p = .025, η2 = .19. Post-hoc 

comparisons using the Tukey HSD test indicated that the variance explained after training by 

the tau-based variable for the specifying group was significantly higher than the non-

specifying group (p = .022). No significant differences were revealed between the control and 

specifying (p = .253) or the control and non-specifying (p = .929). To investigate if the 

changes between groups were long-lasting, a one-way ANCOVA was conducted with the 

three auditory cue groups as the independent variable, the individual r2 values by the tau-

based variable in the retention phase as the dependent variable, controlling for the pre-test r2 

values. No significant main effect of group was found F(3,39) = 1.883, p = .167, η2 = .10. 

To determine if there was a statistically significant difference between the three 

auditory cue groups during the post-test phase, a one-way ANCOVA was conducted. The 

amount of variance explained in crossing judgements (represented by the non-specifying 

distance variable’s r2 value) was the dependent variable and the three group’s pre-test r2 
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values were controlled for. No significant main effect of group was found F(3,39) = 2.130, p 

= .134, η2 = .11. To determine if there were significant differences at the retention phase, a 

one-way ANCOVA was conducted with the three auditory cue groups as the independent 

variable, the individual distance r2 values in the retention phase as the dependent variable, 

controlling for the pre-test r2 values. No significant main effect of group was found F(3,39) = 

.408, p = .668, η2 = .02. 

Finally, a one-way ANCOVA was conducted to determine if there was a statistically 

significant difference between the three groups during the post-test phase on the amount 

variance explained in crossing judgements by the non-specifying speed variable when 

controlling for pre-test scores, a one-way ANCOVA was conducted. No significant main 

effect of group was found F(3,39) = .759, p = .476, η2 = .04. To determine if the effects of 

training were long lasting, a one-way ANCOVA was conducted with the three auditory cue 

groups as the independent variable, the individual speed r2 values in the retention phase as the 

dependent variable and the pre-test speed r2 values were controlled for. No significant main 

effect of group was found F(3,39) = .940, p = .40, η2 = .05. 

7.7.4 Did the different forms of auditory cues educate attention towards or away from 

perceptual invariants at the individual level? 

As in earlier studies of perceptual learning, different individuals’ degree of 

attunement was also examined (e.g. Jacobs et al., 2001; Runeson & Andersson, 2007; 

Withagen & Michaels, 2005). This follows the recommendation that any study on perceptual 

learning should also include analysis on individual performances due to the often observed 

substantial individual differences (Withagen & Caljouw, 2011; Withagen & van 

Wermeskerken, 2009). While such an analysis provides useful insights on the variability of 

attunement across the groups, it is important to acknowledge it is difficult to draw 
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conclusions from individual-level descriptive statistics. The individual results are in depicted 

in Fig. 7.6. Overall, the individual results are in keeping with the result of the group analysis. 

In the specifying cues group, 10 of the 13 older adults improved in their ability to tune into 

the specifying variable when making go-no-go judgements. Furthermore, their ability to tune 

into the specifying variable appeared to be relatively stable with only participants 01-S, 03-S, 

04-S, and 13-S returning to, or falling below pre-test levels of attunement. Participant 06-S 

arguably gained the most out of the cross-modal cues, showing a dramatic rise in the ability 

to make decisions consistent with tau information between the pre and post-test. In the non-

specifying group, the individual results did not demonstrate considerable attunement effects. 

While 8 of the 13 participants improved in their ability to make decisions consistent with tau 

information, many of the improvements were marginal. It also must be acknowledged that 

this meant 5 and of the 13 did not show any improvements. Furthermore, it appears some of 

the participants were more adversely affected by the cues than others. Participant 07-NS 

appeared to abandon the use of tau-based information after training suggesting the non-

specifying auditory cues had educated their attention away from the perceptual invariant. 

However, it is worth noting that it appears such effects are not long-lasting as the participant 

returned to pre-test levels of attunement during the retention phase. Finally, the control group 

showed 7 of the 13 participants improved in their ability to make decisions consistent with 

tau information. Participant 10-C is especially of interest. This participant had not based 

decisions on the specifying variable before the experiment began and had shown evidence of 

some attunement by the post-test phase. Once the retention phase arrived, the participant 

appeared to converge onto the specifying information showing that the auditory cues are not a 

pre-requisite for perceptual attunement in older adults.  
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Fig. 7.6. The difference in R2 values for each individual across the three groups at the different test phases. 
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The present experiment was conducted to test whether cross-modal cues can influence 

perceptual learning in elderly populations. Participants were trained to perceive the 

affordance of passability in dynamic gaps using a virtual traffic environment with the three 

groups receiving different types of cross-modal cues (specifying, non-specifying, none). In 

this study, auditory information was hypothesised to be a good means to educate participants’ 

visual attention, as it can highlight task-intrinsic information without creating new visual 

information which might be independent of how the task would be performed in the absence 

of augmented feedback (Dyer et al., 2017).  The specifying sounds group received cues that 

related one-to-one with the time to would take for the pedestrian-vehicle gap to close at its 

current rate of closure. A non-specifying sounds group received cues that related one-to-

many to the tau of the tail vehicle by only specifying the rate of closure of the pedestrian-

vehicle gap. Finally, a control group received no cross-modal cues during the course of the 

experiment. 

The performance measures in the present study reflect the difficulty in designing cues 

that aim to make behavioural and perceptual adjustments to the older adult population in 

traffic environments. Despite the task not requiring older adults to physically cross the road, 

removing the need for self and object synchronization, and the specifying group receiving 

additional reliable auditory information, changes in behaviour was only found across test 

phases, independent of the cross-modal cue condition.  Similar challenges have been found in 

simulator-based behavioural training studies involving elderly pedestrians where training has 

influenced performance with older adults becoming more cautious and reducing the number 

of collisions, but failing to modify the perceptual strategies participant’s adopt (e.g. Dommes 

& Cavallo, 2012). In contrast, the present results showed, in general, that the cross-modal 

cues provided influenced the ability to choose temporal gaps based on higher-order 

information that specified the TTA of the approaching vehicle. The participants who 
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benefitted most from the training intervention were the in the specifying cues group which 

during the post-training phase, selected gaps consistent with the use of tau information. In 

contrast, the non-specifying cues group’s attention was directed away from perceptual 

invariants suggesting that cues which are ambiguous with respect to environmental properties 

is not an effective method for augmenting perceptual learning, and may actually cause 

attunement to less effective perceptual information. However, the retention test appeared to 

show that the effects of non-specifying cues were not long-lasting as no significant 

differences were found between groups in their ability to make decisions consistent with tau 

information.  

At the group level, the finding that both the specifying group and control group 

attuned to higher-order information sources suggests that cues that allow the use of multiple 

sensory modalities to perceive an event are not a prerequisite for perceptual learning in older 

adults. Rather, if practice is organized so that judgements based on non-specifying sources of 

information are systematically erroneous, older adults (with feedback) were able to determine 

the affordance of cross/not cross. This was achieved by selecting inter-vehicle gaps where the 

use of non-specifying sources resulted in collisions or missed opportunities and hence 

negative feedback in the simulator (either by colliding with the car and receiving a negative 

margin of safety or receiving a red ‘X’ to signify a missed opportunity). This negative 

feedback associated with the use of lower-order variables appeared to be enough information 

to lead older adults to change the variable used and discover higher-order perceptual 

variables. Indeed, such findings are consistent with the ‘direct’ approach to perceptual 

learning in which learners who initially rely on a variable that is made useless in practice 

come to rely on other more reliable variables (Jacobs & Michaels, 2007; Jacobs et al., 2001; 

see Chapter 2). Importantly, these variables were already available in the optic flow field but 

the practice conditions encouraged the elderly participants to discover the need to use a more 
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sophisticated time-based strategy to successfully navigate through the narrow inter-vehicle 

gaps. 

An interesting question that arises from the present results is if participants, as a result 

of training, are attuning to useful informational patterns to specify gap affordances, should 

we not expect group differences in the behavioural responses? Importantly, increased 

sensitivity to specifying information about the environment does not necessarily lead to 

changes in behaviour. While J.J. Gibson spent a considerable amount of time describing the 

animal’s environment, he did not see it as a set of stimuli that pushes the animal around 

(Withagen et al., 2012). Rather, Gibson conceptualized the environment as a diverse 

collection of opportunities, “Affordances do not cause behaviour but constrain or control it” 

(Gibson, 1982, p. 411).  In other words, pedestrian’s choices whether to cross the road in the 

present study were not caused by the inter-vehicle gap or by the information specifying the 

inter-vehicle gap, but rather are a reflection of the pedestrian’s intentions with their 

environment. Indeed, an actor can be sensitive to what the environment affords but also 

capable of selecting (or resisting) certain affordances (Withagen, Araújo, & de Poel, 2017). 

An actor’s intentions are an important part of the perceptual learning process and is 

influenced by many factors – wishes, needs, hopes, beliefs, as well as external factors such as 

researcher’s instruction (Jacobs & Michaels, 2007). However, while the intentions or needs 

of the actor may change, the affordances of the environment do not (Chemero, 2009). 

Therefore, although the present study showed that older adult’s ability to detect information 

specifying gap affordances can be improved, the cross-modal cues may not have shifted the 

participant’s intentions to act upon this information and as a result, their behaviour.  

The present study has implications for the ongoing discussions on the age-related 

degradation of TTA estimations and preventing unintended injury in traffic environments. 

Indeed, over the last two decades or so, there has been an upsurge in the number of studies 
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investigating age-related decline in time-to-arrival estimations (Dommes, Cavallo, & Oxley, 

2013; Dommes et al., 2014) and judgments about whether they are on a collision course 

(DeLucia, Bleckley, Meyer, & Bush, 2003b). However, recent research has suggested that the 

examination of attunement should be on the agenda in research involving the elderly as 

ageing appears to impact the capacity to attune to specifying information (Withagen & 

Caljouw, 2011). As a result, it is important to investigate if elderly pedestrians can 

perceptually re-learn to judge affordances in dynamic environments. Crucially, the process of 

attunement is not only important for the present study but also a prerequisite to behave 

adaptively in the natural environment.  

The need for more studies investigating perceptual attunement can be reinforced by 

earlier simulator-based studies that have found difficulty in improving elderly pedestrian’s 

ability to take an oncoming car’s speed into account (Coeugnet et al., 2017; Dommes & 

Cavallo, 2012; Dommes et al., 2012). The authors of these studies largely attributed these 

findings due to participants challenging the training received as they did not perceive the risk 

associated with the high speed inter-vehicle gaps. In other words, post-training the 

participants still incorrectly perceived the affordance of passability in the traffic environment 

which could be attributed to the limited capacity to pick up perceptual information specifying 

the time-to-arrival of the oncoming vehicles. However, these studies did not examine how the 

training influenced which perceptual variable were used to specify this affordance, which can 

range from variables weakly correlated to the time-to-arrival of the oncoming car to sources 

of information highly correlated or even specific to time-to-arrival.  

This is the first study to chart the changes in sensitivity to specifying information in a 

road-crossing task. Of particular importance is the finding that older adults can re-learn to use 

perceptual-based information to guide decisions about when to act. Previous work has cast 

doubt on whether this ability can be trained due to age-related visual decline and reliance on 
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non-specifying information post behavioural training (Dommes & Cavallo, 2012; Dommes et 

al., 2012; Poulter & Wann, 2013). The present experiment has shown that when training is 

designed in such a way to reward the pickup and use of a perceptual variable that specifies 

the time-to-arrival of an approaching vehicle, an older adult can tune into this variable 

successfully. Furthermore, the present chapter emphasises that cues to direct attention 

towards specifying information sources must be lawfully related to that information source. It 

is not enough and can even be detrimental to identify an information source that participants 

are not attuning to (i.e. speed information) and then highlight this information alone. If 

augmented cues are to be introduced, they must ensure they relate one-to-one with the 

perceptual information they are highlighting in the optic flow field. Such a finding reflects 

Jones, DeLucia, Hall and Johnson’s (2009) argument that the creation of a training program 

must begin with a complete understanding of the relevant task, rather than a general task 

conceptualisation. Indeed, if road-crossing training paradigms are to improve an older adult’s 

ability to judge an opportunity to cross between inter-vehicle gaps, then it is imperative to 

understand how such judgements are made. For the present experiment, chapter 5 and 6 

operated as a careful task analysis to identify older adults as the population which requires 

training, how their road-crossing skills differed from their younger counterparts, and optic 

flow variables specifying time-to-arrival as the candidate information source to be 

highlighted (as opposed to, for example, information contained in the change of bearing angle 

demonstrated in interception tasks (Mathieu et al., 2017)).   

The picture regarding the training of older adult’s road-crossing skills is far from 

complete, however. It is important to note that the present task involved only indicating if a 

gap afforded safe passage by pressing a button, separating the natural coupling between 

perception and action. Chapter 6 showed that when older adults were required to select and 

control their actions on foot, they delayed their initiation relative to the lead vehicle. The 
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experiment presented in this chapter saw the participant sitting stationary on a chair 

delivering yes/no responses via a button press. Indeed, ‘perception-only’ go-no-go 

judgements tend to be less accurate than ‘perception-action’ judgements where the participant 

couples the perceptual-information to their movements (Cornus et al., 1999; Manser, 

Hancock, Kinney, & Diaz, 1997). Therefore, further research is required to understand if 

training the ability to detect prospective information resulted in earlier, more precise 

initiations from older adults relative to the gap opening. If older adults initiated actions more 

tightly relative to the lead vehicle, it would then provide stronger evidence that older adults 

tend to wait longer to ensure they detected the appropriate perceptual variable required to 

allow a functional information-movement coupling. 

Furthermore, it is important to note that while older adults improved their ability to 

calibrate their perception of the crossability of the gaps between vehicles to the fixed walking 

imposed by the virtual environment, this may not transfer to the real world and their own 

action capabilities. As chapter 5 pointed out, older adults tend to overestimate how quickly 

they can reach the opposite side of the road and may regularly need to check calibration (Lee 

et al., 1984; van Andel et al., 2017; Zivotofsky et al., 2012). As the present task did not 

include a transfer task, further work is needed to better understand how both characteristics of 

the individual and the properties of the environment jointly influence the ability to learn road-

crossing skills.  

In conclusion, the results of the study underscore the importance of informational and 

feedback design in perceptual learning. Older adults were able to learn to use information 

specifying the time-to-arrival of the vehicles through a task that did not reward the use of 

distance or speed information. Furthermore, if additional augmented cues are introduced 

these cues must be lawfully related to the desired information the experimenter wishes the 

participant to attune to. These changes in the sensitivity to specifying information highlight 
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that older adults are able to abandon non-specifying, heuristic-based information and provide 

a promising methodology for improving elderly gap judgements. Further work is needed to 

understand if such perceptual learning will transfer to a more representative environment 

where an elderly pedestrian is required to couple the information arising from the oncoming 

vehicles to their movements. 
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Chapter 8 

Summary and conclusions 

8.1  Introduction 

The present thesis set out to explore how ageing affects the use of perceptual-based 

information that guides decisions about when and how to act. The ecological approach to 

decision-making adopted in this thesis (Gibson, 1966, 1979) proposes that what is perceived 

(either accurately or inaccurately) is affordances, or more simply the opportunities the 

environment affords for action. Traffic scenarios were selected for study in this thesis due to 

the high number of unintended injuries documented at opposite ends of the lifespan (Nagata,  

et al., 2010; Rivara et al., 1989). Indeed, such environments place high demands on the 

perceptuo-motor system as high speed objects approach and move away from us. For a 

pedestrian to navigate these environments, they must combine information about the 

environmental situation (i.e. the time-to-arrival of the approaching vehicle) with information 

about action capabilities (i.e. one’s walking speed). As the vehicles approach the pedestrian, 

less time is available to get across the road safely until the gap is closed and the opportunity 

is gone. “The dynamic nature of such affordances influences how decisions are made, how 

actions are performed, and how decisions and actions are coordinated in time” (O’Neal et al., 

2018, p. 19). The time constraints imposed in traffic environments means attention must be 

directed to prospective sources of information that allow decisions and actions to be 

coordinated ahead of time. Time spent judging the crossability of one gap takes away time 

from performing the action. Thus, safely navigating through these environments becomes a 

problem of perceiving the action opportunities available ahead of time (yes or no decision), 

timing your entry into the roadway and perceptually guiding the act of crossing.  
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This final chapter begins with an overview of the preceding three chapters, focusing 

on both issues raised and findings. These findings are then drawn together and considered 

with regard to the aims and literature presented at the start of the thesis. In particular, the 

concepts of i) ageing and the perception of affordances, ii) paradigms for studying perceptuo-

motor abilities, and iii) how virtual reality can be used to understand errors in decision-

making reconsidered in light of the present findings. Based on the issues raised in this thesis, 

the chapter concludes with a summary of the important considerations for future research. 

8.2  Empirical Review 

In chapter 5, the first question set out in chapter 1 was investigated: Are there age 

group differences in the ability to tune into time-based information that directly specifies the 

affordances in dynamic environments? In this experiment, participants were required to 

monitor a continuous stream of bi-directional traffic and choose a possibility for action (i.e. 

cross or reject a gap) out of a temporal stream of possibilities. As the ability to recognize the 

limits of one’s capabilities appears to influence prospective control of children and older 

adults in traffic environments (e.g. Plumert & Schwebel, 1997; Zivotofsky et al., 2012), the 

act of crossing the road was standardized across participants by imposing a fixed walking 

speed in the virtual reality simulation. As a result, success in this task depended on tuning 

into a specifying perceptual information to determine whether an inter-vehicle gap afforded 

safe passage. The analysis involved modelling a road-crossing scenario as the simultaneous 

closure of two gaps, one in the direction of pedestrian motion and one between the vehicles 

opening and closing the gap. As a result, the difference in these time-to-closure values, which 

can be optically specified, could provide information as to the ‘crossability’ of the upcoming 

gap, should things not change.  
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In this study, children and adults appeared to tune into a time-based variable that 

could be used to perceive the time-to-closure of these gaps (namely tau) as it explained a high 

amount of variance in gap choices. In contrast, older adults tuned less into tau-based 

informational quantity. On the basis of these findings, it was concluded that ageing impacts 

the pickup of action-relevant information required for accurate affordance perception. In 

contrast, children and adults were at lower risk of misjudging the spatio-temporal demands of 

a traffic environment due to using perceptual variables specific to time-to-arrival. This places 

older adults at an increased risk of pedestrian-traffic collisions due to go-no-go decisions 

being less consistent with higher-order perceptual variables (i.e. tau). Going forward, tau was 

considered as an ideal candidate variable to investigate age group differences in the ability to 

attend to action-relevant variables to inform and potentially improve decision-making in 

traffic environments.  

In chapter 6, the effect of ageing on linking the three different components of action 

decisions: action selection, action timing, and action control were investigated. This enabled 

the investigation of question 2 set out in chapter 1: Are there age groups differences in the 

ability to use time-based information to link decisions and actions?  The same inter-vehicle 

gaps were presented from chapter 5 but participants were free to take advantage of their 

action capabilities. As the previous chapter established what information could theoretically 

support decision-making, more research was required to establish if there are age differences 

in how they move to pick it up and coordinate with it. After all, since we use available 

perceptual information to guide action, and we use action to make perceptual information 

available, it is important to understand the impact of ageing on selecting and dynamically 

adjusting actions on the basis of this information.  It was shown that the capability to link the 

three components of action decision-making using perceptual information was also sensitive 

to age-related decline. Results indicated that older adults prioritised detecting the TTA of the 
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vehicle to coordinate self and object movement, resulting in slower initiation times and 

remaining on a collision course for longer periods of the crossing action. Older adults, despite 

crossing the least amount of times, recorded the most collisions suggesting they have not 

found an adequate perception-action strategy. In contrast, children and adults were able to 

link decisions and actions, recording a low percentage of traffic collisions and initiating their 

cross as soon as the first car passed, maximising the temporal window for action. In-line with 

the behavioural data, these age groups were able to use higher-order information as a basis 

for both prospective action selection and the continual guidance of action.  

Together the findings of chapter 5 and 6 established that the ability to perceptual-

based information that specifies the time-to-arrival of an approaching vehicle underpins 

decisions about when and how to act in traffic environments. In chapter 5, the perceptual task 

of selecting an inter-vehicle gap was decoupled from the physical task of crossing the road to 

investigate the ability to use higher-order information to detect the spatio-temporal demands. 

In chapter 6, these findings were investigated further, to investigate how participants perceive 

and actualize inter-vehicle affordances by using higher-order information to influence action 

choice and behaviour. In both studies, older adults exhibited unsafe road-crossing behaviour 

and poorer detection of information that specifies the time-to-arrival of the approaching cars 

.On the basis of these findings, Chapter 7 aimed to educate older adult’s attention towards 

higher-order information and further our understanding of training roadside judgements of 

the elderly.  

As chapter 5 controlled for the action capabilities of the participant, any differences 

between groups in the perception of affordances can be attributed to poorer detection of 

information that specifies the time-to-arrival of the approaching cars, rather than an ability to 

regulate action as an event unfolds. Chapter 7 adopted the same design to investigate the 

effect of cross-modal cues in educating attention towards or away from useful perceptual 
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information. Implicit auditory cues were used in chapter 7 to either draw attention towards 

the use of non-optimal sources of information leading to particularly inappropriate 

judgments, and hence to negative feedback or optimal sources of information leading to 

successful judgements, and positive feedback. By having both specifying and non-specifying 

cues, it was possible to investigate if participants were becoming attuned to the optic flow 

variables associated with the perceptual information being highlighted. It was shown that the 

positive feedback associated with the use of specifying cues lead perceivers to change 

variable use and to discover higher-order perceptual variables. In contrast, non-specifying 

cues which resulted in both positive and negative feedback lead perceivers away from the 

higher-order and towards the lower-order perceptual variables. However, while the cross-

modal cues influenced what information the participants used as a basis for their actions, it 

did not seem to significantly improve street-crossing behaviour. This is in contrast to 

behavioural interventions which indicate an overall improvement in road-crossing behaviour, 

independent of the ability to make better use of the approaching vehicles TTA. It was 

concluded that, despite the visual decline associated with ageing, older adults are able to re-

learn to detect TTA information. 

In summary, the data from these experiments seems quite clear: children (aged 10-12) 

and adults are sensitive to information that defines dynamic affordances and forms the basis 

for decisions about what, when and how to act. In contrast, older adults appear to make more 

hazardous action-based decisions due to an age-related decrement in picking up and acting 

upon specifying information about the time-to-closure of a gap. However, attunement to such 

information can be trained if interventions are designed in such a way to facilitate a shift in 

the use of optic flow variables underpinning perceptual-based decision-making. Importantly, 

a number of authors have found no evidence of decrement in affordance perception due to 

ageing (Comalli et al., 2013; dos Santos, Costa, Batistela, & Moraes, 2019; Finkel, Engler, & 
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Randerath, 2019). This finding contradicts previous research showing general age decrements 

in older adults for judging possibilities for crossing a road (Oxley et al., 2005; Zivotofsky et 

al., 2012). The ways in which the findings from the studies presented in this thesis add to this 

body of research is further discussed below. 

8.3  How does affordance perception change across the lifespan? 

At the end of chapter 2, in accordance with Jacobs and Michaels (2002), I proposed 

that the successful actualization of affordances requires strong information-movement 

coupling. This is achieved through a) the pickup of informational variables that relate one-to-

one with to the to-be-perceived property (i.e. attunment), and b) an appropriate scaling of an 

actor’s perception of their action boundaries to their action capabilities (i.e. perceptuo-motor 

calibration). Furthermore, I argued that children and older adults are particularly in danger of 

misperceiving affordances due to the existing research that has suggested age-related 

difficulties in both these aspects. For instance, the process of attunement appears to be 

sensitive to changes during the lifespan by children and older adults frequently selecting 

unsafe opportunities for action based on unreliable information sources (e.g. Connelly, 

Conaglen, Parsonson, & Isler, 1998; Oxley et al., 2005). Additionally, both children and older 

adults have shown difficulties with calibration by misjudging what actions they are capable 

of performing (e.g. Plumert & Schwebel, 1997; Zivotofsky et al., 2012). Chapter 5 provided 

evidence that previously reported age-related challenges in affordance actualization is not 

exclusively due to older adults not being able to act upon the information but rather it may be 

that they less sensitive to what the environment afforded them in the first place. Furthermore, 

chapter 6 provided evidence that age decrements in affordance perception extend beyond 

action preparation to directly influence how action is regulated. Consequently, the results 

presented in this thesis argue that, rather than simply overestimating their abilities (e.g. when 

crossing the street by underestimating the amount of time it would take them to get safely 
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across; Zivotofsky et al., 2012), ageing can also impact perceptual-based decisions about 

when and how to act.  

Such findings contradict previous research showing older adults are not at a deficit 

when compared to younger adults in affordance perception involving static environments 

(e.g. Comalli et al., 2013).  To reconcile their findings with the age decrements found in road-

crossing literature, Comalli and colleagues proposed that affordance perception must only be 

impacted when the average age is far greater than the one included in their study (M = 68.5). 

However, the experiments presented in this thesis had a similar average age in the older adult 

sample, yet this group was less sensitive to action-relevant information sources when 

compared to the younger adult group.  

To understand why attunement to specifying information is particularly difficult for 

older adults in some tasks (e.g. road-crossing) and not others (e.g. squeezing through narrow 

openings; Comalli et al., 2013) requires an understanding of how perceiving affordances 

differs when the environment is static verses when the environment is dynamic. In static 

environments, actions must be fitted spatially e.g. is this passageway wide enough for me to 

walk through? Such an affordance is perceived in body-scaled terms such as eye-height, 

which can be optically specified. To date, much of what we know about older adult’s 

sensitivity to specifying information involves this body-scaled, spatial information (Cesari et 

al., 2003; Comalli et al., 2013; dos Santos et al., 2019; Finkel et al., 2019; Konczak et al., 

1992;). However, in such cases, the opportunity for action does not change over time. The 

size and location of a passageway remains the same regardless of when perceivers act on 

their decision.  In contrast, decisions in dynamic environments must allow adequate time to 

carry out actions. A moving object may afford a possibility for action at one point in time but 

not at a later point in time. This means that actions must be fitted to decisions both spatially 

and temporally, which is not the case when perceiving and acting on affordances in a static 
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environment. As a result, actors need access to prospective information that encapsulates how 

a passageway is changing spatially, over time. This thesis presents the argument that ageing 

impacts the ability to pick up this spatio-temporal information, reflected in the older adult’s 

consistent lower adherence to tau throughout the three experimental chapters. Indeed, such an 

interpretation is supported by literature citing ageing decrements in motion processing 

(DeLucia Kaiser, Bush, Meyer, & Sweet, 2003; Poulter & Wann, 2013). To this end, the 

findings in the present thesis expand our understanding of how affordance perception changes 

during older age, showing how age decrements in judging possibilities for action depend on 

the nature of the information specifying them. 

In contrast, at the opposite end of the lifespan, children aged between 10 and 12 years 

in both chapter 5 and 6 were consistent with using a time-based variable (tau) to inform when 

to cross and regulate crossing speed. As chapter 2 mentions, children are at risk when they 

have not yet converged onto action-relevant variables in new or uncertain environments. 

From the empirical work presented in this thesis, it appears that the age group adopted (10-12 

years) have already attuned to specifying information such as tau in a road-crossing context. 

Indeed, observational studies have shown that by the age of 10 most children have learned 

informally an efficient strategy for timing their crossing actions as soon as the rear bumper of 

the first car passes them, suggesting attunement to prospective information to act sufficiently 

ahead of time (Routledge et al., 1976). However, it is important to note that while children 

were sensitive to what the virtual traffic environment afforded, they were often not 

comparable to adult performance (i.e. successfully crossing without collision). In the study 

reported in chapter 5, both children and older adults recorded a significantly lower percentage 

of correct decisions and a significantly higher percentage of collisions compared to adults. 

Similarly, in chapter 6, children and older adults collided with the approaching vehicle more 
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frequently while physically crossing (7.23% and 15.99% respectively) compared to adults 

(1.46%). 

This discrepancy between children’s perception of what the environment affords them 

and the ability to select the most appropriate action raises the question of what is actually 

changing in affordance perception during development? Ishak et al. (2014) note how 

improvement in affordance perception can be categorized into three inter-related categories: 

sensitivity, consistency, and accuracy. Sensitivity refers to the ability to detect the critical 

actor-environment relations needed for successful navigation. For instance, in a road-crossing 

scenario, sensitivity refers to the ability to detect the fit between one’s potential for action 

(walking speed) and the environmental event (TTA of the approaching vehicle). In addition 

to being sensitive to the environment-actor relation, decisions must also be consistent over 

successive encounters. For example, attempting and refusing to cross through the same inter-

vehicle gap on successive presentations reflects a lack of consistency. Consistency can be 

influenced by sensitivity as rejecting a gap one time and accepting it another suggests 

difficulty tuning into perceptual information informing the actor of what the environment 

affords. Finally, decisions must be accurate. Accuracy refers to the match between the actual 

affordance and the participant’s decisions. This ensures that the selected action are 

appropriate given the action capabilities of the actor and the spatio-temporal demands of the 

environment. Indeed, in a road-crossing context errors in action-selection such as attempting 

to cross through an inter-vehicle gap that is too small can have dire consequences. In the 

empirical work presented in this thesis, adult’s affordance perception satisfied the demand for 

sensitivity, consistency, and accuracy. Adults were sensitive to the invariant, spatio-temporal 

properties of the traffic environment that are relevant for the perception of passability, 

consistently rejected the unsafe opportunities and accepted the safe opportunities, and 

accurately coordinating one’s decisions and actions to safely navigate the virtual 
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environment, reflected in the lower number of collisions with the approaching vehicles. 

These findings are consistent with other affordance studies involving young adults in static 

environments who accurately perceive affordances and consistently attempt possible actions 

and refuse impossible ones (e.g. Mark, 1987; Warren & Whang, 1987).  

In contrast, children frequently selected gaps that were too small to safely navigate 

through, a finding that is consistent with previous research (e.g. Morrongiello et al., 2015b). 

So why did children err more frequently in the present thesis despite adult-like sensitivity to 

perceptual information? The first possibility is that the three different components of 

affordance perception highlighted by Ishak and colleagues do not develop in parallel, with 

accuracy not approaching adult-like accuracy until later in childhood. On this account, 

children aged 10-12 are sensitive to different gap sizes and know what larger gaps make the 

decision of crossing more likely to succeed, but they do not know exactly where their 

affordance threshold is amid the range of possible gaps. Such an interpretation is supported 

by the findings in chapter 5, where the amount of variance explained by the perceptual 

invariant tau was comparable to adults but their critical value (the point where participants’ 

cross rates exceeded 50%) was below zero (-0.04) indicating children perceived gaps that 

were slightly too small as affording safe passage. In contrast, adults had a critical value 

greater than 0 (0.14), presumably opting to adopt a safety margin value to allow for error. 

Interestingly, the older adult group trained with specifying cross-modal cues in chapter 7 

appeared to follow a similar path. This group became more attuned to information specifying 

the time-to-closure of an inter-vehicle gap but did not perform significantly better than the 

other two groups in deciding which gap afforded safe passage. 

A second explanation for children’s higher error rate is that their errors stem from a 

liberal response criterion. Indeed, adult’s action-based decisions have been well documented 

to be influenced by manipulating an environment’s gradient of danger. For instance, Jiang 
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and Mark (1994) found that adult’s estimates of whether they could cross a gap became more 

conservative as the gaps were raised off the ground. Conversely, both young children and 

adults appear to make riskier (and thus less accurate) decisions when the penalty for error is 

deemed less severe. For example, previous work has shown that infants and adults 

misperceive affordances more frequently when the penalty of error is entrapment in an 

opening compared to falling from a ledge (Comalli et al., 2013; Franchak & Adolph, 2012). 

Furthermore, infants and young children have shown to simply discount various penalties for 

errors in other types of tasks. Kretch and Adolph (2013) found that, in contrast to adults, 14-

month-old infants in a bridge crossing task consider only the probability of falling rather than 

also accounting for the severity of the potential fall. This suggests that reasoning about the 

severity of action consequences may come later in development. Most likely, the children in 

chapter 5 did not consider collision with a virtual vehicle to be a serious penalty. They might 

have been willing to attempt inter-vehicle gaps that were slightly smaller than they believed 

to be possible because colliding with the vehicle had no discernible negative effects. 

Certainly, if children’s errors were solely the result of perceptual inaccuracy, we should have 

observed errors in both directions – that is, safe errors caused by refusing to cross through 

inter-vehicle gaps that were larger than threshold. Indeed research has shown when 

immersive virtual environments are designed in such a way to induce feelings of presence 

through high levels of behavioural realism, actors exhibit no behavioural differences when 

compared to the real world (Bideau et al., 2003; Bideau, Multon, Kulpa, Fradet, & Arnaldi, 

2004; Kulpa, Multon, & Arnaldi, 2005). In contrast, when different modes of locomotion are 

introduced that do not adequately represent the organism-environment relationship (e.g. 

button-controlled flying vs. actual walking) feelings of presence are reduced, particularly 

when the virtual environment is simulating a hazardous environment (Meehan, Insko, 

Whitton, & Brooks, 2002; Usoh et al., 1999). As the level of immersion has shown to 
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influence affordance judgements (e.g. Lepecq et al., 2009), it is possible that children felt less 

immersed in a task involving button-initiated movement. 

A third possibility is that the children required a longer practice period in order to 

calibrate to the fixed walking speed imposed in chapter 5.  Practice is required in any task to 

establish an appropriate visuo-motor calibration (Lee et al., 1984). Anyone who has ever 

rented an automobile has experienced the sensation of not “knowing” the car’s accelerator or 

brakes. The first time the driver presses the brake pedal in response to a rapidly decelerating 

vehicle, or hits the accelerator to overtake a slow-moving vehicle, may find the car responds 

differently than expected. Over time however, with little or no conscious effect (but some 

amount of experience manoeuvring the vehicle), the driver will come to know how the 

vehicle responds. Knowing the dynamics of a system that must be controlled, whether it be a 

vehicle or one’s own body, is essential for almost every perceptually guided action (Fajen, 

2005). Indeed, a recent review by van Andel et al. (2017) concluded that even minimal 

movements may be sufficient for recalibration in adult populations. However, whether 

children can effectively recalibrate using practice feedback is an open question (Franchak, 

2019).  

Over longer timescales, it has been shown that children aged between 10 and 15 years 

have difficulty calibrating perceptual judgements to the complex changes to the body which 

take place during adolescent growth spurts (Heffernan, 1998). Recently, Franchak (2019) 

examined how adults, younger (4-7-year-old) and older (8-11-year-old) children under 

shorter timescales recalibrate to changing affordances for squeezing through doorways using 

practice feedback. Participants were instructed to wear a backpack and as a result, were 

required to recalibrate their judgements to their modified body size. Franchak found that even 

when exposed to informative feedback about failed and successful attempts, the oldest child 

in the study (11 years) did not reach adult-like performance. One method frequently adopted 
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to ensure an adequate scaling between perception and action is exploration. In particular, 

errors resulting from the exploration process help to reinforce the scaling of action to 

perceptual information (Adolph, 1997; Franchak et al., 2010). For instance, children 

frequently explore openings with their hands before deciding or refusing to reach through 

(Ishak et al., 2014). It is possible that adopting a button press task, which moved the 

participant through the environment at a fixed speed, prevented the necessary exploratory 

movements needed by children to detect their affordance threshold.  

8.4  Perception-action vs perception-only paradigms for perceptuo-motor research 

In the study reported in chapter 6, instead of standardizing crossing speed via a button 

press task, participants were allowed to respond online and control their movements while 

physically crossing to avoid colliding with the approaching vehicle. As this experiment,  

presented the same inter-vehicle gaps as those in chapter 5, it allowed us to see if errors in 

judgements were being introduced by having the action being taken out of the perception-

action loop or if they were indeed linked to the idea that perception continually informs 

decisions about when and how to act. By allowing the different age groups to move in 

response to the unfolding event, were able to see how the patterning of information 

generating by the approaching vehicles influenced the control of walking speed. The slower 

initiation times and amount of time spent on a collision course (reflected in the lower 

adherence to the prospective initial tau information) showed that indeed that the effects of 

ageing on attunement are not uniquely reserved for perception-only tasks but are echoed in an 

avoidance type task where perception and action are coupled. Such a finding reinforces Cisek 

(2007) claim that action selection (decision-making) and action specification (movement 

planning) operate simultaneously and in an integrated manner. Indeed, given that the age 

group differences in perceptual variable use reported in chapter 6 support those found in the 

perception only study in chapter 5, one needs to call into question the idea that perception-
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only tasks involves the ventral stream while perception-action tasks involve the dorsal 

stream. More specifically, the claim that the functional distinction between the two visual 

systems may extend to the detection of information (van Doorn et al., 2009).  

Indeed, chapter 6 demonstrated that even when older adults were free to move, they 

still find difficulties tuning into prospective information sources. Given that motion is 

involved in the form of an approaching vehicle, motion processing areas of the dorsal stream, 

such as MT, would be activated and hence making judgements on dynamic events would not 

therefore be driven by the ventral system alone (Craig, Bastin, & Montagne, 2011). In other 

words, the dorsal stream is predominately involved with spatio-temporal events, whereas the 

ventral system is predominately involved with events that are static in nature. For instance, 

Coull et al. (2008) showed increased activity in area MT when making time-to-collision 

judgements despite passively watching a simulated vehicle approach a simulated wall, 

indicating the involvement of the dorsal stream when making spatio-temporal judgements. 

However, it is important to note that skilled actions in complex environments often require an 

integrated contribution of the two systems (e.g., Schneider & Deubel, 2001; Section 2.3). 

Considering how these two systems work together to coordinate our actions, van der Kamp, 

et al. (2008) presented the argument that the two visual systems play complimentary roles 

with the ventral system perceiving what the environment affords and the ventral system 

controlling movement to actualize the affordance. For older adults, the involvement of the 

two visual streams in virtual road-crossing tasks may reflect their poorer action-based 

decisions. Indeed, previous research has noted an age-related decline in differentiation of the 

two neural processing systems (see Chen, Myerson, & Hale, 2002). As a result, a clear 

functional distinction between the ventral and the dorsal streams may help when linking the 

three components of action-based decisions: selection, timing, and control. 

8.5  Using Virtual Reality to Investigate Action-Based Decision-Making 
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In Chapter 3, the effectiveness and efficacy of virtual reality technology to prevent 

errors in action-based decision-making was discussed. In the world of computer science and 

engineering, there has been a recent surge of interest in using virtual reality technology to 

develop simulators to train specific skills in relation to a specific environment such as the 

ability to perceive passability of an inter-vehicle gap ahead of time (Dommes & Cavallo, 

2012), improve static and dynamic balance (Yeşilyaprak, Yıldırım, Tomruk, Ertekin, & 

Algun, 2016), and navigating virtual space during simulated fires (Padgett, Strickland, & 

Coles, 2005). 

 The evidence from Chapters 5, 6, and 7 showcase how virtual reality can be used to 

simulate representative perceptual information for context dependent decision-making. As 

affordances depend on reciprocal relationship between perception and action, Chapter 6’s 

virtual environment investigated how the ability to scale perceptual information to an actor’s 

own action capabilities changes during life span. Pinder, Davids, Renshaw, and Araújo 

(2011) highlights two critical components to ensure efficient perception-action couplings: 

functionality of perceptual information and action fidelity. Functionality of perceptual 

information refers to key information sources available in the environment that have been 

observed to significantly affect the timing and control of actions. In contrast, action fidelity is 

the extent to which the behaviour exhibited in the virtual environment resembles his/her 

behaviour in the real task under the same conditions (Korteling, Van den Bosch, & Van 

Emmerik, 1997). For the design of virtual environments for studying perceptuo-motor skill 

and learning, virtual reality needs technology and devices to display information 

(functionality) and support continuous interactions (fidelity) of an actor in a simulated 

performance environment. In chapter 5, the functionality of the virtual environment was 

maintained but the fixed walking speed may have affected the simulation’s fidelity. In 

contrast, chapter 6, allowed participants to regulate decisions and actions by using the 
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perceptual information presented, while maintaining representativeness by presenting the 

optic flow information arising from the approaching cars from a pedestrian’s viewpoint. 

However, as Gibson claimed, perceiving is an active process (Gibson, 1979). The immersive, 

interactive virtual reality technology used in this thesis, the participants can be active in both 

the perception-only (chapter 5 and 7) and the perception-action study (chapter 6). Being able 

to rotate the head, choose where they look, and track the oncoming vehicles is a significant 

improvement over the traditional studies that use only video images where the viewpoint is 

fixed to the camera’s position and angle and not the observer’s head position.  

By using VR technology to couple and decouple perception and action, the present 

thesis has shown that by keeping perception as an active process when making anticipatory 

perceptual judgements, adults show a coherence in the results of the perception only and 

perception-action studies rather than an incoherence that has previously been reported 

(Lobjois & Cavallo, 2009). Furthermore, these results are in line with Abernethy, Mann, and 

Bennett’s (2008) argument that the apparent discrepancy between perception-only and 

perception-action paradigms may be due to methodological limitations that are essentially 

related to the use of video camera technology that does not offer active perception. Indeed, it 

would not make evolutionary sense for perception-only judgements to use an imprecise 

ventral stream for perception-only judgements and a precise dorsal stream for perception-

action coupling (Craig, Bastin, & Montagne, 2011; Montagne, Bastin, & Jacobs, 2008). 

By adopting interactive HMD technology, chapter 6 adds to the current literature 

investigating crucial components of road-crossing skills and how they change during lifespan. 

For instance, the “pretend road” task developed by Lee et al. (1984) involved children 

monitoring real traffic but crossing a pretend road that was set up in parallel to the real road. 

As a result, children were viewing traffic from much farther away than they would if they 

were crossing in real life across an actual road, making it difficult to precisely time the 
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initiation of movement. Furthermore, it is important to note that during crossing on a pretend 

road, at no point is the child on a collision course with the approaching vehicles. This is 

potentially a very important factor for the online guidance of action as previous research has 

suggested that when an observer is on a direct collision course with an approaching object, 

neural areas involved in motor preparation are activated (Coull et al., 2008). In contrast, if a 

participant is viewing an impeding collision from an independent viewpoint that is not head-

on with the approaching object, no neural defence strategy is deployed, potentially resulting 

in riskier behaviour.  

Furthermore, often due to obvious ethical reasons, pedestrians are often not asked to 

act upon their decisions. Connelly et al. (1998) found that when using making static 

judgements, children often made last-moment decisions on whether to cross or not. Previous 

research that has adopted HMD technology have limited the ability to link decisions to 

actions. Schwebel, Gaines, and Severson (2008) developed a virtual reality tool in which 

children triggered the movement of an avatar that mirrored the participant’s average walking 

speed by stepping off a curb. From this point on, the child became a passive observer of the 

consequences of their decision and could not adjust the speed of the avatar while it is crossing 

the road. Based on the evidence presented in chapter 6, decisions and actions are functionally 

linked by the use of prospective information that that can be used to guide both the choice of 

behaviour and continuous fine-tuning of action. As a result, technology that requires only 

requires users to make go/no-go decisions may break the perception/action loop and reduce 

the action fidelity by lowering the extent to which the user can interact and behave in the 

simulated environment as if they were in the real world. Indeed, it is rare in real life that we 

are required to make an action-related decision and not act upon it. 

In Chapter 3, the use of virtual reality to provide augmented feedback to aid learning 

by becoming attuned to specifying information was discussed. In the immersive environment, 
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conditions were designed so the use of non-specifying information sources led to particularly 

inaccurate judgements, and hence to negative feedback. The negative feedback associated 

with the use of non-specifying information guided the actor to change the variable use 

towards higher-order sources of information (Jacobs & Michaels, 2007). In Chapter 7, the use 

of non-specifying information (distance/speed variables) was non-optimal and as a result, 

participants were able to abandon the use of non-specifying variables. A combination of 

knowledge of results and augmented cross-modal cues were used to draw participants 

towards or away from perceptual variables depending if the auditory cues were lawfully 

related to the information in the optic flow field. It seems therefore that training the ability to 

cross the road depends on the pickup of higher-order variables in the optic flow field. In the 

present thesis, information specifying time-to-arrival was identified as an action-relevant 

quantity in the selection and guidance of actions when physically crossing traffic-filled roads.  

8.6  Limitations and Future research 

In the present thesis, a series of virtual road crossing experiments were presented 

which have developed our understanding of ageing and affordance perception in dynamic 

environments. Many important questions remain for investigating and improving the process 

of crossing traffic filled roads for older adults.  

One notable aspect missing from the current work is an understanding of how each 

individual accounts for their own action capabilities in relation to the demands of the 

situation. Fajen (2007) proposes that for visually guided actions to be sufficiently controlled, 

an actor must account for their action boundaries within the environment. That is, actors 

produce the movements necessary to maintain the possibility of successful action, a model 

known as affordance-based control. In Chapter 6, the patterns of behaviour observed initially 

appear to be consistent with an affordance-based model of control as actors adjusted their 
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current walking speed based on whether they were currently on a collision course. However, 

older adults appeared to not account for the upper limits of their action capabilities in their 

decisions, remaining on a collision course for longer and recording more collisions with the 

vehicles despite recognising the need to accelerate while crossing. Future research should 

modify the constraints of the road-crossing scenario to investigate if participants produce 

predictable shifts in behaviour based on the task demands. 

Additionally, the present thesis presented the argument that the optic flow variable 

tau, which is optically specified by the inverse of the relative rate of retinal expansion (Lee, 

1976) can be used to support decisions about when and how to act. However, some writers 

have challenged Lee’s proposal. Papers in the volume edited by Hecht and Savelsbergh 

(2004) review a number of successful and unsuccessful applications of tau with several 

authors criticising the logic of Lee’s analysis and offering alternatives (e.g., Tresilian, 1991, 

1999; Flach, Smith, Stanard, & Dittman, 2004; Wann, 1996). For instance, Wann (1996) 

proposed an alternative variable for initiating actions when falling under gravity based on the 

instantaneous visual angle subtended by a fixated object, relative to the visual angle it 

subtended prior to dropping. It is entirely possible that the results explained throughout the 

present thesis, particularly those related to adults and children being more attuned to tau 

information, could simply be an artefact of these age groups more being attuned to other TTA 

variables. Furthermore, while study 3 (chapter 7) validated the cross-modal cues relative to 

tau information (i.e. do the auditory cues map onto the expanding image of the approaching 

vehicle), these cues may have facilitated a shift to other information which specified TTA, 

not specifically tau. Another important limitation of the present work is reflected in research 

by DeLucia (DeLucia et al., 2003b, DeLucia, 2004) showing how judgements related to TTA, 

most prominently the actual size of the object, affect judgements of when a collision will 

occur. This has important implications in real-world traffic environments, where pedestrians 
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are often faced with a variety of vehicle sizes (trucks, motorcycles, tractors, etc). In sum, 

Lee’s tau variable does apply to some situations (although probably neither universally or 

uniquely) for the perception and actualization of affordances (Cabe, 2011). While the specific 

information perceivers actually use is an important empirical question (with tau a leading 

candidate), the present thesis has found that modelling the act of crossing the road according 

to tau theory provided an elegant, parsimonious model to explain the perception and 

actualization ‘passability’ of a closing inter-vehicle gap. Regardless of what TTA variable is 

actually used, the present thesis was able to show, by adopting tau theory, that older adults 

are less attuned to higher-order information sources, a finding which adds to our 

understanding of ageing and decision-making from an ecological perspective. 

Another limitation was, while this thesis was able to demonstrate that virtual reality 

technology can be used to educate older adults (at-risk pedestrians) attention towards 

information that specified time-to-arrival, no significant differences in accuracy were found. 

As chapter 6 showed that affordance accuracy is greater when an actor can scale perceptual 

judgements to their action capabilities, future work should investigate whether the ability to 

attune towards higher-order information sources can extend beyond perception-only 

paradigms to virtual reality training that allow the participant to couple the perceptual act of 

monitoring traffic to the physical act of crossing.  

Importantly, the perceptual training study in Chapter 7 was designed to reconfigure 

the actor to attend to the relevant environmental information while leaving the environment 

unchanged. Baggs and Chemero (2019) note more research is required to understand how we 

can reconfigure the environment in order to make it the environment easier to detect and 

navigate. As Marshall (2018) points out, traffic environments in Australia are far safer than in 

the USA when fatality statistics are considered. Such a discrepancy appears to exist due to the 

differences between these countries environments rather than underlying differences in their 
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populations ability to couple perception and action. In an attempt to make environments more 

accessible for the actualization of affordances, Baggs, Chemero and Penn (2019) proposed a 

theoretical framework for urban design which reduces the asymmetries between actors in 

terms of the threats and opportunities that arise as a consequence of ongoing movement. For 

example, a person driving a car affords a threat of injury to a pedestrian which is not 

reciprocated in the opposite direction. This framework argues that the environment should be 

arranged to constrain the opportunities for threatening interactions to arise. Therefore, traffic 

environments should bestow agency and control to those where the environment affords 

greater risk. For instance, crosswalks in the USA often require the pedestrian to traverse four 

lanes of motor traffic, two in each direction. As physically crossing the road takes time, the 

more lanes the pedestrian has to traverse the more difficult it is to calibrate walking speed to 

the distance required to travel. As the results in the present thesis have shown, older adults 

spend longer on the curbside showing difficulties prospectively deciding what gap affords 

safe passage. To bestow more agency, measures should be put in place at crossing sections 

that simplify the decision task such as narrowing the road, reducing the number of lanes, and 

slowing traffic. Indeed, questions around optimal design such as ‘what is a pedestrian-

friendly lane width for older adults?’ could be investigated using the virtual road-crossing 

paradigm adopted in the present thesis. As the tau differential value reflects the sensitivity to 

how two gaps are changing over time, it could provide a parsimonious model to investigate 

how different lane sizes affect the perception of the affordance of passability. 

8.7  Applications of current work 

The experimental studies revealed interesting age-related difficulties in picking up 

specifying information from the environment to inform action-based decisions. These studies 

have potentially important practical implications as well. Cordovil et al. (2015) argued that 

risk behaviour and unintended injury emerge from the potential misfit between an 
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individual’s action capabilities and his or her environment. The authors suggest that to avoid 

unintended injury, actors should be encouraged to explore their action boundaries to discover 

the limitations of their bodies in relation to their environment. However, Chapter 5 showed 

that unintended injury can also occur when individuals are picking up and using non-

specifying perceptual information to make their decisions, independent of their action 

capabilities. As a result, injury prevention strategies must focus on the actor’s perceptual 

attunement to the relevant variables in the environment.  

Chapter 6 extends this concept of the necessity of becoming attuned to the relevant 

information of the task to promote safe behavioural strategies. For instance, some studies 

have attempted to diminish risky behaviour in dangerous situations by imposing a period of 

decision latency (Schwebel, 2004; Schwebel, Lucas, & Pearson, 2009). However, providing a 

longer time period to organize behaviour is not always optimal, especially in time constrained 

environments. Chapter 6 found that older adult’s delay in initiation time to allow the pick-up 

of specifying informational variables for the continual guidance of action resulted in a longer 

period on a collision course with the approaching vehicle. These findings support the notion 

that for training in virtual reality to be maximally effective in the real world, all components 

of road-crossing skills must be included from perceptually determining the time-to-arrival of 

an inter-vehicle gap, timing entry into closely behind the lead vehicle, and coordinating self-

movement with the tail vehicle.  

 In Chapter 7, the augmented feedback provided in a virtual traffic environment 

afforded a calibration between perceptual information to go/no go decisions. This showed 

that designing conditions that fail to reward the use of non-specifying variables can aid older 

adults to shift to information that encapsulates both speed and distance information. This has 

important implications for training perceptual abilities that are known to account for unsafe 

street-crossing decisions and behaviours (Poulter & Wann, 2013). Furthermore, this study 
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shows how different types of cueing can educate attention both towards and away from 

perceptual invariants. The fact that the non-specifying cues group did not significantly 

increase in the R2 values for TTA suggests that cues must relate one-to-one with the to-be-

perceived environmental property to be effective. This is a novel contribution to attunement 

research, which has predominately focused on designing training to facilitate a shift towards 

higher-order variables (e.g. Huet et al., 2009). This has potentially important implications not 

only for the design of training interventions in road-crossing contexts but also in 

environments where real-time cueing/feedback is frequently adopted as a method to enhance 

skill acquisition. For example, coaching research could investigate how different types of 

verbal cues that aim to educate athlete’s attention to relevant optic flow variables influence 

the attunement process (either beneficially or negatively).  

In conclusion, the ecological approach to decision-making adopted in this present 

thesis demonstrated age group differences in the ability to use perceptual-based information 

to guide decisions about when and how to act. This thesis identified how older adults in 

particular are less attuned to relevant sources of information (namely tau) that can support 

both the prospective selection and continuous guidance of action. In contrast, children and 

adults decisions and actions were consistent with this higher order information. This 

investigation provides a more nuanced view of the development of affordance perception 

across the lifespan, which primarily has investigated possibilities for action in static 

environments, which are body-scaled. However, it is highlighted that children may be 

sensitive to this information; they are still learning to accurately perceive what the 

environment affords relative to their action capabilities. Furthermore, it was demonstrated 

that with the appropriate multi-modal cues, older adults attention can be re-educated towards 

perceptual invariants. Although, this depends on whether the cues presented map one-to-one 

with the to-be-perceived environmental property. Such a finding contrasts with previous 
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road-crossing training, which found behavioural improvements but failed to change the 

perceptual variables older adults were using to guide decisions about action. This approach 

may have raised a series of new questions, but it is seen as a necessary step in developing 

interventions that encapsulate both the individual and the environment and it is hoped that the 

ideas presented may encourage future research in this area.  
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Appendix A 

Video demonstrations of the virtual 

environments 

Example of simulated movement in VR: https://www.youtube.com/watch?v=z__n4-9sE9Q 
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Appendix B 

Virtual environment used for action-

decision making and training  

Unity project for virtual traffic environment including C# code: 

https://github.com/Staffordwhat/Virtual-Traffic-Environment 

 

 


